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A Novel Optimal Time Window Determination
Approach for ISAR Imaging of Ship Targets
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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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θi Rotation angle in a direction, i = r, p, y.
i Representing direction of axis R, P, or Y.
r̃(tm) Coordinate of the rotating scatterer A in O-RPY.
tm Slow time.
Rr Rotation matrix in 3-D direction.
Rroll(θr) Rotation matrix in roll direction.
Rpitch(θp) Rotation matrix in pitch direction.
Ryaw(θy) Rotation matrix in yaw direction.
u(tm) Coordinate of the rotating scatterer A in O-UVW.
RT(ϕu) Transform matrix with the angle ϕu.
ϕu Angle between the axis U and R.
sr(tm) Azimuth signal of the scatterer A.
aa(tm) Amplitude modulation function.
λ Wavelength.
RA(tm) Range between the scatterer A and radar.
−ur U-axis coordinate of the radar in O-UVW.
u0 Coordinate of the static scatterer A in O-UVW.
θj Rotation angle in a direction, j = u, v, w.
j Representing direction of the axis U, V, or W.
Tw Time window.
ωj Rotation angular velocity, j = u, v, w.
ωi Rotation angular velocity, i = r, p, y.
ωe Effective rotation angular velocity.
γ Angle between vector ωe and ωv .
ωa Synthesis rotation vector.
m Normal vector of plane VOW in O-UVW.
β Angle between vector ωa and plane VOW.
fAd (tm) Doppler frequency of the scatterer A.
fΔd (tm) Doppler frequency difference.
uΔ Range difference.
ks Slope value of the ship centerline.
ω1

u Unit vector in the direction of RLOS.
ñ Normal vector of azimuth direction.
xa Azimuth position of scatterer.
� xa Azimuth position difference of ship target.
� vA0 Length of ship target in the axis V.
� wA0 Length of ship target in the axis W.
� fd Doppler spread.
sr(m,n) Discrete echo data,m = 1, 2, . . . , Na,

n = 1, 2, . . . , Nr.
Na Azimuth bin number of echo data.
Nr Range bin number of echo data.
m Azimuth order.
n Range order.
sqr(m,n) qth discrete echo subdata, m = 1, 2, . . . , Nas.
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Nas Azimuth bin number of echo subdata.
F (·) Function of ship centerline extraction approach.
C(·) Function of pixel sum on a line.
ρ Polar radius.
ρw Accumulation width.
ρ0 Initial polar radius.
H0 Matrix generated via Hough transform.
Hw Matrix after accumulating width.
Nw Maximum number extracted from Hw.
ρ̂w Optimal accumulation width, ship width.
θ̂ Optimal accumulation direction; slope value.
Dmax Maximum azimuth bin of ship in ISAR image.
Dmin Minimum azimuth bin of ship in ISAR image.
Dw Number of Doppler broadening bin.
sEr (m,n) Extended subdata.
ρa Azimuth resolution of ISAR image.
Δθ Rotation angle during the time window.
A Rotation amplitude.
τ Rotation period.
φ Initial rotation phase.
fd(m) Doppler frequency.
Fm Range of Doppler frequency at azimuth bin m.
fmdmin Minimum value of Fm.
fmdmax Maximum value of Fm.
S(m, fn) Function of SPWVD.
g(·), h(·) Real even windows.
sr(m) Discrete azimuth signal.
fn Doppler frequency bin.
sh Sharpness value.
ψ(·) Convex function.
Wsh Length of sliding window in sharpness analysis.
mb

opt Optimal start imaging moment.
me

opt Optimal end imaging moment.

T opt
w Optimal time window.
Lopt Optimal time window length.
Mn Search region for optimal start or end moment.
E(I) Image entropy.
I(m,n) ISAR image.

I. INTRODUCTION

INVERSE synthetic aperture radar (ISAR) imaging of ship
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

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.

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, ηA]
T (1)

where rA, pA, ηA 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 θr, θp, and θy , respectively.
Then, the instantaneous position of scatterer A in O-RPY can
be calculated as follows:

r̃ (tm) = [r̃A (tm) , p̃A (tm) , η̃A (tm)]T = Rr (θr, θp, θy) · r
(2)

where tm is the slow time,Rr represents the 3-D rotation matrix,
and r̃A(tm), p̃A(tm), η̃A(tm) are instantaneous coordinates of
axis R, P, and Y, respectively. The rotation matrix Rr can be
obtained as follows:

Rr (θr, θp, θy) = Rroll (θr) ·Rpitch (θp) ·Ryaw (θy) (3)

Rroll (θr) =

⎡
⎣ 1 0 0
0 cos θr sin θr
0 − sin θr cos θr

⎤
⎦ (4)

Rpitch (θp) =

⎡
⎣ cos θp 0 sin θp

0 1 0
− sin θp 0 cos θp

⎤
⎦ (5)

Ryaw (θy) =

⎡
⎣ cos θy sin θy 0
− sin θy cos θy 0

0 0 1

⎤
⎦ (6)

where Rroll(θr), Rpitch(θp), and Ryaw(θy) 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 (tm)]T = RT (ϕu) · r̃ (tm)
(7)

where RT(ϕu) is the transform matrix. The expression of
RT(ϕu) can be shown as follows:

RT (ϕu) =

⎡
⎣ cosϕu − sinϕu 0
sinϕu cosϕu 0

0 0 1

⎤
⎦ (8)

where ϕu 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:

sr (tm) = aa (tm) exp

[
−j 4π

λ
RA (tm)

]
(9)

where aa(·) is the amplitude function in the azimuth direction,
λ represents the wavelength, and RA(tm) is the range between
scatterer A and radar.

Actually, the range of RA(tm) in (9) can be calculated as
follows:

RA (tm) = uA (tm)− ur (10)
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Fig. 2. ISAR imaging geometry.

where uA(tm) and −ur are the U-axis coordinates of scatterer
A and radar, respectively.

The coordinate uA(tm) 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:

u0 = [uA0, vA0, wA0]
T = RT (ϕu) · r. (11)

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

u (tm) = Rr (θu, θv, θw) · u0 (12)

where the form of Rr(θu, θv, θw) is the same as (3).
The rotation angles θu, θv , and θw can be integrated as follows:

θu =

∫
Tw

ωu (tm) dtm (13)

θv =

∫
Tw

ωv (tm) dtm (14)

θw =

∫
Tw

ωw (tm) dtm (15)

where Tw is the time window and ωu, ωv, ωw 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 ωu(tm), ωv(tm), and ωw(tm) can be
regarded as constants. Apparently, these angular velocities can
be transformed as follows:⎡

⎣ ωu

ωv

ωw

⎤
⎦ = RT (ϕu) ·

⎡
⎣ωr

ωp

ωy

⎤
⎦ . (16)

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

ωv = ωr sinϕu + ωp cosϕu (17)

ωw = ωy. (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:

ωe =
√
ω2
v + ω2

w. (19)

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

ωv = ωe cos γ (20)

ωw = ωe sin γ (21)

where γ is the angle between the vector ωe and ωv.
The derivation about the effective rotation speed can be veri-

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

ωr = [ωr, 0, 0]
T (22)

ωp = [0, ωp, 0]
T (23)

ωy = [0, 0, ωy]
T. (24)

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

ωa = ωr + ωp + ωy

= [ωr, ωp, ωy]
T. (25)
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The normal vector of plane VOW in O-UVW can be expressed
as m = [1, 0, 0]T. With the coordinate transformation, the nor-
mal vector in O-RPY can be calculated as follows:

m̃ = (RT (ϕu))
−1 ·m

= [cosϕu,− sinϕu, 0]
T. (26)

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

β = arcsin

(
ωa · m̃

‖ωa‖2‖m̃‖2

)

= arcsin

(
ωr cosϕu − ωp sinϕu

‖ωa‖2

)
. (27)

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

ωrpy
e = ωa − (ωa · m̃) · m̃

=

⎡
⎣ ωrsin

2ϕu + ωp sinϕu cosϕu

ωpcos
2ϕu + ωr sinϕu cosϕu

ωy

⎤
⎦ . (28)

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

ωe = [ωu, ωv, ωw]
T

= RT (ϕu)ω
rpy
e

= [0, ωr sinϕu + ωp cosϕu, ωy]
T (29)

which is conformed to (17) and (18).
The norm of vector ωe can be calculated as follows:

‖ωe‖2 = ‖ωa‖2 cosβ
= (ωr sinϕu + ωp cosϕu)

2 + ω2
y. (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., ωw ≈ ωe and ωv ≈ 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., ωw = 0 and ωv ≈ ωe, 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

Fig. 3. IPPs under different 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 θu, θv, and θw are small
and the angle velocities can be regarded as constants. Hence, the
functions of sin θj and cos θj can be approximated as follows:

sin θj ≈ θj , j = u, v, w (31)

cos θj = 1, j = u, v, w (32)
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where j represents the direction of axis U, V, or W. Here, ωj(tm)
can be denoted as ωj , j = u, v, w.

Then, the expression of Rr(θu, θv, θw) can be rewritten as
follows:

Rr (θu, θv, θw) =

⎡
⎣ 1 θw θv
−θuθv − θw −θuθvθw + 1 θu
−θv + θuθw −θvθw − θu 1

⎤
⎦ .

(33)
Based on (12), the range uA(tm) can be expressed as follows:

uA (tm) = uA0 + vA0θw + wA0θv. (34)

Therefore, the range RA(tm) can be represented as follows:

RA (tm) = vA0θw + wA0θv + (uA0 − ur)

= (vA0ωw + wA0ωv) tm + (uA0 − ur) . (35)

In (35), the range RA(tm) is modeled as the first-order poly-
nomial of tm.

The Doppler frequency can be calculated as follows:

fAd = −2

λ

dR (tm)

tm
= −2

λ
(vA0ωw + wA0ωv) . (36)

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

fAd = −2

λ
(vA0 sin γ + wA0 cos γ)ωe. (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 Ab and As are located in the
bow and stern [12], [17], and their coordinates in O-RPY are
[rAb, 0, wA0]T and [rAs, 0, wA0]T, respectively. Transforming
via (11), the coordinates can be represented as follows:

uAb = [uAb, vAb, wAb]
T = [rAb cosϕu, rAb sinϕu, wA0]

T

(38)

uAs = [uAs, vAs, wAs]
T = [rAs cosϕu, rAs sinϕu, wA0]

T.
(39)

Via (37), the Doppler frequency of the scatterer Ab and As

can be calculated as follows:

fAb
d = −2

λ
[vAb sin γ + wA0 cos γ]ωe

= −2

λ
[rAb sinϕu sin γ + wA0 cos γ]ωe (40)

fAs
d = −2

λ
[vAs sin γ + wA0 cos γ]ωe

= −2

λ
[rAs sinϕu sin γ + wA0 cos γ]ωe. (41)

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

fΔd = fAb
d (tm)− fAs

d (tm) =
2

λ
(rAs − rAb) sinϕuωw.

(42)
Meanwhile, the range difference of the scatterer Ab and As

can be obtained as well. From (38) and (39), the range difference

can be shown as follows:

uΔ = uAb − uAs = (rAb − rAs) cosϕu. (43)

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

ks =
fΔd
uAΔ

= −2

λ
tanϕuωw. (44)

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

The variation of effective rotation speed ωe 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:

ωe = [0, ωr sinϕu + ωp cosϕu, ωy]
T (45)

ω1
u = [1, 0, 0]T. (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:

ñ = [0, sin γ, cos γ]T. (47)

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

xa = u0 · ñ
= vA0 sin γ + wA0 cos γ. (48)

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

� xa =� vA0 sin γ+ � wA0 cos γ (49)

where � vA0 and � wA0 are the differences of ship target in the
axis V and W, respectively.

Then, the Doppler spread can be solved as follows:

� fd =
2ωe � xa

λ

=
2

λ
(� vA0 sin γ+ � wA0 cos γ)ωe (50)

where the value of � vA0 sin γ+ � wA0 cos γ 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

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: It is 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

Fig. 4. Flowchart of subdata generation via sliding window.

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

sqr (m,n) = sr (ms, n) ,

ms ∈ [1 + (q − 1)Nas/2, Nas + (q − 1)Nas/2] (51)

where sqr(m,n) represents the qth subdata, ms is the azimuth
scope of subdata in sr(m,n), andNas 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 (ρw, ρ0, θ) =
∑
ρ

C (ρ, θ) (52)

where ρ, ρw, and ρ0 are polar radius, accumulation width, and
initial polar radius, accumulating function C(ρ, θ) represents
the sum of image pixel on the line (ρ, θ), and θ 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 H0 is obtained by Hough transform.
3) Accumulating the matrixH0 with the widthρw, the matrix

Hw is obtained.
4) After extracting theNW maximums ofHw, 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 ρ̂w can be
acquired.

7) Calculating the matrix Hw with the width ρ̂w, the optimal
accumulating direction θ̂ can be generated and the slope
of ship centerline can be calculated as k̂s = tan θ̂.

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
asDmax andDmin, 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,
TFD 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 TFD 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 sEr (m,n) =

Fig. 5. Flowchart of IPP estimation approach.

[ sq−2
r (m,n) sqr(m,n) sq+2

r (m,n) ]T. The generated
extended subdata will be used for the Doppler frequency
analysis.

Definition 3: optimal subdata. The optimal time window can
be obtained via the OTWD approach. The echo data with the
optimal time window is denoted as the optimal subdata.

The relationship among the subdata, extended subdata, and
optimal subdata is shown in Fig. 7.

A. Analysis of Time Window

Section II-C and D introduce the IPP selection principle and
approach. After IPP determination, the relatively appropriate
time window can be selected “roughly.” However, the time
window can be further optimized. Fig. 8 gives a part of change
curves about the slope for the ship centerline and the azimuth
numbers for the Doppler spread. The green area shows the time
window determined via the IPP selection. In the green area, the
absolute slope of ship centerline reaches the maximum value and
the azimuth numbers for the Doppler spread is relatively small.
Whereas, the curves almost have the same feature in the blue
ellipse area. Hence, the optimal start and end imaging moment
may appear earlier or later and the optimal TWL may be longer.
The ship ISAR image can be improved from the quality and
resolution via the time window selection.



CAO et al.: NOVEL OPTIMAL TIME WINDOW DETERMINATION APPROACH FOR ISAR IMAGING OF SHIP TARGETS 3483

Fig. 6. Flowchart of the proposed OTWD based on IPP selection and Doppler frequency analysis.

Fig. 7. Relationship among the subdata, extended subdata, and optimal subdata.

Under the low sea condition, the rotation vector will not
change sharply. Hence, the optimal TWL will be longer than
the TWL of subdata. Obtaining the optimal TWL, the azimuth
resolution of ISAR image can be improved. The azimuth reso-
lution can be expressed as follows:

ρa =
λ

2Δθ
=

λ

2ωeTw
(54)

where Δθ is the rotation angle. Based on (54), we can see that
enlarging the TWL is beneficial to the image resolution.

However, the TWL cannot be too long. In the short time
window, the rotation vector is regarded as unchanged. Actually,
the rotation angle can be modeled as sinusoidal rotation in the

following:

θi (tm) =
Ai

2
sin

(
2π

τi
tm + φi

)
, i = r, p, y (55)

where A, τ , and φ represent the rotation amplitude, rotation
period, and initial rotation phase, respectively.

According to (16)–(18), the rotation angular velocity in O-
UVW can be calculated as follows:

ωu (tm) = ωr (tm) cosϕu − ωp (tm) sinϕu (56)

ωv (tm) = ωr (tm) sinϕu + ωp (tm) cosϕu (57)

ωw (tm) = ωy (tm) . (58)



3484 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Fig. 8. Description of the optimal TWL. (a) Change curve of ship centerline
slope. (b) Change curve of azimuth numbers for Doppler spread.

Then, based on (13)–(15), the rotation angles in O-UVW can
be obtained as follows:

θu (tm) = θr (tm) cosϕu − θp (tm) sinϕu (59)

θv (tm) = θr (tm) sinϕu + θp (tm) cosϕu (60)

θw (tm) = θy (tm) . (61)

For simplification, we assume the angle ϕu = 0. The rotation
angles in (59) and (60) can be rewritten as follows:

θu (tm) = θr (tm) (62)

θv (tm) = θp (tm) . (63)

The functions sin(θj(tm)) and cos(θj(tm)) are as follows:

sin (θj (tm)) = sin (θi (tm)) (64)

cos (θj (tm)) = cos (θi (tm)) (65)

where i = r, p, y and j = u, v, w. When the motion of ship target
is not severe, the functions in (64) and (65) can be approximated
as follows:

sin (θj (tm)) ≈ πAi

τi

(
tm +

φiτi
2π

)
(66)

cos (θj (tm)) ≈ 1− π2A2
i

2τ2i

(
tm +

φiτi
2π

)2

. (67)

The rotation matrix in O-UVW is as follows:

Rr (θu (tm) , θv (tm) , θw (tm))

= Rr (θr (tm) , θp (tm) , θy (tm))

=

⎡
⎣μ11 (tm) μ12 (tm) μ13 (tm)
μ21 (tm) μ22 (tm) μ23 (tm)
μ31 (tm) μ32 (tm) μ33 (tm)

⎤
⎦ . (68)

The parametersμrc(tm) can be expressed as the second-order
polynomial in the following:

μrc (tm) ≈ α2
rct

2
m + α1

rctm + α0
rc (69)

where r, c = 1, 2, 3, α2
rc, α1

rc, and α0
rc are the second, the first,

and the constant order of the polynomial.
According to (12), the U-axis coordinate of scatterer A can

be calculated as follows:

uA (tm) = μ11 (tm)uA0 + μ12 (tm) vA0 + μ13 (tm)wA0

(70)
Based on (10), (69), and (70), the range RA(tm) can be

approximated as follows:

RA (tm) = ρ2t
2
m + ρ1tm + ρ0 (71)

where ρ2, ρ1, and ρ0 are the second, the first, and the constant
order of the polynomial.

Afterwards, the Doppler frequency can be rewritten as fol-
lows:

fAd (tm) = −2

λ

dRA (tm)

tm
= −2

λ
(2ρ2tm + ρ1) . (72)

The Doppler frequency in (72) is varied with the slow time
tm, which will lead to the azimuth defocus. Under the high
sea condition, the Doppler frequency can be modeled as the
high-order polynomial. Hence, the quality of ISAR image will
be reduced sharply with too long TWL.

Remark 3: Under the high sea condition, the approximation
in (66) and (67) will be inappropriate owing to the sharp motion
of ship target. The functions in (64) and (65) can be approx-
imated as high-order polynomial. Accordingly, the Doppler
frequency will vary with the slow time, which leads to the
poor quality of ISAR image. Under the circumstance, the image
quality can be ensured via the decrease of TWL. Owing to the
fixed rotational direction, the rotational angle will be reduced
with the decrease of TWL. Hence, compared with the ISAR
image of subdata, the azimuth resolution of the image of optimal
subdata will be slightly larger.

B. Proposed OTWD Approach

In this article, the OTWD approach is proposed based on the
Doppler frequency analysis. The proposed method can deter-
mine the optimal time window, which has the almost invariant
Doppler frequency. The flowchart of the proposed OTWD ap-
proach is shown in Fig. 9 and the main procedures are listed as
follows:

1) The extended subdata is consisted with three parts of
subdata in the following:

sEr (m,n) =

⎡
⎢⎢⎣
sq−2
r (m,n)

sqr (m,n)

sq+2
r (m,n)

⎤
⎥⎥⎦ . (73)

2) The range bin with the single scatterer is selected.
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Fig. 9. Flowchart of the proposed OTWD approach.

3) The azimuth signal of this range bin is processed via the
TFD calculation.

4) The Doppler frequency is estimated and the curve of the
Doppler frequency can be generated.

5) The smoothness about the curve of Doppler frequency is
measured via the sharpness analysis.

6) After selecting the start and end smooth moments, the
optimal time window can be determined.

In step 1), three parts of subdata are combined as an extended
subdata, because the start and end smooth moment may not exist
in the “rough” time window selected by IPP.

In step 2), the range bin with one scatterer need to be selected.
However, this kind of range bin may not be found in some poten-
tial situation, i.e., the TFD of one scatterer cannot be obtained.
For the situation of multiple scatterers in a certain range bin, we
propose a novel TFD extraction approach based on the clustering
analysis. Fig. 10 gives the results of TFD extraction and shows
the main procedures of the proposed approach as an example.

The main steps of the proposed approach are as follows. First,
the TFD of one range bin with multiple scatterers are obtained as
shown in Fig. 10(a). Second, the TFD result is binary processed
with the OTSU method [33] as seen in Fig. 10(b). Third, the
HCA is chosen for the classification of multiple scatterers’
TFD as shown in Fig. 10(c). Fourth, the binary TFD of one
scatterer can be obtained as shown in Fig. 10(d). Then, the
range of Doppler frequency in each observation moment can
be determined. Combined with the TFD result in Fig. 10(a), the
Doppler frequency can be estimated via searching the maximum
value of S(m, fd). The Doppler frequency can be estimated as
follows:

fd (m) = argmax
fd∈Fm

S (m, fd) (74)

Fm = [fmdmin, f
m
dmax] (75)
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Fig. 10. Results of proposed TFD extraction approach based on the cluster
analysis. (a) TFD result of one range bin with multiple scatterers. (b) Binaryza-
tion result with OTSU method. (c) Clustering result via HCA. (d) Extraction
result of binaryzation TFD. (e) Estimation result of Doppler frequency.

where fmdmin and fmdmax are the minimum and maximum
Doppler frequency in the extracted binary TFD, respectively,
and Fm is the range of Doppler frequency.

Finally, the Doppler frequency of one scatterer can be esti-
mated as shown in Fig. 10(e).

In step 3), the TFD we choose is the SPWVD, which can en-
sure the high time-frequency resolution and reduce cross-terms.
The expression of SPWVD is shown in the following:

S (m, fn)

=

∫
τ

∫
u

g (u)h (τ) sr

(
m− u+

τ

2

)
s∗r

(
m− u− τ

2

)

e−j2πfnτdudτ (76)

where g(u) and h(τ) are the real even windows, sr(m) and fn
represent the discrete azimuth signal and the Doppler frequency
bin, respectively.

In step 4), the Doppler frequency can be estimated as follows:

fd =
PRF
6Nas

fn (77)

where PRF is the pulse repetition frequency. The Doppler fre-
quency curve is denoted as fd(m).

In step 5), the sharpness analysis method is proposed for
searching the accurate start and end smooth moments. The
definition of sharpness is given in [34] as follows:

sh =
∑

m
ψ

(
fd (m)

χ

)
(78)

χ =
∑

m
fd (m) (79)

where sh represents the sharpness of signal andψ(x) is a convex
function. In this article, the convex function we apply is shown
as follows:

ψ (x) = x ln (x) (80)

where x is between 0 and 1. The curve is more unsmooth with
larger sharpness value.

The sharpness curve of Doppler frequency can be generated
via the sharpness analysis. When the sharpness value reaches the
maximal and is decreased, the curve will be regarded as starting
smooth. Conversely, when the sharpness value is increased and
reaches the maximal value, the curve will be considered as
stopping smooth. The main procedures of the sharpness analysis
are as follows.

1) The sharpness curve of the Doppler frequency is obtained
via a sliding window as follows:

sh (m) =
∑

m
ψ

(
fd (m)

χ

)
,m = m,

m+ 1, . . . ,m+Wsh − 1 (81)

where Wsh is the length of sliding window.
2) The maximum values of sharpness value are searched

nearby the time window selected via IPP.
3) Obtaining the positions of the maximum values, the

optimal time window can be determined as follows:

mopt = argmax
m∈Mn

sh (m) (82)

T opt
w =

[
mb

opt,m
e
opt

]
(83)

Lopt = me
opt −mb

opt + 1 (84)

whereMn represents the nearby area around the time window
selected via IPP, mb

opt and me
opt are the optimal start and end

imaging moments, T opt
w represents the optimal time window,

and Lopt is the optimal TWL. Here, the subdata with the optimal
time window is called as optimal subdata.

The high-quality ISAR image with the ship’s side or top view
can be attained via the proposed OTWD method. Specially,
under the low sea condition, the ship ISAR image can obtain
the high azimuth resolution.

Remark 4: The IPP is considered to be almost unchanged
in the optimal time window. First, the ISAR image with the
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optimal time window should be a top or side view of ship target
and ensure the optimal image quality and azimuth resolution. If
the IPP changes sharply, the ISAR image will give the hybrid
view of ship target, which influences the image quality as well.
Hence, the IPP is considered to be almost unchanged during
the optimal time window. Second, the optimal time window is
obtained with the extended subdata, which is combined with
three parts of the subdata. Fig. 8 gives a part of curves about
the rotation parameter estimation. The time window determined
via IPP selection is shown as the green shadow area in Fig. 8.
However, the blue ellipse area owns the similar IPP feature.
Hence, the IPP will not change obviously in the optimal time
window. Given the above, the IPP is considered to be almost
unchanged during the imaging interval.

For some special cases, the IPP may change rapidly, such as
the high sea condition or high maneuvering ship target. Under
these circumstances, we can reduce the size of extended subdata
to restrain the variation of IPP.

IV. EXPERIMENTAL RESULT

In this section, we show some results of simulated and real
measured data for better illustrating the processing procedures
of the proposed OTWD approach. Meanwhile, the results can
verify the effectiveness of the OTWD approach. The experi-
ments are consisted of four groups: simulated data under the
low sea condition, simulated data under the high sea condition,
simulated data with general rotation parameters and shore-based
ISAR real measured data.

First, the azimuth size of subapertures need to be determined.
The selection standards for the azimuth size of the subaperture
can be considered from the aspects of image quality, image pro-
portion, computing time, and parameters estimation. Standards
for the azimuth size of subapertures are elaborated as follows.

A. From the Point of Image Quality

With the smaller azimuth size of subapertures, the Doppler
frequency is almost steady. Hence, the ISAR image generated
by the subdata will be well-focused, which is beneficial to
the estimation of rotation parameters. If the azimuth size of
subapertures is too large, the Doppler frequency may vary with
the observation time, which leads to the azimuth defocus of radar
image. Therefore, the azimuth size should not be too large. In
this article, the azimuth size of subapertures is 256, and the
corresponding accumulating time is about 0.5 s. This is very
short compared with the whole rotation period for the ship target,
and the Doppler frequency will not be changed obviously during
this interval.

B. From the Point of Image Proportion

To ensure the appropriate image proportion, the azimuth
resolution need to be closed to range resolution, which can
be expressed as c/(2Br) ≈ λ/(2ωeNas/PRF), where Br is
the bandwidth of echo signal. Hence, the azimuth size can
be calculated as Nas ≈ λBrPRF/(cωe). After calculation, the
azimuth sizes under the low and high sea condition are 646 and

TABLE II
PARAMETERS OF THE RADAR AND IMAGING SCENE

161, respectively. Hence, we select 256 pulses as the represen-
tative subapertures size under the consideration of fast Fourier
transform with convenience.

C. From the Point of Computing Time

With the smaller azimuth size, the computing time of ro-
tational parameter estimation will be reduced. With too large
azimuth size, the computing time will be increased, which is
disadvantageous for the subsequent procedure.

D. From the Point of Parameter Estimation

Moreover, with the smaller azimuth size, the estimation curves
of rotation parameters can be better described. Note that the
azimuth size should not be too small, because the low azimuth
resolution will decrease the estimated precision of rotation pa-
rameters. With the larger azimuth size, the azimuth resolution
will be improved. However, some details of estimation curves
may be lost, such as the time interval with top or side view of
ship target.

Taking the image quality, image proportion, computing time,
and parameter estimation into account, we select the 256 pulses
as the azimuth size of sub-aperture in this article.

Second, the indexes which metric the image quality need to
be introduced. In this article, the following indexes are used.

1) Image entropy: It can measure the focusing performance
of radar images.

2) Pulse number or TWL: It can metric the azimuth resolu-
tion.

3) Azimuth envelope: It can reflect the effect of azimuth
focusing.

Furthermore, the method in [12] is applied for comparison.
The radar image generated via the method in [12] can represent
the top view or side view of ship target, while the optimal
image quality cannot be obtained. Here, the imaging results of
subdata are obtained via the method in [12], and the imaging
results of optimal subdata are generated via the proposed OTWD
approach. The indexes of these radar images are calculated to
compare the performance of the method in [12] and the proposed
method.

E. Simulated Data Under the Low Sea Condition

This experiment is designed to verify that the proposed
OTWD approach can generate the ISAR image with the high
quality, high resolution and the ship’s top or side view. The
radar parameters are listed in Table II. Meanwhile, the ship
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Fig. 11. Ship scatterer model. (a) Front view. (b) Side view. (c) Top view.
(d) 3-D view.

TABLE III
ROTATION PARAMETERS OF THE SHIP TARGET

Fig. 12. Rotation angle in different directions.

scatterer model is shown in Fig. 11, where (a)–(d) are the front,
side, top, and 3-D view of ship, respectively. As mentioned, the
horizontal rotation is related with the roll and pitch rotation,
while the vertical rotation is related with yaw rotation. Here, we
only use the roll rotation to simulate the horizontal rotation for
simplification. The model of rotation angle is same with (55)
and the rotation parameters are listed in Table III and φy = π/2.
Fig. 12 gives the rotation angle curve in different directions,
where the red solid line, green dotted line, and blue dot dash
line represent the rotation angle in the roll, pitch, and yaw,
respectively.

Based on the method in [17] and [30], the estimation curves
of rotation parameter can be obtained in Fig. 13, where (a) and
(b) are the curves of the slope for ship centerline and the azimuth
numbers for the Doppler spread, respectively. In Fig. 13, the red
marker “x” represents the estimated value, the blue curve is the
fitting result with the smooth spline, the yellow dotted line is
the zero line, and the red and green shadow area are the time

TABLE IV
TIME WINDOW DETERMINED VIA IPP SELECTION

windows selected via the IPP. Obviously, the curves present the
tendency of sinusoidal variation. With the principles in Table I,
we can obtain the “rough” time windows as listed in Table IV.
The time windows of [2.8160 s, 3.3280 s] and [8.7040 s, 9.2160
s] can generate the ISAR image with the ship’s top view. The
ISAR image with ship’s side view can be produced with the time
window of [5.8880 s, 6.4000 s].

The optimal time window can be acquired via the proposed
OTWD method. In this part, we choose the time windows of
[8.7040 s, 9.2160 s] and [5.8880 s, 6.4000 s] for optimization.

Remark 5: The rotation parameters of ship target in Table III
will not affect the performance about the verification of the
proposed OTWD. This group of rotation parameter is designed to
distinguish obviously the interval of dominant rotation direction.
Since the horizontal rotation is consisted of the roll and pitch
rotation, we choose the roll rotation for simulation. Fig. 14 gives
the angular velocity in different directions. After calculation, the
difference between the absolute horizontal angular velocity and
the absolute vertical angular velocity can be obtained as shown in
Fig. 15. Apparently, the vertical rotation is dominant absolutely
at the moments of 3.0500 and 9.1500 s, while the horizontal
rotation is dominant entirely at the moment of 6.1000 s. These
dominant moments are conformed to the results in Fig. 13 and
Table IV.

1) Case 1: Optimal Time Window of Top View: The data in
the time window [8.7040 s, 9.2160 s] is corresponding to the
35th subdata, which has 256 pulses. Fig. 16 shows the ISAR
image generated by the 35th subdata, which shows the top view
of ship target. However, the time window is “rough” and can be
optimized for the improvement of image quality and azimuth
resolution.

Combining the 33th, 35th, and 37th subdata, we can obtain
the extended subdata with 768 pulses. The ISAR imaging results
are shown in Fig. 17, where (a), (b), and (c) are the ISAR
image, signal energy in each range bin, and TFD result of the
2161th range bin, respectively. In Fig. 17, the ISAR image for the
extended subdata shows the ship’s top view as well. Hence, the
IPP does not change severely in the time window of extended
subdata. Then, the 2161th range bin with a single scatterer is
selected. With the TFD result, the Doppler frequency is almost
invariable with the observation time as seen in Fig. 17(c).

Based on (77), we can calculate the Doppler frequency es-
timation value. Fig. 18 gives the estimation curve of Doppler
frequency, where the red dots are the estimated values of Doppler
frequency and the blue solid line is the fitting result with polyno-
mial. Obviously, the TWL of smooth curve is longer than 0.512
s in Fig. 18.

With the proposed sharpness analysis method, the optimal
time window can be generated. Fig. 19 shows the sharpness
curve of Doppler frequency. In Fig. 19, the blue solid line is
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Fig. 13. Curves of rotation parameter estimation. (a) Slope curve of ship centerline. (b) Curve of azimuth numbers for the Doppler spread.

Fig. 14. Angular velocity in different directions.

Fig. 15. Absolute difference of angular velocity between the horizontal rota-
tion and vertical rotation.

the sharpness curve, the yellow and purple shadow area are
search regions for the optimal start and end imaging moment,
the red triangle marker is the maximum value in the search area,
and the blue and red dotted line represent the optimal start and
end imaging moment. Searching the maximal values around the
8.7040 and 9.2160 s, we obtain the optimal time window of
[8.7960 s, 9.6380 s].

Fig. 16. ISAR image generated by the 35th data.

Fig. 20 shows the ISAR image generated via the optimal
subdata. In this article, we apply the entropy to evaluate the
image quality. The definition of image entropy is shown as
follows:

E (I) = −
∑
m

∑
n

|I (m,n)|2
S (I)

ln
|I (m,n)|2
S (I)

. (85)

The function S(I) is given in the following:

S (I) =
∑
m

∑
n

|I (m,n)|2 (86)

where I(m,n) is the ISAR image.
Table V gives the time window, TWL, pulse number, and

entropy for ISAR images produced by the subdata, extended
subdata, and optimal subdata. For equity, the ISAR images are
adjusted by zero-padding as the same azimuth size: 768 pulses.
Compared with the time windows in Table V, the optimal end
imaging moment does not exist in the time window of subdata,
which can illustrate that the combination of extended subdata
is effective. Meanwhile, both TWL and pulse number of the
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Fig. 17. ISAR imaging results for the extended data. (a) ISAR image.
(b) Signal energy in each range bin. (c) TFD result of the range bin with a
single scatterer.

Fig. 18. Doppler frequency estimation curve.

Fig. 19. Sharpness curve of the Doppler frequency estimation value.

TABLE V
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY OF DIFFERENT SHIP

ISAR IMAGES

Fig. 20. High quality and high-resolution ISAR image with the top view of
ship target.

Fig. 21. Comparison of the azimuth resolution.

optimal subdata are larger than that of the subdata. Hence, the
proposed OTWD approach can improve the azimuth resolution
under the low sea condition. Furthermore, the image entropy for
the optimal subdata is the smallest, which can verify that the
proposed OTWD method can improve image quality.

Fig. 21 shows the azimuth envelopes for the subdata, extended
subdata, and optimal subdata. In Fig. 21, the blue solid line, green
dotted line, and red dot dash line represent the envelopes for the
subdata, extended subdata, and optimal subdata, respectively.
Moreover, the purple dotted line is the –3 dB line. As seen in
Fig. 21, the main lobe width for the optimal subdata is between
the subdata and extended subdata. Hence, the proposed OTWD
method can improve the azimuth resolution and ensure the high
image quality simultaneously.

For further verification, we process nonoptimal subdata and
compute the image entropy. The nonoptimal subdata owns the
same TWL with the optimal subdata. Fig. 19 gives the optimal
time window selected via the proposed OTWD approach. The
optimal time window is [8.7960 s, 9.6380 s] and TWL is 0.8420
s. We choose a nonoptimal time window of [8.1920 s, 9.0340 s],
in which the sharpness value is large and the Doppler frequency
is comparatively unstable. The ISAR image for the nonoptimal
subdata can be seen in Fig. 22. Compared with the ISAR image in
Fig. 20, the ISAR image in Fig. 22 has obvious azimuth defocus.
The image entropies of Figs. 20 and 22 are 6.9078 and 7.7607,
respectively. Hence, the ISAR image with the nonoptimal time
window has poor quality, which can illustrate the effectiveness
of the proposed OTWD approach.

2) Case 2: Optimal Time Window of Side View: According
to Fig. 13, the time window selected by IPP is [5.8880 s,6.4000
s], which corresponds to the 24th subdata. The ISAR image
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Fig. 22. ISAR image with the non-optimal time window.

Fig. 23. ISAR image generated by the 24th subdata.

for the 24th subdata shows the ship’s side view in Fig. 23,
while the azimuth resolution is comparatively low. Afterward,
the OTWD approach can be applied to improve the image quality
and azimuth resolution.

The 22nd, 24th, and 26th subdata are combined as the ex-
tended subdata. The ISAR imaging results for the extended
data are shown in Fig. 24, where (a), (b), and (c) are the ISAR
image, the signal energy in each range bin, and TFD result of the
2041th range bin, respectively. The ISAR image in Fig. 24(a)
also reflects the side view of ship target. However, the azimuth
defocus is significant, which illustrates that the TWL of 1.5360
s is too long. The optimal time window can be found via the
proposed sharpness analysis. The 2041th range bin with one
scatterer is selected. Then, the azimuth signal in the 2041th
range bin is analyzed via the SPWVD. The result of SPWVD
in Fig. 24(c) shows the stationarity of Doppler frequency under
the low sea condition.

Fig. 25 gives the estimation curve of Doppler frequency, from
which we can see that the start and end smooth moment are
nearby 5.8880 and 6.4000 s. After the sharpness analysis, we
can determine the optimal time window. Fig. 26 shows the result
of sharpness analysis. By searching the maximal values around
5.8880 and 6.4000 s, we can find the optimal time window of
[5.9380 s,6.4820 s]. Fig. 27 gives the ISAR image for the optimal
subdata, from which we can see that the OTWD approach can
attain the ship image with side view. Moreover, the azimuth
resolution is higher than the image in Fig. 23 and the image
quality is superior than the image in Fig. 24(a).

Table VI lists the time window, TWL, pulse number, and
image entropy for different ship ISAR images. Comparing the
time windows, the optimal end imaging moment is not in the time
window of subdata. It can illustrate that combining the extended

Fig. 24. ISAR imaging results for the extended subdata. (a) ISAR image.
(b) Signal energy in each range bin. (c) TFD result of one range bin with a
single scatterer.

Fig. 25. Doppler frequency estimation curve.

Fig. 26. Sharpness curve of the Doppler frequency estimation value.

subdata is necessary and effective. Moreover, the TWL and pulse
number of the optimal subdata are larger than that of the subdata.
Hence, the proposed OTWD approach can improve the azimuth
resolution. Furthermore, the ISAR image for the optimal subdata
has the smallest image entropy, which can verify the OTWD
approach can enhance the image quality.
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Fig. 27. High quality and high-resolution ISAR image with the side view of
ship target.

TABLE VI
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY FOR DIFFERENT SHIP

ISAR IMAGES

Fig. 28. Comparison of the azimuth resolution.

Fig. 28 gives the azimuth envelopes for the subdata, extended
subdata and optimal subdata. The main lobe width for the
optimal subdata is between the subdata and extended subdata.
Hence, the proposed OTWD method can obtain the optimal
azimuth resolution.

F. Simulated Data Under High Sea Condition

Under the high sea condition, the rotation motion is enhanced,
which leads to the time-varying Doppler frequency. Hence, the
optimal TWL may be shorter than 0.512 s. The proposed OTWD
method can produce the well-focused ISAR image with the
ship’s top or side view, while the azimuth resolution cannot be
superior to the ISAR image for the subdata.

We set the rotation amplitude is four times larger than that
in Section IV-A to simulate the high sea condition. The detail
rotation parameters are listed in Table VII. Fig. 29 depicts the
curve of rotation angle.

Fig. 30 gives the curves of rotation parameter estimation.
Fig. 30(a) is the slope curve of the ship centerline, which can
reflect the variation of vertical rotation. Fig. 30(b) is the curve of

TABLE VII
ROTATION PARAMETERS OF THE SHIP TARGET

Fig. 29. Rotation angle in different directions.

TABLE VIII
TIME WINDOW DETERMINED VIA IPP SELECTION

the azimuth numbers for Doppler spread, which can illustrate the
change of the effective rotation. After the IPP selection, we can
obtain the “rough” time windows, which is shown as the green
and red shadow area in Fig. 30. Table VIII lists these “rough”
time windows. In this simulation, the echo data with the time
windows of [2.8160 s, 3.3280 s] and [8.9600 s, 9.4720 s] can
generate the ISAR image with the ship’s top view. Moreover, the
time window of [5.8880 s, 6.4000 s] is appropriate to produce
the ISAR image with the ship’s side view. Here, we choose the
time windows of [2.8160 s, 3.3280 s] and [5.8880 s, 6.4000 s]
for optimization via the OTWD approach.

1) Case 1: Optimal Time Window of Top View: The subdata
with the time window [2.8160 s, 3.3280 s] is corresponding to the
12th subdata. Fig. 31 gives the ISAR image for the 12th subdata.
Obviously, the image quality is lower than the image in Fig. 16,
which can reflect that the Doppler frequency is time-varying and
lead to azimuth defocus under the high sea condition.

By combining the 10th, 12th, and 14th subdata, the extended
subdata can be generated. Fig. 32(a) gives the ISAR image for
the extended subdata. Fig. 32(b) gives the signal energy in each
range bin and we select the 2001th range bin for the calculation
of TFD. The TFD result is shown in Fig. 32(c), which can depict
that the Doppler frequency is slightly varied with the observation
time.

The Doppler frequency is estimated via (77) and the estimated
values is fitted by polynomial. Fig. 33 shows the estimation curve
of Doppler frequency. The green rectangle shows the smooth part
of the Doppler frequency curve, which indicates that the TWL
is shorter than 0.512 s. Obviously, the start and end optimal
moment are around 2.8160 and 3.3280 s. Then, the sharpness
analysis can be implemented.
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Fig. 30. Curves of the rotation parameter estimation. (a) Slope curve of ship centerline. (b) Curve of the azimuth numbers for the Doppler spread.

Fig. 31. ISAR image generated by the 12th subdata.

Fig. 32. ISAR imaging results for the extended subdata. (a) ISAR image. (b)
Signal energy in each range bin. (c) TFD result of one range bin with a single
scatterer.

Fig. 33. Doppler frequency estimation curve.

Fig. 34. Sharpness curve of the Doppler frequency estimation value.

Fig. 34 shows the sharpness curve of the Doppler frequency
estimated value. Searching the maximal value around 2.8160
and 3.3280 s, we can determine the optimal time window of
[2.6920 s, 3.1440 s]. Fig. 35 shows the ISAR image for the
optimal subdata, which can reflect that the proposed OTWD
approach can determine the IPP of ISAR image.

Table IX gives the time window, TWL, pulse number, and
image entropy for the subdata, extended subdata, and optimal
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Fig. 35. High quality ISAR image with the top view of ship target.

TABLE IX
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY OF DIFFERENT SHIP

ISAR IMAGES

Fig. 36. Comparison of the azimuth resolution.

subdata. The optimal start imaging moment is outside the time
window of subdata, which can illustrate that generating the
extended subdata is beneficial. Furthermore, the TWL and pulse
number for the optimal subdata are smaller than that for the sub-
data. This phenomenon is caused by the time-varying Doppler
frequency. Meanwhile, the improvement of azimuth resolution
is restrained under the high sea condition. Moreover, the entropy
for the ISAR image of optimal subdata is the smallest, which
shows the highest image quality. Hence, the image quality can
be improved via the OTWD approach.

Fig. 36 gives the azimuth envelopes for the subdata, extended
subdata, and optimal subdata. The main lobe width for the
optimal subdata is the widest, but closed to the main lobe width
for the subdata. Therefore, the OTWD approach can provide the
optimal azimuth resolution under the high sea condition.

2) Case 2: Optimal Time Window of Side View: The subdata
with the time window of [5.8880 s, 6.4000 s] corresponds to the
24th subdata. Fig. 37 shows the ISAR image of the 24th subdata,
which represents the well-focused side view of ship target.

Before the OTWD approach, the 22th, 24th, and 26th subdata
are combined as the extended subdata. Fig. 38 shows the imaging
results for the extended subdata, where (a), (b), and (c) are the

Fig. 37. ISAR image generated by the 24th subdata.

Fig. 38. ISAR imaging results for the extended data. (a) ISAR image.
(b) Signal energy in each range bin. (c) TFD of one range bin with a single
scatterer.

ISAR image, the signal energy in each range bin, and the TFD
result of the 2126th range bin. Obviously, the ISAR image is
severely defocused in the azimuth direction, which reflects the
sharp variation of Doppler frequency during the observation time
of 1.5360 s. In Fig. 38(b), we choose the 2126th range bin with a
single scatterer for Doppler frequency analysis. Apparently, the
Doppler frequency changes significantly with the slow time in
Fig. 38(c), which leads to the azimuth defocus in Fig. 38(a).

Fig. 39 shows the estimation curve of Doppler frequency. The
curve in the green rectangle is almost smooth. Meanwhile, the
optimal start and end moment can be searched around 5.8880s
and 6.4000 s. Then, the sharpness analysis is implemented.

Fig. 40 gives the sharpness curve of Doppler frequency. After
calculation, the optimal time window is determined as [5.8600 s,
6.3460 s]. Moreover, the ISAR image with the optimal time
window is shown in Fig. 41, whose image quality is obviously
higher than Fig. 37. Hence, the proposed OTWD approach can
improve the quality of ISAR image.



CAO et al.: NOVEL OPTIMAL TIME WINDOW DETERMINATION APPROACH FOR ISAR IMAGING OF SHIP TARGETS 3495

Fig. 39. Doppler frequency estimation curve.

Fig. 40. Sharpness curve of the Doppler frequency estimation value.

Fig. 41. High-quality ISAR image with the side view of ship target.

TABLE X
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY OF DIFFERENT SHIP

ISAR IMAGES

The time window, TWL, pulse number, and image entropy for
the subdata, extended subdata, and optimal subdata are listed in
Table X. The optimal start imaging moment is not in the time
window for the subdata. Hence, generating the extended subdata
is beneficial for OTWD. The pulse number and TWL for the
optimal subdata are the smallest, which cause the lower azimuth
resolution. Furthermore, the ISAR image with the optimal time
window has the smallest entropy and the highest quality.

The azimuth envelopes for the subdata, extended subdata, and
optimal subdata are shown in Fig. 42. The main lobe width

Fig. 42. Comparison of the azimuth resolution.

TABLE XI
ROTATION PARAMETERS OF THE SHIP TARGET

TABLE XII
TIME WINDOW DETERMINED VIA IPP SELECTION PRINCIPLE

for the subdata and optimal subdata are almost same. Hence,
the proposed OTWD method can provide the optimal azimuth
resolution.

G. Simulated Data With General Rotation Parameters

Another simulation experiment with the general rotation
parameters is set to verify the effectiveness of the proposed
approach. This group of general rotation parameters are listed
in Table XI. Fig. 43 shows the estimation curves of rotation
parameters, where (a) and (b) represent curves of the ship’s
centerline slope and Doppler spread, respectively. Table XII lists
the time windows of subdata that can generated the ISAR image
with the ship’s top view and side view.

The time window of [7.9360 s, 8.4480 s] is selected to im-
plement the proposed approach. Fig. 44 gives the ISAR image
generated via by the 32th subdata, which presents the ship’s top
view. The ISAR image in Fig. 44 has a slight azimuth defocus.

Then, the extended subdata is generated and Fig. 45(a) gives
the ISAR imaging result of the extended subdata. Obviously, the
ISAR image in Fig. 45(a) has a more serious azimuth defocus.
We choose the 2031th range bin for the TFD calculation as seen
in Fig. 45(b). The TFR of the 2031th range bin is shown in
Fig. 45(c). Afterward, the Doppler frequency is estimated based
on Fig. 45(c). The estimation result can be seen in Fig. 46. After
the sharpness analysis, the sharpness curve can be obtained as
shown in Fig. 47. With the search of maximum, the optimal time
window can be determined as [8.0340 s,8.3620 s]. Fig. 48 is the
ISAR image produced with the optimal time window. Compared
with Fig. 45(a), Fig. 48 has the higher image quality.



3496 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Fig. 43. Curves of the rotation parameter estimation. (a) Slope of ship centerline. (b) Curve of the azimuth numbers for the Doppler spread.

Fig. 44. ISAR image generated by the 32th subdata.

TABLE XIII
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY OF DIFFERENT SHIP

ISAR IMAGES

For further verifying the performance of the proposed ap-
proach, the time windows, TWLs, pulse numbers, and image
entropies of the subdata, extended subdata, and optimal subdata
are listed in Table XIII. After comparison, we can see that the
ISAR image generated with the optimal time window has the
highest image quality. Meanwhile, TWL of the optimal subdata
is the shortest. Hence, the ISAR image with the optimal subdata
should have a lower azimuth resolution than the ISAR image
with the subdata. Afterwards, we choose the 2031th range bin
to compare the azimuth envelopes of the subdata, extended
subdata, and optimal subdata as shown in Fig. 49. The main

Fig. 45. ISAR imaging results for the extended data. (a) ISAR image. (b)
Signal energy in each range bin. (c) TFD of one range bin with a single scatterer.

lobe width of the optimal time window is almost closed to the
subdata and extended subdata.

H. Real Measured Data

The shore-based ISAR real measured data is processed for
verifying the effectiveness of the proposed OTWD approach.
Table XIV lists the parameters of the real measured data, we
can see that observation time for the ship target can reach
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Fig. 46. Doppler frequency estimation curve.

Fig. 47. Sharpness curve of the Doppler frequency estimation value.

Fig. 48. High-quality ISAR image with the top view of ship target.

Fig. 49. Comparison of the azimuth resolution.

TABLE XIV
PARAMETERS OF THE REAL MEASURED DATA

TABLE XV
TIME WINDOW DETERMINED VIA IPP SELECTION PRINCIPLE

55.296 s. Obviously, processing the entire data will induce the
severe defocus of the ISAR image and appear the ship’s hybrid
view simultaneously. Hence, the optimal time window should be
determined for achieving the well-focused and high-resolution
ISAR image with the ship’s top or side view.

Fig. 50 shows the estimation curves of the rotation parameters,
where (a) is the slope curve of the ship centerline and (b) is the
curve of azimuth numbers for the Doppler spread. The curves in
Fig. 50(a) and (b) can reflect the change of vertical and effective
rotation. The green and red shadow area in Fig. 50 shows the
“rough” time windows determined by IPP. These “rough” time
windows are listed in Table XV.

As seen in Fig. 50, some fluctuations occur on the estimated
values owing to the complicated electromagnetism environment.
Taking the time interval of [46.60 s, 51.46 s] as example,
the estimated values increase gradually in the time window of
[46.60 s, 50.43 s], and decrease in the time window of [50.43 s,
51.46 s]. Hence, despite being affected by the fluctuation, the
trends of centerline slope and Doppler spread are synchronous
in fact. Moreover, the centerline slope and Doppler spread reach
the maximal value and minimal value in the time window of
[49.408 s, 49.920 s], respectively, which can reflect that the
vertical rotation is dominant.

In this experiment, we choose the time windows [49.408
s, 49.920 s] and [34.560 s, 35.072 s] for optimization via the
proposed OTWD approach, respectively.

1) Case 1: Optimal Time Window of Top View: The subdata
with the time window [49.408 s, 49.920 s] corresponds to the
194th subdata. Fig. 51 gives the ISAR image for the 194th
subdata, which shows the ship’s top view. Obviously, the az-
imuth resolution for the ship image is not ideal. Hence, we can
implement the proposed OTWD approach for improvement of
the image quality and azimuth resolution.

Then, the 192th, 194th, and 196th subdata are combined as the
extended subdata. The imaging results for the extended subdata
are shown in Fig. 52, where (a), (b), and (c) represent the ISAR
image with the ship’s top view, signal energy in each range bin,
and TFD result of the 203th range bin, respectively. Obviously,
the azimuth resolution for the ISAR image in Fig. 52(a) is higher
than that in Fig. 51. Then, we select the 203th range bin with
a single scatterer for the calculation of TFD. The TFD result
depicts that the Doppler frequency is almost unchanged with
the slow time.

After frequency estimation with (77), we can obtain the curve
of Doppler frequency in Fig. 53. The start and end smooth mo-
ment for the curve are around 49.408 and 49.920 s. Meanwhile,
the smooth duration is longer than 0.512 s. The smooth of the
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Fig. 50. Curves of the rotation parameter estimation. (a) Slope curve of ship centerline. (b) Curve of the azimuth numbers for the Doppler spread.

Fig. 51. ISAR image generated by the 194th subdata.

Doppler frequency curve is measured via the sharpness analysis.
Fig. 54 shows the sharpness curve of the Doppler frequency.
After searching the maximal values around 49.408 and 49.920
s, the optimal time window can be determined as [49.2940 s,
50.1060 s].

Fig. 55 gives the ISAR image with the optimal time win-
dow. The top view of ship in Fig. 55 can illustrated that
the proposed OTWD approach will not change the IPP of
ISAR image. Meanwhile, the azimuth resolution for the ship
image in Fig. 55 is improved compared with the image in
Fig. 51. Moreover, the image quality is superior than the image
in Fig. 52(a).

Table XVI lists the time window, TWL, pulse number, and
image entropy of the subdata, extended subdata, and optimal
subdata. The optimal start and end imaging moment do not
exist in the time window of the subdata. Hence, the proce-
dure of generating extended subdata is necessary and effective.

Fig. 52. ISAR imaging results for the extended subdata. (a) ISAR image. (b)
Signal energy in each range bin. (c) TFD of one range bin with a single scatterer.

Moreover, the TWL and pulse number of the optimal time
window is larger than that of the subdata. Hence, the pro-
posed OTWD approach can improve the azimuth resolution.
Furthermore, the ISAR image produced via the proposed OTWD
approach has the smallest entropy and the highest quality.
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Fig. 53. Doppler frequency estimation curve.

Fig. 54. Sharpness curve of the Doppler frequency estimation value.

Fig. 55. High-quality and high-resolution ISAR image with the top view of
ship target.

TABLE XVI
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY OF DIFFERENT SHIP

ISAR IMAGES

Fig. 56 gives the azimuth envelopes for the subdata, extended
subdata, and optimal subdata. The main lobe width for the
optimal subdata is between the subdata and extended subdata.
Hence, the proposed OTWD approach can provide the optimal
azimuth resolution.

2) Case 2: Optimal Time Window of Side View: The subdata
with the time window [34.560 s, 35.072 s] is corresponding to the
136th subdata. Fig. 57 gives the ship image of the 136th subdata.
The azimuth resolution is comparatively low. Before the OTWD

Fig. 56. Comparison of the azimuth resolution.

Fig. 57. ISAR image generated by the 136th subdata.

Fig. 58. ISAR imaging results for the extended data. (a) ISAR image. (b)
Signal energy in each range bin. (c) TFD of one range bin with a single scatterer.

approach, the 134th, 136th, and 138th subdata are combined as
the extended subdata. Fig. 58 shows the imaging results for the
extended subdata, where (a) is the ISAR image, (b) is the signal
energy in each range bin, and (c) is the TFD result of the 168th
range bin. Both Fig. 57 and Fig. 58(a) represent the side view
of ship target. Here, we choose the 168th range bin with one
scatterer for TFD calculation. The result of TFD in Fig. 58(c)
can depict that Doppler frequency is almost unchanged with the
observation time.
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Fig. 59. Doppler frequency estimation curve.

Fig. 60. Sharpness curve of the Doppler frequency estimation value.

Fig. 61. High-quality and high-resolution ISAR image with the side view of
ship target.

TABLE XVII
TIME WINDOW, TWL, PULSE NUMBER, AND ENTROPY OF DIFFERENT SHIP

ISAR IMAGES

Then, the Doppler frequency is estimated and Fig. 59 shows
the estimation curve of the Doppler frequency. We can observe
that the optimal start and end moment are around 34.560 and
35.072 s. Afterward, the sharpness of the Doppler frequency is
calculated for OTWD. Fig. 60 shows the sharpness curve. The
optimal time window is [34.120 s,35.030 s]. Fig. 61 gives the
ship ISAR image with the optimal time window.

Table XVII lists the time window, TWL, pulse number, and
image entropy for the subdata, extended subdata, and optimal

Fig. 62. Comparison of the azimuth resolution.

subdata. Obviously, the optimal start imaging moment is not in
the time window of subdata. Hence, the generation of extended
subdata should be implemented. Moreover, the TWL and pulse
number are larger than 0.512 s and 256. Fig. 62 gives the azimuth
envelope for the subdata, extended subdata, and optimal subdata.
The main lobe width for the optimal subdata is between the
subdata and the extended subdata. Consequently, the proposed
OTWD approach can improve the azimuth resolution. Further-
more, the ISAR image with the optimal time window has the
smallest entropy, which can illustrate the proposed method can
improve the image quality.

I. Different Overlap Lengths of Sliding Window

In this article, the overlap length of sliding window is selected
as Nas/2, which is reasonable for the real measured data. Under
the low sea condition, the movement of ship target is smooth,
and the variation of IPP is steady. Hence, the short overlap
length will be more appropriate, because too long overlap length
will increase the computational complexity. Under the high sea
condition, the IPP changes rapidly owing to the maneuvering
motion of ship target. Correspondingly, too short overlap length
may not describe all variation of target motion and the long
overlap should be selected. Taking into account the different sea
conditions, the overlap length of sliding window is selected as
Nas/2 in this article.

In addition, the experiment results when the overlap length
of sliding window is 0 are shown for comparison. The curves
of rotation parameter estimation when the overlap length of
sliding window is Nas/2 and 0 are shown in Figs. 50 and 63,
respectively. In Fig. 63, the green and red shadow area represent
the same time windows of top or side view as that in Fig. 50,
respectively, and the yellow and purple shadow area are the
reselected time windows of top or side view based on the
IPP principle, respectively. Obviously, only two time windows
are the same as Fig. 50 and the number of time windows are
decreased, which can demonstrate that too short overlap length
is inappropriate and unreasonable.

Furthermore, the ISAR imaging results with different time
windows are shown to illustrate the disadvantage of short overlap
length. With the overlap length of Nas/2, the time window
of top view is selected as [38.1440 s, 38.6560 s]. With the
overlap length of 0, the time window of top view is selected
as [38.4000 s, 38.9120 s]. The ISAR images with these time
windows are shown in Fig. 64(a) and (b). Obviously, compared
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Fig. 63. Curves of the rotation parameter estimation when the overlap length of sliding window is 0. (a) Slope curve of ship centerline. (b) Curve of the azimuth
numbers for the Doppler spread.

Fig. 64. ISAR image with different overlap lengths of sliding window. (a)
Overlap length is Nas/2, and (b) Overlap length is 0.

Fig. 65. ISAR image with different overlap lengths of sliding window. (a)
Overlap length is Nas/2, and (b) Overlap length is 0.

with Fig. 64(a), the ISAR image with the overlap length of 0 in
Fig. 64(b) is not perfect top view of ship target and represent the
hybrid view of ship target as seen in the yellow circle.

With the overlap length of Nas/2, the time window of side
view is selected as [43.2640 s, 43.7760 s]. With the overlap
length of 0, the time window of side view is selected as [43.5200
s, 44.0320 s]. The ISAR images with these time windows are

shown in Fig. 65(a) and (b). Similarly, compared with Fig. 65(a),
the ISAR image with the overlap length of 0 in Fig. 65(b) is not
the perfect side view of ship target, which can be reflected by
the shorter ship mast in the yellow rectangles.

Given the above, the overlap length of sliding window is
reasonable to select as Nas/2 for adapting various sea conditions.

V. CONCLUSION

In this article, a novel OTWD approach is proposed for gen-
erating the ship ISAR image with single view, high quality and
high resolution. The proposed OTWD approach includes the IPP
selection, TFD calculation, Doppler frequency estimation, and
sharpness analysis. First, the ISAR image can depict the ship’s
top or side view via the IPP selection method and the “rough”
time window can be obtained. Then, the extended subdata is
combined and the range bin with a single scatterer is selected.
Finally, the optimal time window can be generated via the TFD
calculation for the azimuth signal and the sharpness analysis
for the Doppler frequency. Furthermore, for the range bin with
multiple scatterers, a novel TFD extraction approach based on
the clustering analysis is proposed. Results of simulated and
real measured data show that the OTWD method can generate
an ISAR image for the ship’s top or side view with high quality
and high resolution.
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