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Target maneuver discrimination using ISAR
image in interception
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Abstract

Discrimination for target maneuver magnitude and direction switching during the endgame is significant for
interception performance improvement. Inverse synthetic aperture radar (ISAR) images carry the information
related to target motion parameters. It is feasible to use them to discriminate the maneuver. An imaging
model in interception is first formulated. The principle of maneuver discrimination using the ISAR images is
then fully explored. A novel and practical discriminator is developed with a rigorous analysis of the scenario
characteristics. The discriminator parameter selection and some important factors affecting the discrimination
performance are discussed comprehensively. Finally, a simulation environment with software tools capable of
generating target-realistic ISAR images is developed. The simulation results confirm the rationality of the
design procedure and demonstrate that the proposed discriminator performs better than the classical
innovation-based maneuver discriminator.
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1 Introduction
The interception of highly maneuver target is a repre-
sentative optimal control problem, and target maneuver
is one of the main error sources for the nonzero miss
distance as the guidance theory points out [1]. Fast re-
sponse to a maneuver onset and exact discrimination of
the acceleration change are important for interception
performance improvement. Since target maneuvers are
independently controlled and target acceleration cannot
be measured directly by existing sensors, acceleration
can only be acquired by means of state estimation.
Conventional works commonly adopt the acceleration

magnitude change from zero to nonzero as the maneu-
ver indication [2, 3]. However, a large amount of simula-
tion studies and flight tests have demonstrated that
maneuvering in a fixed direction (constant acceleration,
denoted as type I maneuver) does not, usually, pose a
real challenge to the interceptor guidance system. Ra-
ther, the more difficult problem (handled by the target
acceleration estimator) is to detect a single, randomly
timed maneuver direction switch (MDS) during the

endgame [4] (denoted as type II maneuver). It was also
found that such a bang-bang type of evasion maneuvers
is the optimal one for interception avoidance [1, 5].
Hence, we focus on the maneuver discrimination for a
single MDS in interception in this paper.
According to the information employed in the maneu-

ver discriminator, current techniques can be mainly
classified into two categories: innovation-based and
feature-based. The innovation-based [6] maneuver de-
tector and state estimator depend on the innovation in-
formation of the Kalman filter or its variation. Whether
a single-model or multiple-model method, it is difficult
to achieve a short discrimination delay while maintain-
ing high correct probabilities, due to the Q effect [2].
This inherent drawback becomes more serious when a
mismatch occurs between target acceleration and prede-
signed models. By employing maneuver information em-
bedded in the features from sensors, the feature-based
technique [6] breaks through the above obstacle. In an
air-to-air interception scenario, the bank angle measure-
ment from the image is utilized in estimator when the
fighter plane is taking a bank-to-turn (BTT) maneuver
[4]. The detection delay is greatly reduced compared to
the classical innovation-based estimator. Many similar
researches exploit maneuver information from optical
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sensors by estimating target orientation directly [7] or
extracting image fluctuant features indirectly [8]. How-
ever, the target range and velocity cannot be measured
by optical sensors directly which are helpful for the state
estimation and guidance. The radar echo also conveys
maneuver information due to the modulation effects on
electromagnetic scattering, and it can easily handle the
problems of the optical sensors. Some narrowband
radar features including glint, radar cross section
(RCS), and high-resolution Doppler profile (HRDP)
have been exploited successfully for type I maneuver
detection [6, 9, 10]. But the MDS discrimination is not
involved in the aforementioned researches. The validity
of these approaches needs to be further verified.
According to the information employed in the maneu-

ver discriminator, current techniques can be mainly clas-
sified into two categories: innovation-based and feature-
based. The former methods depend on the innovation
information of the Kalman filter or its variations [6].
Due to the Q effect [2], it is difficult for both of the
single-model and multiple-model methods to achieve a
short discrimination delay while maintaining high cor-
rect probabilities. This inherent drawback becomes more
serious with mismatch between target acceleration and
predesigned models. However, employing maneuver in-
formation embedded in the features from sensors,
feature-based techniques [6] overcome the above obs-
tacle. For instance, in an air-to-air interception scenario
where a fighter plane is taking a BTT maneuver [4], an
estimator using the bank angle measurement from im-
ages can greatly reduce the detection delay, compared to
the classical innovation-based estimator. Many similar
researches exploit maneuver information from optical
sensors by directly estimating target orientation [7] or
indirectly extracting image fluctuant features [8]. Unfor-
tunately, optical sensors cannot directly measure target
range and velocity which are helpful for the state estima-
tion and guidance. Radar sensors can also capture man-
euver information and easily obtain target range and
velocity, because of the modulation effect on electro-
magnetic scattering. Narrowband radar features includ-
ing glint, RCS, and HRDP have been exploited to detect
type I maneuver [6, 9, 10]. But their validity needs to be
further verified for the MDS discrimination, which is
not involved in the aforementioned researches.
Generally, compared with low-resolution radar fea-

tures, high-resolution features from high-range reso-
lution (HRR) or inverse synthetic aperture radar (ISAR)
images gain more advantages in maneuver information
extraction. As stated in [11], the relative orientation of
missile-to-target in interception can be approximated by
a turntable model, which makes the maneuver discrim-
ination using ISAR images possible. In fact, the estima-
tion of motion parameters per se including translational

motion velocity, rotation velocity, and direction is key to
autofocus and cross-range scaling in ISAR imaging, and
many signal-domain and image-domain methods have
been proposed [12–15]. In essence, these methods are
mostly offline data processing regardless of application
backgrounds and need an iterative optimization “match-
ing.” Notice that they comprehensively do not analyze
the relationship between maneuver parameters and ISAR
images as well as the impact factors on estimation error,
such as resolution and relative orientation of missile-to-
target. Yang et al. [16] derive the relationship between
target ISAR image slope and turn rate in the ground
moving target indicator (GMTI) radar surveillance. In
this paper, we extend the air-to-ground scenario to an
air-to-air interception scenario and estimate the lateral
acceleration instead of the maneuvering turn. Moreover,
the estimation in a quasi-steady state is extended to the
transient period with a determination of maneuver
switch instant.
Considering the interception of a skid-to-turn (STT)

cruise missile taking a horizontal, planar “S” maneuver
(denoted as type II maneuver) in penetration [17, 18],
the sideslip angle will change, and a novel and practical
target maneuver discriminator using ISAR images is pro-
posed with rigorous analysis. For simplicity, we assume
the target translational motion is well compensated, and
employ the image-domain features, in consideration of
the effect of echoes’ quality on the signal-domain param-
eter estimation. The paper makes an elaborate and
systematic analysis of the maneuver discrimination
principle in Section 2. Section 3 discusses some import-
ant factors affecting the discrimination performance and
then proposes a maneuver discriminator using ISAR im-
ages. Simulation results are presented in Section 4, and
conclusion is drawn in Section 5.

2 Maneuver discrimination principle
Taking the initial line-of-sight (LOS) coordinate system
as the inertial coordinate system, the geometry of the
two-dimensional interception scenario is shown in Fig. 1,
where R is the distance between target and missile, q is
the LOS angle, and γM, aM, and VM and γT, aT, and VT

are missile and target path angles, accelerations (perpen-
dicular to the respective velocities), and speeds, respect-
ively. Assuming first-order dynamics for both target and
missile and both velocities are nearly constant, the fol-
lowing dynamics equations are satisfied:( :

ai ¼ aci−ai
� �

=τi:
V i ¼ 0
:
γ i ¼ ai=V i;

ð1Þ

where i =M,T refers to missile and target, aci is the
acceleration command, and τi is the time constant. The
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relationship between motion parameters and relative
orientation of missile-to-target in a three-dimensional
interception scenario has been derived in [11]. A two-
dimensional simplified analysis is presented to establish
the ISAR imaging model as follows.

2.1 Imaging model
A right-handed coordinate system is attached to the
target where the x-axis is pointing out of the nose, the
y-axis to the left, and the z-axis to the top. Assuming
the target velocity is along the x-axis, the pose angle ψ,
relative to LOS, and its rates ω are formulated as

ψ ¼ γT−q
ω ¼ :

ψ ¼ :
γT−

:
q

ð2Þ

The positive pose angle is prescribed to the left and
the positive turn is also to the left. The considerable dis-
parities of ψ and ω in MDS are the basis of maneuver
discrimination. In (2),

:
γ
:
T and

:
q
:
represent the pose angle

variety introduced by the target motion and relative
motion of missile-to-target, respectively. It has been
demonstrated in [11] that

:
qj j≪ :

γ
:
T

�� ��: ð3Þ
This conclusion also can be explained by the ex-

pression of :q: in proportional navigation (PN) guid-
ance law [19]:

:
q ¼ VT sin γT−qð Þ−VM sin γM−q

� �
R

: ð4Þ

In fact, the numerator of (4) is the “collision triangle”
(the dotted triangle in Fig. 1) condition [19]. If the rela-
tive motion keeps the condition satisfied in the whole
interception, i.e., VT sin γT−qð Þ ¼ VM sin γM−q

� �
;

:
q ¼ 0

is straightforward. In real interception scenario,
:
q is influ-

enced by many factors, including target maneuver, guid-
ance law adopted, initial heading error, and estimation
error. But the guidance law always keeps

:
q within a small

neighborhood of zero before the seeker head reaches its

blind range. Hence, after translational motion compensa-
tion, the imaging model in two-dimensional interception
can be approximated as a planar rotating object in Fig. 2,
where rotation angular velocity is equal to the pose angle
rate,

ω ¼ :
ψ≈

:
γT ð5Þ

Furthermore, assuming target centroid O as the origin,
the scatterer on target of radial distance L is mapped on
to the range-Doppler plane as follows under the far-field
condition:

X ¼ L cosψ=ηr

Y ¼ −2v
λ

=ηf ¼
−2ωL sinψ

λ
=ηf ;

ð6Þ

where v is the rotation linear velocity, λ is the wave-
length, and ηr and ηf are the range and Doppler resolu-
tions, respectively, defined by

ηr ¼ c= 2Bð Þ ηf ¼ 1=T img: ð7Þ
In (7), c is the velocity of light, B is the signal band-

width, and Timg is the imaging time. A typical target
ISAR image is also illustrated in Fig. 2 which shows the
scatterer distribution in the range-Doppler plane.
The above imaging model in interception differs sig-

nificantly from that in surveillance of the ground-based
radar (or other location-fixed radar) [6, 16]. In the latter
situation, an ISAR image also can be obtained even if
the target does not maneuver. However, from Fig. 2, we
can see that only when the target takes the lateral
maneuver (perpendicular to velocity), i.e., rotation, the
imaging condition could be satisfied. This disparity pro-
vides the feasibility of maneuver discrimination using
ISAR images in interception.

2.2 Relationship between maneuver parameters and
images
The changes of target acceleration aT and acceleration
command acT in type II maneuver are showed in Fig. 3.

Fig. 1 Interception scenario geometry
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In maneuver discrimination, we focus on the acceler-
ation command switch instant tsw and the acceleration
direction switch instant tdir. tsw is usually set to be the
starting instant which is the reference to the discrimin-
ation delay evaluation. We follow this metric in our
paper. By substituting (1) into (5), ω and its time deriva-
tive can thus be expressed as

ω ¼ aT=VT
:
ω ¼ acT−aT

� �
=VTτT:

ð8Þ

From (8), ω and :ω: encapsulate the full information of
target maneuver. On the other hand, from (6), ω can be
derived by the scatterer position in the range-Doppler
plane. Consequently, the maneuver information can be
extracted theoretically by matching the target scatterers
in ISAR images of different instants [13, 14]. For
example [14], ω of airplane rotation is estimated by
comparing the geometrical relationship differences of
relative scatterers in two adjacent images. Actually, the

equivalent scatterer number of missile-class target is sig-
nificantly fewer than ship or airplane due to its smaller
size. So the matching process needs the high-resolution
images, and the scatterer association in different images
must be well-handled. Fortunately, a “shaft-like” shape is
available for extracting the line features from target
ISAR images.
From (6), the slope of the target ISAR image can be

expressed as

s ¼ X
Y

¼ −
f s

T imgf 0ω tanψ
¼ K

ω tanψ
; ð9Þ

where f0 is the center frequency and K = − fs/Timgf0 is a
known constant. By substituting (8) into the time deriva-
tive of s, we obtain

:
s
: ¼ −K

sinψ

:
ω
:

ω2
cosψ þ 1

sinψ

!
:

 
ð10Þ

Thus, the relationship between s and ω, also their time
derivatives, is established. It is noted that these relation-
ships are also related to the pose angle ψ. We firstly as-
sume ψ > 0 in the following analysis and other situations
are discussed later.
For the sake of clarity, type II maneuver is further di-

vided into two types considering the different switch di-
rections, i.e., type P and type N. According to Fig. 3, a
detailed summary of maneuver parameters and slope
features in type II maneuver is listed in Table 1.

sin2ψ >
−2a2TτT

−amax
T −aT

� �
VT

; ψ > 0 ð11Þ

According to the results summarized in Table 1, we
can see that the value of

:
s and the sign of s will

change after the time instants tsw and tdir, respect-
ively. Especially, if ψ satisfies (11) in the type P

Fig. 2 Imaging model in two-dimensional interception

Fig. 3 The changes of aT and acT in type II maneuver
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maneuver, the MDS can be easily discriminated only
by the sign of

:
s
:
.

Notice that the above derivation entails the assump-
tion that the rotation center of the target is known
which is very difficult to fulfill in reality. As a matter of
fact, the slope estimation can be realized by any two
scatterers along the target radial axis or by some elabor-
ate line-extraction algorithms in image processing. Both
of them are independent of the position of rotation cen-
ter. More detailed scheme will be given in the next
section.

2.3 Discussion
We discuss the influence of ψ on the maneuver discrim-
ination performance herein. As we know, most of the
missile targets are of axial symmetry. The ISAR image
acquired when ψ < 0 and ω < 0 is the same as that when
ψ > 0 and ω > 0 according to Fig. 2. In other words, we
only have the information of |ψ| and |ω| from the ISAR
images. Thereupon, some further remarks are made as
follows (the sign of variable is denoted as sgn[⋅] for
simplicity):
First of all, conclusions in Table 1 are contrary when

ψ < 0 according to (9) and (10). It does not affect the de-
tection of tsw but misleads the MDS discrimination. Ac-
tually, sgn[s] only indicates whether the target is turning
toward or away from the LOS without the knowledge of
sgn[ψ].
Secondly, if ψ traverses zero in interception, either

+→ 0→ − or −→ 0→ +, a “ghost phenomenon” is pro-
duced which means ω changing from ω < 0 to ω > 0. As
a result, both sgn[s] and the value of

:
s vary even though

no MDS occurs. In this instance, the discrimination of
type N maneuver suffers from the invalidation or
ambiguity.
Thirdly, from the expression of

:
s before the MDS oc-

curs, i.e.,
:
s ¼ −K

sin2ψ
, we know that the value of

:
s varies

along with ψ even there is no MDS. If the value of
:
s is

used as the test statistic, a float threshold is needed
which is generated by a large amount of statistics at dif-
ferent ψ. But it is very hard to be realized in reality.
Finally, the performance of line extracting from the

images strongly depends on the value of ψ. For example,

within a small neighborhood of ψ = 0, the target image
approximately remains perpendicular to the Doppler
axis even if there is a rotation. The reason is that
Doppler frequencies developed in both sides of a target
from the front to the rear have the same small values
with different signs. At the same time, the ISAR image
spreads in several Doppler resolution bins due to the
target width. Therefore, both sgn[s] and the value of

:
s
:

variations are unpredictable results from the line extract-
ing errors.
In summary, the estimation of sgn[ψ] and a de-

ambiguity processing are necessary for the former two
situations in maneuver discrimination. From the point of
an implementation view, only sgn

:
s½ � and sgn[s] are se-

lected in our paper as the indications of MDS. Although
(11) should be satisfied in type P maneuver, it holds in
most cases during [tsw,tdir]. This situation will be testi-
fied in Section 4 where the effect of ψ on discrimination
performance is also explained more thoroughly.

3 Discriminator design
3.1 Image pre-processing
The ISAR image series can be obtained by the sliding
windowing method. The window length, i.e., Timg, deter-
mines the accumulated rotating angle for each ISAR
image, and thus determines its Doppler resolution
(inversely proportional to Timg in (7)). But long Timg im-
plies great delay in discrimination. Hence, a tradeoff be-
tween delay and resolution should be considered. On
the other hand, the sliding step length (denoted as ΔT)
determines the aspect angle difference between neigh-
boring ISAR images with a given ω. In reality, ΔT should
be less than the missile control period but not too small.
If so, the estimation of :s: is not reliable due to the slight
difference between neighboring aspect angles.
Then, a target image is segmented out from the

scene that is indicating which pixels are on-target.
This usually can be done using CFAR detection
followed by a sequence of binary morphological oper-
ations [16]. For the air-to-air endgame application in
our paper, the signal-to-noise ratio (SNR) is quite
high due to the low clutter and the enough radiation
power. The major noise sources are scatterer amplitude

Table 1 The summary of maneuver parameters and slope features in type II maneuver (ψ > 0)

tsw tdir

ac
:ω :

s α ω s

Type P Before þamax
T 0 −K

sin2ψ > 0 >0 >0 <0

After −amax
T −max < −K

sin2ψ; if (11) is satisfied, < 0 <0 <0 >0

Type N Before −amax
T 0 −K

sin2ψ > 0 <0 <0 >0

After þamax
T +max > −K

sin2ψ >0 >0 <0
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and position fluctuations. So the target is segmented sim-
ply by the following two level thresholds:

TH1 ¼ I x; yð Þ―――― ¼
XND

j¼1

XNR

i¼1

I xi; yj
� �

=NDNR

TH2 ¼ C⋅
XND

j¼1

XNR

i¼1

I′ xi; yj
� �

;

ð12Þ

where I(xi,yj) is the original image pixel value, ND and
NR are the numbers of pixels in the Doppler and range
directions, respectively, I′(xi, yj) is the image pixel value
filtrated by the first-level threshold TH1, and C < 1 is a
scaling factor.

3.2 Estimation of s and
:
s

Many methods in curve fitting, image processing, and
ISAR cross-range scaling can be utilized to estimate s
[12–15]. Least squares (LS) and total least squares (TLS)
methods are easy to operate but would be invalided if
some shadowing or obstructions appeared in the ISAR

image [20]. Some algorithms such as Radon and Hough
transforms [13] and polar mapping [15] can solve this
problem by an iterative optimization implementation of
exhaustive searching in a wide angle range. However,
they afford heavy computational burden for real-time
missile-borne application.
As analyzed earlier, only sgn[s] and sgn :s:½ � are needed

in most cases. Herein, the major axis direction in the
image-domain analysis is used as the estimation of s
[21], namely

ŝ ¼ tanα ¼ tan
1
2
tan−1

2μ11
μ20−μ02

� �	 

; ð13Þ

where α is the oblique angle, μpq is the (p + q) ‐ th central
moment of image defined as

μpq ¼
XND

j¼1

XNR

i¼1

xi−�xð Þp yj−�y
� �q

I xi; yj
� �

;

�x ¼ m10

m00
; �y ¼ m01

m00
p; q ¼ 0; 1; 2…

ð14Þ

Fig. 4 Flow chart of the proposed maneuver discrimination scheme
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and mpq is the (p + q) ‐ th geometrical moment of image
defined as

mpq ¼
XND

j¼1

XNR

i¼1

xp
i y

q
j I xi; yj
� �

; p; q ¼ 0; 1; 2… ð15Þ

From (13) to (15), we see that the major axis direction
can be obtained only by some multiplications and

additions in one cycle. The estimation of
:
s
:
, denoted as

:̂
s
:

can be deduced by two neighboring frames of image
sequence.

3.3 Estimation of ψ
With the knowledge of sgn[ψ], the real maneuver switch
direction could be confirmed. An estimation method of
ψ based on the target velocity vector vT and LOS vector
r is proposed in [16], namely

ψ̂ ¼ cos−1
r̂ ; v̂Th i
R̂ V̂ T

� �
: ð16Þ

From (16), we know that the accurate estimation is
not well because both the position and velocity of
missile-to-target need to be estimated. As mentioned

previously, the “collision triangle” condition holds ap-
proximately in the whole interception. ψ̂ can also be ob-
tained by this restriction

ψ̂ ¼ sin−1
V̂ M sinγ̂M

V̂ T

� �
ð17Þ

The target state estimation per se is quite accurate, so
only the constant target speed needs to be estimated.
Obviously, the estimation error of (17) is much smaller
than that of (16).

3.4 De-ambiguity
In theory, the value of ψ̂ can be used to solve the ambi-
guity caused by the ghost phenomenon as mentioned in
type N maneuver. But the estimation delay still exists
from (17) because it is essentially an innovation-based
method. It is difficult to solve the ambiguity based on
the value of ψ̂ . Although there is no MDS, it is noted
that |ω| is maximal during ψ traversing zero, and thus ŝ
is quite accurate due to the high Doppler resolution.
Therefore, if a change of sgn[ŝ] from positive to negative
is detected, current frame or several frames before can
be utilized to obtain an ŝ. The value of ŝ depends on ψ

Fig. 5 Block diagram of simulation environment

Table 2 Parameters of simulation environment

Parameter Value

Target Motion VT ¼ 300 m=s; amax
T ¼ 15g; τT ¼ 0:2 s

Size Length = 5 m, width = 1 m

Missile Motion VM ¼ 450 m=s; amax
M ¼ 20 gτM = 0.2 s, Tc = 0.01 s

Radar λ = 3 cm, PRF = 32 kHzNp = 64, Δf = 10 MHz, B = 640 MHz

Scenario R0 = 2.25 km, γT(0) ∼ U(−15
∘, 15∘)

Error σr = 1 m, σvT = 10 m/s, σaT = 1 gσang = 0.1 mrad, Δest = 0.2 s, σaM = 0.1 g
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when MDS occurs, but it is almost constant when ψ is
traversing zero. This disparity provides a feasible way to
solve the ambiguity.
Finally, the flow chart of the proposed maneuver dis-

crimination scheme is provided in Fig. 4.
Figure 4 shows that a two-stage detection is imple-

mented employing sgn½̂:s� and sgn[ŝ] at different instants
tsw and tdir, respectively. Meanwhile, in order to increase

the reliability of
:̂
s , a “binary integration detection” or

“NB/MB detection” scheme is adopted [22]. The detec-

tion of sgn½̂:s� and sgn[ŝ] can be directly used as the indi-
cation of tsw, whether the target is turning toward or
away from the LOS. After ψ̂ is integrated, the real man-
euver switch direction (denoted as D in Fig. 4) is taken.

4 Simulation results
4.1 Simulation environment
The block diagram of simulation environment is shown
in Fig. 5. A trajectory is generated in a missile-target
interception scenario, and the target pose angle is calcu-
lated. The scatterer phase center data, that is, the pos-
ition and complex RCS of each of the scatterers
composing the target in different pose angles and fre-
quencies, are obtained through the high-frequency elec-
tromagnetic simulation software RadBase [6]. Based on
it, the ISAR images are generated considering the noise
and clutter data. Finally, the performance of the maneu-
ver discrimination is evaluated.
The simulation parameters are listed in Table 2, and

the final time of the interception is about 3 s. The initial
target heading angle uniformly distributed between ±15°,
that means the missile is located in the head-on zone of
the target. The differential game guidance laws (DGL1)
and the step-frequency wideband waveform [23] are
adopted by the missile. Regardless of the specific per-
formance of estimator used, only the target acceleration
estimation delay is considered, namely, Δest = 0.2 s. Esti-
mation errors of other target states are assumed as the
white Gaussian noises whose standard deviation is
also listed in Table 2. Besides, the window sliding step
length is set equal to the missile control period,
namely, ΔT = Tc = 0.01 s.

4.2 Simulation results
4.2.1 A single run trial
A single simulation run of missile-target interception
trajectory is depicted in Fig. 6a, where the target per-
forms a single MDS from −15 to 15 g at tsw = 1 s.
Figure 6b illustrates the pose angle ψ and the target path
angle γT during the whole interception. Note that ψ ≈ γT
is almost satisfied except at the last phase when the LOS
angle q variations are considerable. So the planar rota-
tion imaging model is reasonable in interception. The

estimation result of ψ from (17) is also added in Fig. 6b.
It can be seen that the estimation delay is evident, but
the sign estimation is quite accurate.

Fig. 6 A single run simulation result. a Trajectory. b Pose angle and
target path angle. c Oblique angle
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On the other hand, the oblique angle α in (13) in-
stead of ŝ is shown in Fig. 6c for clarity, where six
sample time instants are marked in turn. The ISAR
images and ŝ corresponding to these time instants are
illustrated, respectively, in Fig. 7. The imaging time
Timg = 0.2 s and SNR = 10 dB [24] are prescribed in
ISAR imaging. Combined with the variation of ψ in
Fig. 6b, some cases are outlined below: in these im-
ages, most of target scatterers are visible due to the
fast rotation rate (|ω| ≈ 28∘/s at Fig. 7a, d), so the tar-
get is turning about 5.6° in each imaging time inter-
val. It makes easier to estimate the slope of the
target. In the neighborhood of tdir (Fig. 7b, c), the
Doppler resolution degradation may adversely affect
the accuracy of ŝ, but sgn[ŝ] reverses rapidly yet;

sgn[ŝ] also reverses from positive to negative when
ψis traversing zero (Fig. 7e, f ), but the Doppler resolution
is distinctly higher than that in Fig. 7b, c. Another remark-
able and important thing is the persistent decrement of ŝ

during [tsw, t2] in Fig. 6c. That is to say, sgn½̂:s� reverses
after MDS occurs. All of these cases are consistent with
the analysis and discussion in the above sections.

4.2.2 Discriminator parameter design
As analyzed earlier, the discriminator parameter design
strongly depends on ψ. So the influence of various dis-
criminator parameters on discrimination performance is
testified through a large amount of Monte Carlo simula-
tions at different ψ. Note that type P maneuver in ψ > 0

Fig. 7 ISAR images at different time instants. a t1 = 0.8 s. b t2 = 1.24 s. c t3 = 1.25 s. d t4 = 1.7 s. e t5 = 2.62 s. f t6 = 2.63 s
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is equivalent to type N maneuver in ψ < 0 and vice versa.
Hence, only the target takes a single MDS from 15 to
−15 g is considered. In simulation, the angle interval is
5° and 1000 runs at each interval are picked out by
changing tsw and γT(0). From the point of implementa-
tion view, γM should be smaller than the seeker gimbals
angle [25] (35° in this paper) to make sure that the target
will not fly off the field of view. Herein, ψ is limited to
60° according to the “collision triangle” condition.
Figure 8 shows the detection probability Pd and the

false alarm probability Pfa of tsw for NB/MB detection of
:̂
s
: when Timg = 0.2 s. The detection performance de-
grades when ψ < 15∘ because the estimation errors of s
increases and (11) is hardly to be satisfied. Both the de-
tection and false alarm performance are good after ψ >
30∘. Since the detection of :̂s is just the first stage of MDS
discrimination, the minimal Pfa is the top priority for the
NB/MB selection. On the other hand, considering the
delay increases as NB and MB increase, the NB/MB selec-
tion is a tradeoff between the delay and Pfa.

Similarly, the performance of de-ambiguity is shown in
Fig. 9. As mentioned in Section 3.4, the mean value of α
of ten frames before sgn[ŝ] changes from positive to
negative is chosen as a threshold (denoted as AM_in-
dex). In Fig. 9a, a cluster of the detection probability of
type N maneuver (type P maneuver when ψ < 0) at
different thresholds is exhibited. In contrast, the curves
of false alarm probability in type P maneuver when ψ > 0
are illustrated in Fig. 9b. Different from the NB/MB se-
lection, the AM_index selection should pursue a total
maximum sum of Pd − Pfa.
At last, the detection probability of different window

lengths is shown in Fig. 10. The imaging time Timg is
normalized by the window sliding step length ΔT, for
simplicity, namely, WL = Timg/ΔT. The NB/MB is all “7/7”
and the AM_index values are 65.88∘, 87.2∘, and 87.5∘,
respectively, in three cases. The detection probability of
WL= 10 (Timg = 0.1 s) is low due to the low Doppler reso-
lution. The detection probability of WL= 15 and WL= 20
are closer, but WL = 15 is a better choice due to a smaller

Fig. 8 The performance of NB/MB detection of :̂s (Timg = 0.2 s). a Pd. b Pfa Fig. 9 The performance of de-ambiguity (Timg = 0.2 s). a Pd. b Pfa
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delay. It is also apparent that the discrimination per-
formance is extremely poor in the neighborhood of
ψ = 0 ([−5∘, 5∘]) that justifies the conclusion in the
former section.

4.2.3 Discrimination statistics
The total discrimination performance at tsw ∈ [0.2, 2.8] s
in interception is shown in Fig. 11, and sets of 1000
Monte Carlo runs with random noise, random initial po-
sitions at each time interval are used. The window
length WL = 15 and other discriminator parameters are
the same as given in Fig. 10. The detection probability
Pd, false alarm probability Pfa, miss probability Pm, and
correct direction discrimination probability Pc (integrated
sgn ψ̂½ �) are illustrated in Fig. 11a. It can be seen that the
total successful discrimination probability in interception
is quite good with the exception of tsw = 2.8 s. Since the
sufficient information cannot be collected to deliver a
statistically significant decision at this time instant when
WL= 15, Pm increases rapidly. Besides, the performance
degrades slightly, especially Pc < Pd, when tsw < 1 s, because
the pose angle ψ is often in the neighborhood of zero
when MDS occurs.
From Fig. 11b, the minimum discrimination delay is

0.07 s which is acquired by the “7/7” detection of :̂
s and

the maximum delay does not exceed 0.26 s. The mean
delay keeps about 0.15 s at all switch instants. Compared
with the classical innovation-based maneuver detector,
such as adaptive-H0 and the standard GLR detectors in
[26], the mean delay in the same detection probability is
an almost linear function of tsw monotonically decreas-
ing from 0.35 (at tsw = 0.2 s) to 0.16 s (at tsw = 0.8 s). The
reason can be attributed to the constant angular noise,
and the displacement noise is proportional to the range.
The results are not shown here for conciseness.

Fig. 10 The detection probability vs. different window lengths

Fig. 11 The discrimination performance vs. switch time instant tsw.
a Probabilities. b Delay

Fig. 12 The applicability summary of proposed discriminator
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4.2.4 Applicability summary
According to the pose angle ψ and maneuver type, an
applicability summary of the proposed discriminator
based on the analysis and simulation results is illustrated
as follows:
From Fig. 12, the feature or the test statistics used in

the discriminator are the same in the same color zone
and the deeper color means the shorter delay. In reality,
MDS often occurs in the hatch zone due to the initial
head-on geometry of missile-to-target and the short fly
time in endgame, so sgn[s] and sgn

:
s½ � are sufficient for

discrimination. The upper bound is determined by the
gimbal angle of missile under the “collision triangle”
condition, and the lower bound depends on the estima-
tion error of s (the red mesh boundary). Of course, real
switch direction discrimination and de-ambiguity are ne-
cessary with the help of other information. Note that the
applicability analysis in Fig. 12 is based on the particular
scenario in this paper. Generally, the feature selection
and the discriminator parameter design should be
closely associated with the application characteristics.

5 Conclusions
Discriminating target maneuver using ISAR images is
feasible because of the embedded information related to
target motion parameters. This paper firstly sets up the
imaging model in interception and mathematically
derives the relationship between the bang-bang type
maneuver parameters and ISAR image slope. Then, the
principle of maneuver discrimination using the ISAR
images is explored, and some important factors affecting
the discrimination performance are discussed. A novel
and practical discriminator is developed afterwards
whose parameter is designed elaborately based on the
endgame scenario characteristics. Finally, the simulation
results give some operational guidelines to designer for
choosing discriminator parameters in practice and demon-
strate that the proposed discriminator performs better than
the classical innovation-based maneuver discriminator.
Compared with the conventional maneuver detector,

the proposed discriminator further provides the maneu-
ver direction switch information which has been suc-
cessfully used in both estimator [4] and guidance law
[27]. In fact, as analyzed in this paper, we know that ω
can be estimated directly from ISAR images or inte-
grated in the conventional innovation-based estimator.
It will certainly enhance the estimation performance.
Moreover, although the analysis in this paper is based on
STT maneuvering target, it is also feasible to extract the
maneuver parameters for a BTT target. For example, the
wings’ rotation when the plane is taking a BTT maneu-
ver is similar to the missile body’s rotation. In this
situation, maneuver discrimination based on the ISAR
images is a very attractive research direction.
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