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Abstract—A well-focused and high-resolution inverse synthetic
aperture radar (ISAR) image of ship target is appropriate to the
target classification and recognition, especially for the ISAR image
presenting the ship’s top or side view. For this purpose, a novel op-
timal time window determination (OTWD) approach based on the
imaging projection plane (IPP) selection is proposed in this article.
First, the proposed OTWD approach determines the view of ship
target in the ISAR image via the IPP selection. Then, the Doppler
frequency is estimated via the time-frequency distribution (TFD)
calculation for the azimuth signal of one scatterer. For the case
of one range bin with multiple scatterers, a novel TFD extraction
approach based on the clustering analysis is proposed. Afterward,
the Doppler frequency is analyzed with sharpness to determine the
optimal imaging time window, which can ensure the high image
quality and optimal azimuth resolution. The proposed OTWD
method is verified as accurate and effective with the experiments
on simulated and real measured data.

Index Terms—Doppler frequency analysis, imaging projection
plane (IPP), inverse synthetic aperture radar (ISAR), optimal time
window, sharpness analysis, ship imaging.

NOMENCLATURE
ISAR Inverse synthetic aperture radar.
IPP Imaging projection plane.
RD Range Doppler.
TWL Time window length.
TFD Time-frequency distribution.
OTWD Optimal time window determination.
RLOS Radar line of sight.
SPWVD Smoothed pseudo Wigner-Ville distribution.
PRF Pulse repetition frequency.
HCA Hierarchical clustering algorithm.
O-RPY Ship coordinate system.
O-UVW Radar coordinate system.
r Coordinate of the static scatterer A in O-RPY.
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Rotation angle in a direction, ¢ = r, p, y.
Representing direction of axis R, P, or Y.
Coordinate of the rotating scatterer A in O-RPY.
Slow time.

Rotation matrix in 3-D direction.

Rotation matrix in roll direction.

Rotation matrix in pitch direction.

Rotation matrix in yaw direction.

Coordinate of the rotating scatterer A in O-UVW.
Transform matrix with the angle ¢,,.

Angle between the axis U and R.

Azimuth signal of the scatterer A.

Amplitude modulation function.

Wavelength.

Range between the scatterer A and radar.
U-axis coordinate of the radar in O-UVW.
Coordinate of the static scatterer A in O-UVW.
Rotation angle in a direction, j = u, v, w.
Representing direction of the axis U, V, or W.
Time window.

Rotation angular velocity, j = u, v, w.
Rotation angular velocity, ¢ = r, p, y.
Effective rotation angular velocity.

Angle between vector we and w,,.

Synthesis rotation vector.

Normal vector of plane VOW in O-UVW.
Angle between vector w, and plane VOW.
Doppler frequency of the scatterer A.
Doppler frequency difference.

Range difference.

Slope value of the ship centerline.

Unit vector in the direction of RLOS.
Normal vector of azimuth direction.
Azimuth position of scatterer.

Azimuth position difference of ship target.
Length of ship target in the axis V.

Length of ship target in the axis W.

Doppler spread.
Discrete echo dataym =1,2,..., N,
n=12,...,N,.

Azimuth bin number of echo data.

Range bin number of echo data.

Azimuth order.

Range order.

qth discrete echo subdata, m = 1,2, ..., Ngs.
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Ny Azimuth bin number of echo subdata.
F() Function of ship centerline extraction approach.
C(v) Function of pixel sum on a line.
P Polar radius.
Pw Accumulation width.
00 Initial polar radius.
Ho Matrix generated via Hough transform.
H,, Matrix after accumulating width.
Ny Maximum number extracted from Hy,.
Puw Optimal accumulation width, ship width.
6 Optimal accumulation direction; slope value.
Diax Maximum azimuth bin of ship in ISAR image.
Doin Minimum azimuth bin of ship in ISAR image.
Dy, Number of Doppler broadening bin.
sP(m,n)  Extended subdata.
Pa Azimuth resolution of ISAR image.
Al Rotation angle during the time window.
A Rotation amplitude.
T Rotation period.
10) Initial rotation phase.
fa(m) Doppler frequency.
Fm Range of Doppler frequency at azimuth bin m.
fiin Minimum value of F,.
A nax Maximum value of Fy,.
S(m, fn) Function of SPWVD.
g(), h(") Real even windows.
sr-(m) Discrete azimuth signal.
fn Doppler frequency bin.
Sh Sharpness value.
P(+) Convex function.
Win Length of sliding window in sharpness analysis.
mgp[ Optimal start imaging moment.
Mt Optimal end imaging moment.
o Optimal time window.
Lopt Optimal time window length.
M, Search region for optimal start or end moment.
E(I) Image entropy.
I(m,n) ISAR image.

I. INTRODUCTION

NVERSE synthetic aperture radar (ISAR) imaging of ship
I target has aroused widespread concern, especially in the field
of marine supervision and control [1]-[6]. After ISAR imaging,
the ship image will be applied for the target classification and
recognition [7]-[12]. For this purpose, an appropriate ship ISAR
image should have the essential features of presenting the ship’s
single view, i.e., top or side view, high quality, and high resolu-
tion. Since the ship ISAR image obtained with the entire echo is
usually defocused and hybrid-view, the selection of an optimal
time window is very important [7], [13]-[16].

The view that the radar image shows is depended on the IPP.
Hence, the IPP selection is the key to achieve the radar image
with the ship’s top or side view. The image quality is related to
the stationarity of Doppler frequency, and the azimuth resolution
is decided by the relative rotation angle. Therefore, the Doppler
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frequency analysis technique can be applied for selection [12],
[17].

Generally, selecting an optimal time window can bring the
following advantages. First, the ISAR image with ship’s side or
top view can be generated [12], [17]. Second, the echo data with
the optimal time window has smaller data size compared with the
whole data, and the computational complexity can be decreased.
Third, the echo data with the optimal time window can be
processed efficiently via the simple imaging techniques, such
as RD algorithm, because the Doppler frequency is relatively
stable in a short time window [17]-[21]. For achieving the
aforementioned advantages, the following functions should be
considered:

1) IPP selection for single view;

2) the smooth Doppler frequency curve for high image qual-

ity; and

3) long TWL for high resolution.

Recently, research works on the time window selection for the
ship ISAR imaging are abundant. Basically, they can be divided
into two classes, which are focused on the selection of TWL or
IPP, separately. The first kind of methods can obtain the optimal
time window with the estimation of Doppler frequency. For
acquiring the high image quality, the time window with the stable
Doppler frequency is selected. In [22], Martorella and Berizzi
propose a time window selection method based on the maximum
contrast, which implements an iterative idea. Furthermore, many
approaches based on the TFD and Doppler frequency estimation
are presented in [23]-[27]. These approaches utilize the charac-
ter that the Doppler frequency curve can reflect the stability
of target motion [28]. Without the determination of IPP, these
methods usually generate the ship ISAR image with hybrid view,
which is inappropriate for target recognition.

The second kind of methods can obtain the optimal time
window based on the IPP selection. Via the rotation parameters
estimation, the time window with the dominant rotation direction
can be found [12], [17], [29]. With the selection of IPP, the
generated ISAR image can give the top or side view of ship.
However, the azimuth resolution of ISAR image is compara-
tively low without the analysis of Doppler frequency, which is
unfavorable for the target recognition as well.

In this article, we propose an OTWD approach based on the
Doppler frequency analysis and IPP selection. The proposed
approach takes into account the advantages of the two classes
of methods, which can determine the optimal time window to
generate the high-quality ISAR image with the top view or
side view of ship target. Two main procedures of the proposed
method are illustrated as follows. First, the “rough” time window
is determined via the IPP selection approach in [30]; second,
the optimal time window is achieved via the extended subdata
generation, TFD calculation, Doppler frequency estimation and
sharpness analysis.

In some situations, it is difficult to find the range bin with
single scatterer to calculate TFD and estimate the Doppler
frequency. For addressing this issue, a novel TFD extraction
approach based on the clustering analysis is proposed, which
can extract the TFD of single scatterer from the TFD of multiple
scatterer.
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Fig. 1. Main work of this article.

The main work of this article can be seen in Fig. 1. The rest of
the article is arranged as follows. In Section II, the ISAR imaging
geometry is modeled, the IPP selection principle is deduced, and
the IPP selection method is introduced. Then, the influence of
TWL is analyzed for the image quality and azimuth resolution in
Section III. Meanwhile, the OTWD approach is proposed based
on the Doppler frequency analysis and IPP selection. For the
situation of a certain range bin with multiple scatterers, the TFD
extraction approach based on the clustering analysis is presented.
For verification, results of simulated and real-measured data
are given and analyzed in Section IV. Finally, we draw the
conclusion of this article in Section V.

II. ISAR IMAGING GEOMETRY MODEL, IPP SELECTION
PRINCIPLE, AND IPP SELECTION APPROACH

Some contents are introduced in this section including the
ISAR imaging geometry model, the relationship between IPP
and rotation vectors, the IPP selection principle and approach.
First, the ISAR imaging geometry is modeled to solve the
position of scatterer. Then, we deduce the expression of rotation
vectors and illustrate the relationship between IPP and rotation
vectors. Furthermore, the IPP selection principle is concluded.
Finally, the IPP selection approach is introduced based on [30].

A. ISAR Imaging Geometry Model

The ship target can be regarded as a rotation target after
translation compensation [31], [32]. The grazing angle can be
considered as small, because the radar height is usually much
less than the range between the radar and target. Hence, we
assume that the radar height can be ignored. Fig. 2 shows the
ISAR imaging geometry model. We denote the centroid of ship
as O and two coordinate systems are established as follows:

1) Ship coordinate system O-RPY: R-axis is parallel to the

ship’s bow and Y is perpendicular to the sea surface.

2) Radar coordinate system O-UVW: U-axis is parallel to the

direction of RLOS and W-axis is the same as Y-axis.
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Obviously, the O-RPY and O-UVW can be transformed via
rotation operation. Assuming that a scatterer A is on the ship
target, the coordinate of scatterer A in O-RPY is as follows:

r=[ra,pa,nal” (1)

where 7 4,pa, na are the coordinates of axis R, P, and Y.

The ship target is rotating around the axis R, P, and Y. In the
imaging interval, the three-dimensional (3-D) (roll, pitch, and
yaw) rotation angles are denoted as 0,., 0,,, and 0,,, respectively.
Then, the instantaneous position of scatterer A in O-RPY can
be calculated as follows:

r (tm) = [FA (tm) aﬁA (tm) P ﬁA (tm)}T = Rr (Qm epa ey) - r
2)
where ¢,, is the slow time, R, represents the 3-D rotation matrix,
and 74 (), PA(tm), Na(tm) are instantaneous coordinates of
axis R, P, and Y, respectively. The rotation matrix R, can be
obtained as follows:

Rr (97’7 apv ey) = Rroll (97") : Rpitch (017) ‘ Ryaw (ey) (3)

1 0 0
Reon (6,) = |0 cosf, sind, 4)
0 —sinf, cosb,
costl, 0 sinf,
Rpitch (ep) - 0 1 0 (5)
—sinf, 0 cosé,
cosf, sinf, O
Ryaw (0y) = | —sinf, cosf, 0 (6)
0 0 1

where Ryo11(6r), Rpiten (fp), and Ryaw (6,) represent the roll,
pitch, and yaw rotation matrix, respectively.

Finally, the instantaneous coordinate in O-UVW can be given
as follows:

u (tm) - [UA (tm) , VA (tm) , WA (trn)]T = RT (Sﬁu) T (tﬂl)

)
where Rr(¢,) is the transform matrix. The expression of
R (p.,) can be shown as follows:

cosy, —sing, 0
Rt (py) = | sing, cosy, 0 )
0 0 1

where ¢, is the angle between axis R and U.

B. Relation Between IPP and Rotation Vector

After translation compensation, the azimuth signal of scatterer
A can be modeled as follows:

Sp (tm) = Qq (tm) exXp |:_]4;-RA (tm):l )

where a,(-) is the amplitude function in the azimuth direction,
A represents the wavelength, and R 4 (¢,,) is the range between
scatterer A and radar.

Actually, the range of R4(%,,) in (9) can be calculated as
follows:

R4 (tm) =Uup (tm) — Uy (10)
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Fig.2. ISAR imaging geometry.

where w4 (t,,) and —u, are the U-axis coordinates of scatterer
A and radar, respectively.

The coordinate u 4(t,,) can be calculated via (7). Here, we
introduce another calculation method. For the ship target with-
out rotation motion, the coordinate of scatterer A in O-UVW
coordinate is as follows:

)

Uy = [ta0, Va0, wao0] = R (pu) - T.

Then, for the ship target with 3-D rotation, we can rewrite (7)
as follows:

u(tm) =R, (euvev;‘gw) L) (12)

where the form of R,.(6,,,0,,6.,) is the same as (3).
Therotation angles ,,, 6,,, and ,, can be integrated as follows:

0= [ (t) it (13)
Tw
Tw
T

where T, is the time window and w,,, w,,w,, are the angular
speeds around the axis U, V, and W.

With the selection of time window, the TWL will be short and
the motion of ship target can be considered as stable. Hence,
the angular velocities wy, (t,,), wy(tm), and wy,(t,) can be
regarded as constants. Apparently, these angular velocities can
be transformed as follows:

Wy Wy
wy | =R (pu) - Wp
Way wy

(16)

Hence, the horizontal and vertical effective rotation angular
velocities are as follows:

a7
(18)

From (17) and (18), we can see that the horizontal rotation is
related to the roll and pitch rotation, while the vertical rotation
is depended on the yaw rotation.

Based on (17) and (18), we can obtain the effective rotation
angular velocity as follows:

We = Vw2 + w2

According to Fig. 2, the horizontal and vertical rotations in
(17) and (18) can also be rewritten as follows:

Wy = Wy SIN @y, + W)y COS @y,

Wy = Wy.

19)

(20)
2y

Wy = We COS Y
Wy = We SIN 7Y

where 7 is the angle between the vector we and wy,.

The derivation about the effective rotation speed can be veri-
fied with the projection principle. Actually, the effective rotation
vector we is produced via the projecting synthesis rotation vector
w3, onto the plane VOW. The plane VOW is the projection plane.
The 3-D rotation vector in O-RPY can be expressed as follows:

wy = [wy, 0, O]T (22)
wp = [0,w,, 0" (23)
wy = [0,0,w,]". (24)

Then, the synthesis rotation vector can be calculated as fol-
lows:

Wa = Wy + Wp + Wy

(25)

= [wT,wp,wy]T.



CAO et al.: NOVEL OPTIMAL TIME WINDOW DETERMINATION APPROACH FOR ISAR IMAGING OF SHIP TARGETS

The normal vector of plane VOW in O-UVW can be expressed
as m = [1,0,0]". With the coordinate transformation, the nor-
mal vector in O-RPY can be calculated as follows:

m = (Rr (p.)  -m
= [cos @y, — sin gy, 0]" (26)

Then, the angle between the plane VOW and synthesis rota-
tion vector can be solved as follows:

W, M
8 = arcsin <|a)

|wall, [l
= arcsin(

The effective rotation vector is the projection of synthesis
rotation vector with the angle (3. The effective rotation vector in
O-RPY can be calculated as follows:

Wy COS Py, — Wy SNy, ) 27

[wally

r —\
wiPY = w, — (wWa-m)-m
in2 % 8
WySIN7 Yy, + Wp SN Yy, COS Py
_ 2 :
= | WpCOS~ Py, + Wy SIN Py, COS Yy,
Wy

(28)

According to (7), the effective rotation vector in O-UVW can
be obtained as follows:

We = [wu; Wy, ww]T

= R (pu) we™

= [0, wy sin ¢, + wp cos @, wy]T (29)
which is conformed to (17) and (18).
The norm of vector w, can be calculated as follows:
lwell, = [[wall, cos 8
= (wy sin @, + w,, cos cpu)2 + wi. (30)

Fig. 3 gives the IPPs under different rotation conditions.
Fig. 3(a) and (b) show conditions of the prominent vertical rota-
tion and prominent horizontal rotation. The case that horizontal
and vertical rotation are almost equal is displayed in Fig. 3(c).

As well known, the IPP is perpendicular to the effective
rotation vector and parallel to RLOS. Therefore, from (17) to
(19), three conclusions can be drawn as follows.

1) When the horizontal rotation is far smaller than vertical
rotation, i.e., w,, ~ w, and w, ~ 0, we will gain a ISAR
image with the ship’s top view as shown in Fig. 3(a).

2) When the horizontal rotation is far bigger than vertical
rotation, i.e., w,, = 0 and w, =~ w,, we will obtain a ISAR
image with the ship’s side view as shown in Fig. 3(b).

3) Otherwise, we will generate a ISAR image with the ship’s
hybrid view as shown in Fig. 3(c).

Remark 1: In this article, the IPP selection is as the first core
step in the proposed OTWD approach. The radar image with
the side view or top view of ship target is generated via the
IPP selection, which is demanded by some algorithms of target
feature extraction, classification, and recognition. Actually, the
radar image with the hybrid view of ship target can reach the
same or even higher image quality, while it will reduce the
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Top view
(@)

Side view

A,,w'"'#'Ra(lar

(b)

Hybrid view
(©)
Fig.3. IPPsunderdifferent rotation conditions. (a) Prominent vertical rotation.

(b) Prominent horizontal rotation. (c) Almost equal horizontal and vertical
rotation.

recognition efficiency and accuracy. Hence, the IPP selection
is implemented first in the proposed approach.

C. IPP Selection Principle

In a short TWL, the rotation angles 6,,, 6,,, and 6,, are small
and the angle velocities can be regarded as constants. Hence, the
functions of sin 6; and cos f; can be approximated as follows:
€29)
(32)

sinf; ~ 0;,j = u,v,w

cosf; =1,j =u,v,w
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where j represents the direction of axis U, V, or W. Here, w; (tm)
can be denoted as w;, j = u, v, w.

Then, the expression of R, (0,,0,,0,,) can be rewritten as
follows:

1 O 0,
Rr (gu, 01}; aw) = _euev - H'w _Huevew +1 eu
_H’U + 9u0w _evow - au 1

(33)

Based on (12), the range u 4 (¢, ) can be expressed as follows:

A (tm) = wao + V400w + wWaoby. (34)

Therefore, the range R 4(t,,) can be represented as follows:
Ra (tm) = vaolw +waoly + (wao — uy)

- (UAOWw + wA()wv) tm + (UAO - ur) . (35)

In (35), the range R4 (t,,) is modeled as the first-order poly-
nomial of ¢,,.
The Doppler frequency can be calculated as follows:
2 dR (tm) 2

ff _ 7XT = -5 (VAW + WaoWy) -

According to (20) and (21), the Doppler frequency in (36) can
be rewritten as follows:

(36)

2 .
fj‘ = —X(vAos1n'y+wA0cosv)we. 37

Based on (37), the Doppler frequency is a constant. Hence, the
ship ISAR image with a short time window will not be blurred
in the azimuth direction.

Assuming that two scatterers Ay, and Ag are located in the
bow and stern [12], [17], and their coordinates in O-RPY are
[rap,0,wa0]T and [ras, 0,wa0]T, respectively. Transforming
via (11), the coordinates can be represented as follows:

Uab = [Uap, Vab, Wap) " = [7apCOS @y, 7 ap SN @y, wag
(38)
T
(39)

Via (37), the Doppler frequency of the scatterer Ay, and Ag
can be calculated as follows:

T ) -
UaAs = [UAS; VAs, wAs] = [TAS COS Py T As SIN Py, WAQ

2 .
£l4b =5 [Vap SIn Y + wag cos Y] we
2 . .
= - [ Ap SIN 0y, SIN 7Y + w40 COS Y] we (40)
(;‘S =5 [VasSiny 4+ wag cos Y] we
2 . .
= [ As SNy, SIN Y + w49 COS Y] we. (41)

Then, the difference of Doppler frequency can be computed
with (40) and (41) as follows:

[3 = 13 () = £ (tm) = % (ras — TAb) SIN Py
(42)
Meanwhile, the range difference of the scatterer Ay, and Ag
can be obtained as well. From (38) and (39), the range difference
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can be shown as follows:

UA = UAp — UAs = (TAp — T'As) COS Py (43)

Combining with (42) and (43), the slope value of ship center-
line can be calculated as follows:

ko= JL

UAL

=-7 tan Qg wy. (44)

Obviously, the vertical rotation is related with the slope value
of ship centerline.

The variation of effective rotation speed w,. can be depicted
by the Doppler spread in the ISAR image. First, we illustrate this
relationship from the point of azimuth resolution. The greater
effective rotation speed will yield the larger rotation angle with
the same TWL. Consequently, the azimuth resolution will be en-
hanced. The high resolution will make the ship target occupying
more azimuth bin in the ISAR image, i.e., larger Doppler spread.
Hence, the effective rotation can be reflected by the Doppler
spread.

Furthermore, the relationship between the effective rotation
and Doppler spread can be elaborated with the analysis of az-
imuth position. The effective rotation vector and the unit vector
in the direction of RLOS can be expressed as follows:

we = [0, wy sin @, + wy €os @y, wy]T (45)

wl=11,0,0T. (46)

The Doppler frequency can be produced with the angular
moment that is same with the azimuth direction in (37). The
normal vector of this angular moment is as follows:

i = [0,sin~y, cos~]T. (47)

The azimuth position can be calculated via projecting the
scatterer coordinate into the direction n, which can be calculated
as follows:

Tg = Ug- N

= VA0 Siny 4+ wap cOs 7. (48)

For one ship target, the difference of azimuth position can be
represented as follows:

A Ty =A vagsiny+ A wagcoSy 49)

where A v40 and A w4 are the differences of ship target in the
axis V and W, respectively.
Then, the Doppler spread can be solved as follows:

2We A T,

A =
fa -

2
= — (A vapsiny+ A wapCosY)we (50)

A

where the value of A v4¢siny+ A w4q cosy in the ship target
is determined. Hence, the Doppler spread is related with the
effective rotation and IPP.

In this article, we adopt the IPP selection principle proposed
by Pastina to determine the time interval which can produce
the ISAR image with the ship’s top view or side view [12], [17].
When the curves of absolute ship’s centerline slope and Doppler
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TABLE I
IPP SELECTION PRINCIPLE

Trend of curves about  Absolute slope

centerline slope and value of ship Doppler IPP. or ISAR
Doppler spread centerline spread 1mage
Synchronously Larger Smaller Top view
Arbitrarily Smaller Larger Side view
Arbitrarily Otherwise Otherwise Hybrid view

spread own the synchronous trend that is increasing and reaching
to the maximum and then decreasing, the horizontal rotation
is considered as weak and the vertical rotation is dominant.
Then, the time interval characterized by larger slope value and
smaller Doppler spread is selected for yielding the ship image
with top view. When the slope of ship’s centerline is closed to
zero, the vertical rotation is regarded as weak and the horizontal
rotation is dominant. Afterward, the time interval which has
nearly slope rate of zero and larger Doppler spread can be chosen
for generating the ship image with side view. The IPP selection
principle in [12] and [17] is summarized as Table I.

Remark 2: Itis worth noting that the curves of ship centerline
slope and Doppler spread can have synchronous trend as well
when the horizontal and vertical rotation vary similarly. Un-
der this circumstance, the IPP principle cannot distinguish the
dominant rotation direction well, especially when the horizontal
rotation amplitude is closed to the vertical rotation amplitude.
Fortunately, this phenomenon will rarely happen to the ship
target on the sea surface, because the ship target generally rotates
around a dominant direction in the short time window. Hence,
the dominant rotation direction can be distinguished via the IPP
principle in Table I.

D. IPP Selection Method

When the vertical rotation is dominant, the radar image with
ship’s top view can be generated as shown in Fig. 3(a). When
the horizontal rotation is dominant, the radar image with ship’s
side view can be obtained as shown in Fig. 3(b). When the
horizontal and vertical rotation is almost equal, we can attain
the radar image with ship’s hybrid view as seen in Fig. 3(c). For
better target classification and recognition, the radar image with
the top view or side view of ship target need to be generated.
For this purpose, the time window which has the dominantly
horizontal or vertical rotation need to be obtained. The variation
trend of vertical rotation can be obtained via the estimation of
ship’s centerline slope based on (44). However, the change of
horizontal rotation is difficult to obtain. Here, we indirectly
estimate the change of horizontal rotation via the effective
rotation estimation. The variation trend of effective rotation can
be estimated with the Doppler spread based on (50).

In this article, we apply the ship centerline extraction approach
in [30] to estimate the slope value. Meanwhile, the azimuth
numbers for the Doppler spread are measured via the ship ISAR
image.

Before the parameter estimation, the entire echo data needs
to be divided into some subdata along the azimuth direction.
We apply a sliding window to generate the subdata. The echo
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Range bins
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W: Sliding window
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Fig. 4. Flowchart of subdata generation via sliding window.

data is denoted as s,.(m,n), where m and n are the orders of
azimuth and range bins, respectively. Meanwhile, the 2-D sizes
of echo are N, and N,.. The subdata sequence can be expressed
as follows:

s (mm) = s, (my,n),
ms € [1+(q—1) Nas/2, Nas + (¢ — 1) Nos/2] (S1)

where si(m,n) represents the gth subdata, m is the azimuth
scope of subdata in s,.(m, n), and N, is an even number which
represents the sliding window width in azimuth. This procedure
can be seen in Fig. 4.

The selection of IPP is based on the division of subaperture
and the estimation of rotation parameters. The division of sub-
aperture will influence the estimation precision and computing
time of rotation parameters. Too small azimuth size of subaper-
ture will reduce the estimated precision. However, too large
azimuth size will lose details of estimation curves and increase
the computing time. Hence, the azimuth size should be selected
properly. Selection standards for the azimuth size of subdata will
be elaborated in Section IV.

The ship centerline extraction approach in [30] utilizes the
line group and Hough transform to measure the ship width and
the centerline slope. The core function is shown in the following
equation:

F (puw, p0,0) = > _ C (p,0) (52)
p

where p, p,, and pg are polar radius, accumulation width, and
initial polar radius, accumulating function C/(p, ) represents
the sum of image pixel on the line (p, §), and 6 represents the
direction of accumulation.

The accurate accumulating width and direction can be
searched as follows: When the optimal ship width is obtained,
the core function will change sharply with the accumulating
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direction. When the optimal ship width is not acquired, the core
function will change mildly with the accumulating direction.

The main procedures of ship centerline extraction method are
listed in [30].

1) Implement the subdata generation, translation compensa-

tion, and RD imaging.

2) The matrix Hy is obtained by Hough transform.

3) Accumulating the matrix Hg with the width p,,, the matrix
H,, is obtained.

4) After extracting the Ny maximums of Hy,, the maximum
sequence can be formed and the variance of the sequence
can be calculated.

5) Repeating the steps 3) and 4), the variance sequence can
be consisted.

6) Searching the maximum of the variance sequence, the
corresponding optimal accumulation width p,, can be
acquired.

7) Calculating the matrix Hy, with the width p,,, the optimal
accumulating direction 6 can be generated and the slope
of ship centerline can be calculated as ks = tan 6.

The azimuth numbers for the Doppler spread can be calculated
via measuring the azimuth scope of ship target in the ISAR
image. The maximum and minimum azimuth bins are denoted
as Dyyax and Dy, respectively. Then, the azimuth numbers for
the Doppler spread can be calculated as follows:

Dw = Dmax - Dmin~ (53)

The flowchart of the IPP estimation approach is shown in
Fig. 5.

III. OPTIMAL TIME WINDOW DETERMINATION APPROACH

For the echo data with long observation time, the ISAR image
will be blurred and unrecognizable via the RD algorithm. After
the time window selection, we can generate the well-focused
ISAR image with RD algorithm. In this section, the OTWD
approach is proposed based on the IPP selection and Doppler
frequency analysis. The proposed OTWD approach includes
rotation parameters estimation, extended subdata generation,
TFED calculation, Doppler frequency estimation, and sharpness
analysis. For the estimation of Doppler frequency estimation, the
TFD of one scatterer is required. However, the range bin with
one scatterer may not be found easily. For solving this problem, a
novel TFED extraction approach based on the clustering algorithm
is proposed in this article. The main flowchart of the proposed
approach is shown in Fig. 6.

In this article, the “subdata,” “extended subdata,” and “optimal
subdata” are defined as follows.

Definition 1: subdata. The expression of the subdata can be
seen in (51). It refers to the subdata that is introduced in the
Section II-D. The subdata is divided from the entire echo data
and is utilized for the rotation parameter estimation and IPP
selection.

Definition 2: extended subdata. The extended subdata
is combined with three parts of the subdata. The

expression of it can be represented as sZ(m,n)=
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Fig. 5. Flowchart of IPP estimation approach.

[s472(m,n) si(m,n) siT2(m,n)]T.  The  genera