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Abstract— The airborne hybrid synthetic aperture radar (SAR)
and inverse synthetic aperture radar (ISAR) imaging for the ship
target is very important in the field of ocean surveillance, but it
suffers from the problem of high computational complexity. In
this article, an efficient preprocessing approach for the airborne
hybrid SAR and ISAR imaging based on the kernel distribution is
proposed, which can reduce the computational complexity and pre-
serve the image quality simultaneously. First, the residual Doppler
frequency is estimated. Then, a novel measurement method with
good robustness is proposed for evaluating the stationarity of
Doppler frequency from the aspect of statistics, which adopts
the kernel distribution to estimate the probability distribution
function curve for the Doppler frequency. Afterward, an effective
preprocessing approach is addressed consequently to eliminate
the incomplete illumination time and select the time interval with
steady target motion. Results of simulated and actual SAR data
verify the effectiveness of the novel algorithm proposed in this
article.

Index Terms—Airborne synthetic aperture radar (SAR), hybrid
SAR and inverse synthetic aperture radar (ISAR) imaging, kernel
distribution, preprocessing, ship target.

NOMENCLATURE
SAR Synthetic aperture radar.
ISAR Inverse synthetic aperture radar.
PDF Probability distribution function.
CS Chirp scaling.
RD Range-Doppler.
RID Range-instantaneous Doppler.
0O—X,.Y.Z Coordinate system of imaging scene.
O — XYZ Coordinate system of ship target.
AMISE Asymptotic mean integral squared error.
X5 Position of scatterer P in O — XYZ.
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Position of scatterer P in O—X,.Y.Z.

Angle between ship’s bow and axis X..
Transform matrix from O — XY Z to O—X_ Y Z.
Velocity of aircraft.

Position of radarin O — X_.Y_.Z.

Slow time.

Height of aircraft.

Look angle of radar.

Slow time, t?, = t,, — a2 /v,.

Range between radar and stationary scatterer P.
The shortest range in the history of RS (£,).
Doppler frequency of SAR platform.

Squint angle.

Doppler frequency of echo data.

Doppler frequency of ISAR imaging target.
Estimated values of f1(t2,).

Mean value of f1(#2).

Fast time.

Amplitude function of range direction.
Amplitude function of azimuth direction.
Frequency modulation radio.

Matching function.

Echo data after range compensation.
FFT operator.

IFFT operator.

Start pulse order of range profile.
Discrete form of $,4(t,, t,n ).

The kth subdata.

Order of subdata, k =1,2,..., K.
Number of subdata, K = [N, /Nao].
Pulse number of range profile.

Pulse number of subdata.

Result of conjugated multiplication.
Azimuth order of s(mqy,n), m;=1,2,...,
Ngo — 1.

Correlation function of s(mq,n).
Autocorrelation function of Ry(n).
Doppler frequency center of subdata.
Pulse repetition time.

Operator of extracting phase.

Estimated values of echo data, fy(k) = {fX}.
Discrete from of f7(¢P)).
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fg(k) Discrete form of de (t?).

Jopt Optimal bandwidth.

Ip Optimal central frequency.

Di Polynomial coefficient.

np Polynomial order.

mg Optimal start time of echo data.
Me Optimal end time of echo data.
soPt(n) Echo data with optimal time.
fs(x) Estimated PDF of f; (k).

N() Normal distribution function.

I. INTRODUCTION

IRBORNE synthetic aperture radar (SAR) imaging of
A ship target plays a significant role in the field of marine
monitoring [1]-[3]. Due to the complex motion of ship target,
the traditional SAR imaging algorithm will generate a defocused
radar image. To produce a well-focused radar image, the hybrid
SAR and inverse synthetic aperture radar (ISAR) technique is
presented, which can process the motion of radar and target sepa-
rately [4]-[10]. The idea of hybrid SAR and ISAR imaging was
originally proposed and verified via simulated experiment by
Ward [11]-[12]. Afterward, Martorella ef al. presented a series
of hybrid SAR and ISAR imaging algorithms combining with
the techniques of Doppler parameter estimation, cross-range
scaling, and moving target detection [13]-[16]. Moreover, F.
Breizzi proposed an autofocusing algorithm for hybrid SAR and
ISAR imaging in [17]. Some constructive conclusions have been
obtained for these algorithms. A hybrid imaging algorithm for
high-squint SAR was proposed in [18], which focused on the
modification of SAR compensation process. In [19], a hybrid
imaging algorithm based on the CLEAN technique and cross-
range scaling for frequency-modulated continuous-wave SAR
was presented by E. Casalini et al., which verified the possibil-
ity of radar imaging for the frequency modulation continuous
wave in the Ka band. Recently, a novel time-frequency analysis
technique is addressed in [20], which can be applied in the range-
instantaneous Doppler (RID) analysis for the high-resolution
imaging. For the high sea condition, the ISAR imaging technique
in [21] can achieve the excellent performance, in which a high
accuracy parameter estimation method was presented.

Whereas, some of these hybrid SAR and ISAR imaging
methods have the disadvantages as follows:

1) High computational complexity: The hybrid SAR and
ISAR imaging methods proposed in [10]-[19] suffer from the
high computational complexity owing to processing the entire
echo data. Some imaging time selection methods are proposed
in [22]-[28], in which the Doppler frequency is segmented in
time, and the stationarity is evaluated by the indexes such as
image contrast [22] and root mean square error [27]. Hence, the
selected time window will be affected by the segment length.
Moreover, these methods determine the time window during the
ISAR imaging, before which the high computational complexity
has been produced. Given the above, the optimal processing
time should be determined during the SAR processing, which is
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denoted as the preprocessing approach for the hybrid SAR and
ISAR imaging in this article.

2) Influence on the quality of ship radar image: The per-
formance of hybrid SAR and ISAR algorithm is influenced by
the long period movement of ship target. Hence, the optimal
time interval selection is necessary for enhancing the image
quality.

In this article, the computational complexity can be reduced
from two aspects, including the determination of optimal time
during the SAR processing and the removal of the incomplete
illumination time. For the former, the computational complexity
will be greatly degraded owing to processing the data with small
size in the ISAR processing. For the latter, the ship target is
illuminated in a limited time that can be composed of the in-
complete illumination time and the complete illumination time,
respectively. Here, the complete illumination time is defined as
the time interval in which the entire ship target is located in the
wave beam. Correspondingly, the incomplete illumination time
is defined as the time interval in which the ship target is partially
illuminated by the wave beam. Obviously, the radar image with
the entire ship target cannot be obtained via the incomplete illu-
mination time, which will also induce the additional computing
time. Hence, the more computational complexity can be reduced
via selecting the complete illumination time and ignoring the
incomplete illumination time.

For this purpose, an efficient preprocessing approach is
proposed in this article for the airborne hybrid SAR and
ISAR imaging based on the kernel distribution. First, the
Doppler frequencies of echo data are estimated via the av-
erage cross-correlation coefficient (ACCC) method in [29].
Then, a novel estimation method for the residual Doppler fre-
quency is proposed. The residual Doppler frequency can reflect
the illuminated scope and movement of the imaging target.
Afterwards, an efficient preprocessing approach is proposed,
through which the optimal processing time interval can be
selected. For determining the optimal time interval, the sta-
tionarity of residual Doppler frequency needs to be measured.
In this article, the kernel distribution in [29] is adopted to
estimate the probability distribution function (PDF) of resid-
ual Doppler frequency and generate a central frequency and
bandwidth, through which the optimal time interval can be
determined.

The proposed approach has the advantages as follows. First, it
can degrade the computational complexity via determining the
optimal time interval during the SAR processing. Second, the
stationarity of Doppler frequency is measured from the aspect
of statistics, which is accurate and efficient compared with the
existing methods in [23]-[28]. Third, the image quality can be
equal or higher compared with the radar image before the SAR
procedure.

The main work of this article is shown in Fig. 1. The main
contents are arranged as follows. First, the circumstances of
stationary and moving ship target are analyzed in Section II.
Then, an efficient preprocessing approach is proposed in Sec-
tion I11, including the residual Doppler frequency estimation and
the optimal time interval selection. Afterwards, the results of
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Fig. 1. Main work of this article.
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Fig. 2. Airborne SAR imaging geometry.

simulated and actual SAR data are shown in Section I'V. Finally,
the conclusion is drawn in Section V.

II. HYBRID SAR AND ISAR IMAGING GEOMETRY MODEL

The circumstances of stationary ship target and moving ship
target are discussed in this section. First, the SAR imaging
geometry model is established. On this basis, the range history
and Doppler frequency produced by the SAR platform are
deduced. Second, the hybrid SAR and ISAR imaging geome-
try is analyzed. Consequently, the range history and Doppler
frequency generated by the SAR platform and ISAR imaging
target are derived.

A. Circumstance of Stationary Ship Target

The airborne SAR imaging geometry is shown in Fig. 2,
in which the imaging scene and target coordinate systems are
established, which are denoted as O—X,.Y.Z and O — XY?7Z,
respectively. The scene center is denoted as O, the direction of
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ship’s bow is the same as axis X, and the axis Z is vertical to the
sea surface.

For simplification, we choose the ship target with the center
located at O for the following analysis. When the ship target is
stationary, the positions of scatterer P on the ship target in the
coordinates of O — XYZ and O—X,.Y,Z can be expressed as
follows:

Xp = [T, Yp, 2] " (1)
X}: = [SC]Z, y‘;’f, Z;D]T
=R (60) Xp

=[x, cos Oy + yp sin by, —x,, sin By + y, cos Oy, zp] "

2

where 6y is the angle between the ship’s bow and axis X,
and Rt (0p) is the transform matrix from the coordinate of
O — XYZ into O—X.Y.Z, and it can be expressed as

costly sinfy 0
—sinfy cosfy 0| . 3)
0 0 1

Rr (6p) =

The aircraft is moving along the direction of axis X.with
a velocity of v,. The position of radar in the coordinate of
O—X,.Y.Z is shown as

XE (tm) = [vptm, H tan g, H]T 4)

where t¢,,, H, and 7 are the slow time, the flight height of
aircraft, and the look angle of radar, respectively.
The range between the radar and scatterer P is calculated as

Ry (tm) = |IXE (tm) — XE|

1
_ [Rﬁo + (ortm — xg)ﬂ ’ )
where the range 7,9 can be expressed as

1
2

Ry = [(Htan’yo — yg)2 +(H - zp)ﬂ . 6)

Then, the range history can be rewritten as

RS (i) =[R2 + (0,,)°] )

where t?, = t,, — 2% /v,.. The relationship between R, and
R (th,) is shown in Fig. 3.

Afterwards, taking the derivative of R,(#,), the Doppler
frequency produced by the SAR platform can be calculated as

- 20, COS g fﬁl
fi () = ———" () ®)
where () is the angle between the direction of axis X and
the RLOS in Fig. 3. The squint angle ¢ (¢?,) can be expressed
as

arctan (— Ryo ) , t~1,’n <0

v th,
Rpo ’*p
T — arctan L tP > 0.

P )
Vrtm m

o5 () = ©




5150

T T
»
[v1,.Htany,, H| x?,H tany,, H
A > A
r
N \ i / K
N, \‘ !
_— /
} /
Lolir) »(0 /
\ l’ ’
\ \ /
\
\ \ H /
\
\ A ' /
K \ / /
\ \ '
\ '
\
\ \ / K
b '
\ \ /
\ \ ; /
\ \ F /
\
\ ! ’
\ v
\ R ! v P
)
\
\ \ PO / Rp (t m
\ A ‘ ’
\ \ / /
\ / /
\ \ / /
\ \ ! /
\\ \ ’I /l
\ \ ’ /
\ \ 1 Il
& ’ ’
Y ;
L [
WA ;o
\ /
\ \ 'I ’
S
\ . '
\ oy
\ “ o
\
AL " /
S
!/
\
NI
P

T
P P P
[xe ’ye ’ze]

Fig. 3. Relationship between range 7)o and RS (t5,).
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B. Circumstance of Moving Ship Target

The ship target on the sea surface has the three-dimensional (3-
D) rotation and translational motion. Under this circumstance,
the position of scatterer P in the coordinates of O — XYZ and
O—X,.Y.Z can be calculated as follows:

Xp (tm) = [2p (tm)  Yp (tm) » 2p (tm)]T

= Ruot (tm) Xp + [v1t, 0,07 (10)
Xe (tm) = [mg (tm) Yy (tm) 28 (tm)]T
=Rr (90) Xp (tm) 11

where v; is the forward velocity of ship and Ryt (¢, ) represents
the 3-D rotation matrix.

Then, the range between scatterer P and radar can be calcu-
lated as

N|=

Ry () = [/ @) + )] a2
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where the range R, (f,,) can be expressed as

N|=

Ryo (7,) = [(H tanyo = 42 (tm))” + (H = 2, (t))*]

= Ryo+ & Ry (12,) . (13)

The range variation produced via the target motion is denoted
as A Ryo(tP,). Since the position variation of ship target is not
large, the time variable t?, = t,,, — 2P(t,,) /v, can be approxi-
mated as t?, ~ t,,, — 22 /v,.

Furthermore, by taking the derivative of R, (#?,), the Doppler
frequency can be computed as

fa (f%) = f;ig ({fn) + fc{ (Efn)

where f,(1P,) is the Doppler frequency generated by the hybrid
SAR and ISAR imaging target, f (tP ) is the Doppler frequency
produced via the ISAR imaging target, and the expression of
Fi(E) is =2 A Ryo(#,) /5.

Hence, the Doppler frequency can be decomposed into the

combination of frequency produced by the SAR and ISAR
procedure.

(14)

III. PREPROCESSING APPROACH BASED ON KERNEL
DISTRIBUTION

In this section, an efficient preprocessing approach is pro-
posed for the airborne hybrid SAR and ISAR imaging based
on the kernel distribution. First, the principle of preprocessing
approach is elaborated via the analysis of Doppler frequency.
Second, the proposed preprocessing approach is introduced,
in which the residual Doppler frequency is estimated, and the
stationarity is measured with the method in statistics. On this
basis, the optimal processing time interval can be determined.

A. Principle of Preprocessing Approach

Actually, the ship target is illuminated by the wave beam only
in a limited time. The length of synthetic aperture is larger than
the size of ship target, and the illuminated time consists of the
complete and incomplete illumination time. Hence, the compu-
tational complexity can be reduced via ignoring the incomplete
illumination time.

Furthermore, both the smooth motion and maneuvering move-
ment exist in the complete illumination time. The smooth motion
will produce the steady Doppler frequency and has little impact
on the radar image quality. Whereas, the maneuvering movement
will generate the time-varying Doppler frequency and decrease
the image quality. Therefore, the image quality can be enhanced
viaignoring the time interval with maneuvering motion of target.

Via the analysis above, we can see that the status of illumina-
tion and target motion can be reflected in the residual Doppler
frequency, which is related to the theoretical Doppler frequency
value of SAR platform and the Doppler frequency center of echo.
The theoretical Doppler frequency value, Doppler frequency
of echo, and residual Doppler frequency can be calculated as

follows.

First, the theoretical Doppler frequency value of SAR plat-
form can be calculated by (8).
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Second, the Doppler frequency center of echo can be es-
timated via the ACCC method in [29]. The ACCC method
utilizes the correlation of adjacent echoes to estimate the Doppler
frequency center [29]. When the target is not completely illumi-
nated, the correlation of adjacent echoes will be degraded, which
induces the obvious difference between the estimated value and
theoretical value. As seen in (14), the Doppler frequency is
generated by the SAR platform and the ISAR imaging target.
When the target has maneuvering motion, the Doppler frequency
of ISAR imaging target will be large, which will also cause the
obvious difference between the estimated value and theoretical
value. Here, this difference can be denoted as the residual
Doppler frequency.

Third, the residual Doppler frequency can be estimated as

fa () = fa () — 13 (&) -

To avoid the influence produced by the translational motion
of ship target, the residual Doppler frequency in (15) can be
calculated as follows:

15)

A=rlf@)] (16)

fi (8,) = fi (&) — £1.

The residual Doppler frequency in (17) can reflect the status
of illumination and target motion, by which the optimal time in-
terval can be determined. When the target has the smooth move-
ment in the complete illumination time, the residual Doppler fre-
quency is stable, and it is concentrated on a stationary frequency.
Otherwise, the residual Doppler frequencies is time-varying and
dispersive.

The proposed calculation method of residual Doppler fre-
quency is different from the other optimal time selection meth-
ods, such as [23]-[27]. In the existing methods, the residual
Doppler frequency is calculated with the SAR processing, mo-
tion compensation, ISAR refocusing, and time-frequency analy-
sis for the echo data with entire pulses. Hence, the calculation of
the residual Doppler frequency consumes a heavy computational
complexity.

The proposed method can calculate the residual Doppler
frequency only with the range compensation and ACCC method
in [29], which reduces the computational complexity.

Moreover, the proposed method is easy to implement com-
pared with other optimal time selection methods. In the existing
methods, the time-frequency analysis technique is applied to
estimate the residual Doppler frequency, and the range bin with
the single scatterer is usually required consequently, which does
not exist in some actual cases. Although several time-frequency
curve extraction methods are proposed in [23]-[27], the process-
ing procedure becomes complicated and the more computational
complexity is produced.

The proposed method can accomplish the calculation of the
residual Doppler frequency without finding the range bin with
the single scatterer or extracting the time-frequency curve of
the single scatterer. The procedure of the proposed method can
be implemented easily only with the range compensation and
ACCC method.

7)
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B. Preprocessing Approach Based on Kernel Distribution

As mentioned above, the stationarity of residual Doppler
frequency is related to the computational complexity and image
quality. In this article, the kernel distribution in the statistics
is applied to evaluate the stationarity of residual Doppler fre-
quency. The stationarity of Doppler frequency is depicted as a
central frequency and a narrow bandwidth. On this basis, an
efficient preprocessing approach is proposed for determining
the optimal time interval, which can reduce the computational
complexity and ensure the image quality.

The main procedures of the proposed preprocessing approach
are illustrated as follows:

Step (1): Obtain the range compression result for the echo
data.

The range profile can be obtained via the matched filtering
approach. The echo signal of scatterer P can be represented as

50 (bmr ) = ar (tr - 2Rp(t"’)) ta (tn)

C

2
exp [ijr(tr_szc(tm)) _j‘%“Rp (tm)] (18)

where t, is the fast time, a,.(-) and a,(+) are the amplitude func-
tions of range and azimuth direction, and K, is the frequency
modulation ratio.

The matching function is

Sm (tr) = ar (t,) exp (—jm K, t}) . (19)

Then, the echo data after range compression can be obtained
as

Spp (tms tr) = IFFT [FFTy, [y (tm, tr)] FETy, [ (£1)]]
(20)

where FFT[-] and IFFT[] are the fast Fourier transform (FFT)
and inverse FFT (IFFT) operator, respectively.

Step (2): Extract the range profile and divide it into subdata.

The range profile of one ship target is extracted. The start
pulse order of this range profile is denoted as m,,s. The discrete
form of this range profile is represented as s, (m, n), where m
and n are the azimuth and range order, respectively. Then, the
range profile is divided into some subdata with the form of

5rb((k - 1) N(lo + m”S’n)

sTb((k — 1) Nao + m, + Ln)
(21)

Srb((k - 1)Na0 + M, + Nao — 17”)

where k = 1,2, ..., K is the order of subdata, K = | N, /Ngo]
is the number of subdata, and NV, and N, are the pulse number
of range profile and subdata, respectively.

Step (3): Estimate the Doppler frequency of echo data based
on the ACCC method in [29].

The main procedures of Doppler frequency center estimation
method are as follows:
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1) The matrix s(my,n) is obtained by the conjugated mul-
tiplication of two neighboring pules, which can be ex-

pressed as
s(mi,n) = [s8 (my,n)] s (mi +1,n) (22
wherem; = 1,2,..., Nyo — listhe azimuth order of s(my,n).

2) The correlation function Ry (n) is generated by calculating
the average along the azimuth direction, which can be
represented as

1 N0071

No =1 2= * (o)

Ry (n) = (23)

3) The autocorrelation function R}, is computed by calculat-
ing the average along the range direction, which can be
expressed as

N
1 o
Ry =3 ; Ro (n). 24)
4) The Doppler frequency center can be estimated as
. _ angle (1)
=—— 2
Jae = 37 pRT 25)

where PRT is the pulse repetition time and angle(-) is the
function of extracting phase.
5) The Doppler frequency history of echo data can be gener-
ated as

fak)=fk k=12 . K. (26)

Step (4): Calculate the Doppler frequency of SAR platform
with (8), and it is denoted as f7 (k).

Step (5): Estimate the residual Doppler frequency with (15)—
(17), and the Doppler frequency of ISAR imaging target is
denoted as fI (k).

Step (6): Determine the optimal central frequency of f,, and
optimal bandwidth of §p.

The optimal central frequency and bandwidth determination
approach based on the kernel distribution will be elaborated in
Section III-C.

Step (7): Obtain the time interval based on f, and Jop.

The residual Doppler frequency is selected by the central fre-
quency f, and bandwidth dqp, i.e., fé (k) — fpl < dopt, Which
can illustrate that the ship target has the smooth motion in the
complete illumination time. For better determining the imaging
time interval, the Doppler frequency I(k) can be fitted by the
polynomial, which can be expressed as

fi(m)=>"pm’ 27)
i=0

where p; and n, are the polynomial coefficient and order,

respectively.

The start and end pulse order which are satisfied
with |f;(k) — fp| < dopr are denoted as mgy and me, re-
spectively. Then, the time interval can be obtained as
[Myns + ms, mps + me] - PRT, and the corresponding echo data
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Fig. 5. Illustration diagram for the kernel distribution method.

can be expressed as

Sr (Mins +ms, n)
Sp (Mps +ms +1,n)

SOPt () = (28)

Sr (mns + Mme, TL)

Here, the procedure of preprocessing approach is accom-
plished.

Remark 1: In this article, the Doppler frequency center is
estimated via (25), which is suitable for the ship ISAR imaging
with high SNR [29]. Under the high sea condition, the sea clutter
may exist and the SNR will be decreased. Then, the sea clutter
suppression techniques in [35] and [36] can be applied, and the
more precious Doppler centroid estimation method in [37] can
be utilized consequently.

C. Optimal Selection Approach for the Central Frequency and
Bandwidth Based on the Kernel Distribution

Since the PDF can describe the probability of appearing at
each frequency, the central frequency, and optimal bandwidth
in Step (6) can be obtained by estimating the PDF curve of the
residual Doppler frequency. In this article, an optimal selection
approach for the central frequency and bandwidth based on the
kernel distribution is proposed.

The kernel distribution is a nonparametric method for the
estimation of PDF, which describes each sample with a kernel
function, and sums all the kernel functions to generate a smooth
PDF curve. The principle of kernel function method is illustrated
as Fig. 5. The shapes of kernel function can be normal, triangle,
and box. Considering the good smoothness, the standard normal
distribution is selected. Moreover, an appropriate bandwidth is
important because it usually controls the smoothness of PDF
curve. In this article, the bandwidth is calculated by the theory
in [29].

For the estimated PDF, the position of the highest peak is
denoted as f,, which reflects that the most amount of Doppler
frequencies are concentrated on f,, and the bandwidth can
describe the concentration of central frequency.

The main procedures of the proposed approach can be seen
in Fig. 6, and the central frequency and optimal bandwidth can
be determined as follows.

Step (1): Estimate the PDF of residual Doppler frequency via
the kernel distribution.
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The PDF of residual Doppler frequency is calculated via the
kernel function, which can be expressed as

1o (o= fL(k)
for) = 2= N | =5 (29)
k=1
where 0 is the bandwidth of kernel function, x represents the real
values, the kernel function we choose in this article is the stan-
dard normal distribution which has a better smoothness, N (-)
represents the standard normal distribution, and the expression
of N(-) is given as

1 x?
N(z)=—exp|——].
9= (-7)
Step (2): Determine the optimal central frequency and band-
width.

(30)

The optimal central frequency can be solved by searching the
highest peak position, which reflects the most amount of Doppler
frequencies are concentrated on this position.

The optimal bandwidth of dop can be calculated by the prin-
ciple of minimizing the asymptotic mean integral squared error
(AMISE) in [29].

Flowchart of proposed preprocessing approach based on kernel distribution.

The mean of fs(x) can be calculated by

1 Tr—z

E{fs ()} = /5N< 5

f@)+ Lo f )

)f(z) dz

€1y

%

where f(-) is the true density and z is the variable of integration.
With the Taylor expansion, the variance of fs(z) can be
approximated as

var { f5 (z)}z% (r)/ EN (“’52>rdz. (32)

Then, the mean integral squared error can be calculated as

MISE (f; (x) = £ { JICRY, <x>]2dx} REES)

With the weak assumption and Taylor expansion, we can
obtain the AMISE as

AMISE (f; (z)) = %74 / <} (x))zdx
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Calculating the derivation of AMISE( fs5(x)) and setting it to
be equal to zero, the optimal bandwidth can be computed as

405
e

where o is the standard deviation of Doppler frequency samples.

The optimal bandwidth in (35) describes the frequency range
that can be regarded as neighboring the central frequency.
With the optimal central frequency and bandwidth, the residual
Doppler frequency in the domain of | fé (k) — fpl < dop can be
considered as stable. Afterwards, the preprocessing procedure
can be accomplished.

The proposed approach can maintain or enhance the image
quality owing to the selection for the stable Doppler frequency,
and the computational will be degraded obviously. Whereas, the
azimuth resolution will be reduced due to the decrease of pulse
number or imaging time.

Compared with the other optimal time selection methods, the
proposed approach can reduce more computational complexity.

Reason I: Processing the echo data with smaller size in the
procedure of motion compensation and ISAR refocusing.

In the existing methods, the optimal time interval is deter-
mined after the SAR processing, motion compensation, and
ISAR refocusing for the echo data with the entire pulses. Hence,
a heavy computational complexity is required owing to process
the echo data with the entire pulses.

In the proposed approach, the optimal time interval is de-
termined after the range compensation of the SAR process-
ing, and then the motion compensation and ISAR imaging are
implemented for the echo data with the few pulses. There-
fore, the proposed method can reduce more computational
complexity in the process of motion compensation and ISAR
imaging.

Reason 2: Without the generation of the image sequence.

In some existing methods, the image sequence is generated
to determine the optimal time interval, which produces a large
computational complexity.

In the proposed approach, the optimal time interval is se-
lected with the stationary Doppler frequency, which is obtained
based on the probability estimation. This procedure consumes
a tolerable computational complexity compared with the image
sequence generation in the other methods.

Moreover, the proposed approach can adapt the case of ma-
neuvering motion of the ship target. Owing to the change of
target motion, the estimated PDF curve can show the multiple
peaks. For the better image quality, the higher peak can be
selected to determine the optimal time interval, because the more
amount of Doppler frequencies are concentrated on this peak
position.

Furthermore, the proposed approach can be applied in the
circumstance of high sea state. If the rotation amplitudes are
different in the multiple periods, the multiple peaks will exist
in the estimated PDF curve, and the Doppler frequencies are
concentrated on the different frequencies. The optimal time

=

~ 1.060K 5 (35)
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TABLE I
PARAMETERS OF THE RADAR AND IMAGING SCENE

Parameters Values
Bandwidth 400 MHz
Sample frequency 480 MHz
Carrier frequency 5.3 GHz
Pulse width 10 ps
PRF 200 Hz
Aircraft height 6 km
Aircraft velocity 50 m/s
Scene length 800 m
Scene width 800 m

Z (m)

200

-200

Y (m) -200 X (1’1’1)

Fig. 7. Radar imaging scene and the ship’s scatterer models.

interval can be determined by the maximum peak position and
bandwidth. If the rotation amplitude is same in the multiple
periods, the peak value will be larger compared with the case
of single period, and more amount of Doppler frequencies are
concentrated on the peak position. With the peak position and
bandwidth, multiple time intervals can be determined. Consid-
ering the higher imaging resolution, the optimal time interval
with the largest imaging time can be selected.

IV. EXPERIMENTAL RESULT

In this section, the results of simulated and actual SAR data are
given to verify the effectiveness of the proposed approach. There
are multiple ship targets in the imaging scene. First, the proposed
preprocessing approach is implemented to produce the optimal
time interval. Afterwards, the hybrid SAR and ISAR imaging
algorithm in [13] is applied to generate the well-focused ship
radar image. Here, the Chirp Scaling (CS) algorithm in [31]
and [32] is chosen for the SAR processing, the range alignment
method in [33] and the phase compensation method in [34] are
used for the motion compensation, and the RID algorithm based
on the spectrum in [10] and [38] is used for the ISAR refocusing.

A. Simulated Data

First, the effectiveness of the proposed approach is verified
with the results of simulated experiments. The parameters of the
radar and imaging scene are listed in Table I. Two ship targets
are located in the scene as shown in Fig. 7, and the 3-D rotating
parameters are given in Table II according to the values in [39]
and [40]. The SAR image via the CS algorithm is shown in Fig. 8.
It is obvious that the CS images of two ship targets are defocused
in the azimuth without the preprocessing procedure. Hence, the
echo data should be preprocessed to reduce the computing time
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TABLE II
ROTATION PARAMETERS OF THE SHIP TARGET

Ship target Direction Amplitude ( °) Angle velocity (°/s)
Roll 5.00 26.4
1 Pitch 0.90 11.2
Yaw 1.33 13.0
Roll 7.20 12.2
2 Pitch 0.85 6.7
Yaw 0.95 14.2
s -15
X -20
g2
o -25
2 Ship 1
= hip
£’ 30
S
<
4 -35

4 4.5 5 5.5
Range bin (X103)

Fig. 8. SAR imaging results with CS algorithm.
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Fig.9. Doppler frequency comparison between fy (k) and f ds (k) for the first
target.

and improve the image quality. The simulated results of two
ship targets are shown as the following Case I and Case 2,
respectively.

Case 1. Imaging Results of Ship Target 1: After the extraction
of range profile, the theoretical value of f7 (k) can be obtained by
(8), and the Doppler frequency center of echo can be estimated
with the ACCC method in [29], both of which are shown in
Fig. 9. Here, the red label “x,” blue line and green dotted line
in Fig. 9 represent the estimated value of fd(k), fitting curve
of fd(k), and real value of f7(k), respectively. Obviously, the
estimated values of fy(k) and the real values of 13 (k) have
similar trends in the orange area.

Then, the residual Doppler frequency can be calculated via
(15)-(17) as shown in Fig. 10. The stationarity of residual
Doppler frequency is expressed as | fi (k) — fp| < dopi, through
which the optimal processing time interval can be selected.

Afterwards, the PDF curve is estimated via the kernel distri-
bution to determine f;, and Jop. The histogram and estimated
PDF of ﬁ (k) are shown in Fig. 11, where the blue line and red
line represent the histogram and estimated PDF, respectively.
Obviously, the estimated values of A(f (k) are concentrated on
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Fig. 10.  Estimated values of residual Doppler frequency for the first target.
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Fig. 11.  Histogram and estimated PDF of f; (k) for the first target.
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Fig. 12.  Optimal imaging time interval of the first target.

TABLE III
TIME INTERVALS AND PULSE OF THE FIRST TARGET NUMBER UNDER
DIFFERENT CONDITIONS

Category Time interval Pulses
Before preprocessing [3.6220's, 11.1705s] 1511
Complete illumination [4.3780's, 10.4145s] 1208

After preprocessing [5.8000s, 9.2100s] 683

fp = 0.03Hz, and the optimal bandwidth via (35) is Jop =
0.54 Hz.

Based on f, and dp, the optimal time interval can be selected
as shown in Fig. 12, where the red label “x,” blue line, green and
purple dotted line, and orange shadow area represent f({ (k),
fitting curve of A(f (k), start and end imaging moment, and the
area of | f1(k) — f,] < Jopt> Tespectively.

The time interval and pulse number before and after the
preprocessing are listed in Table III. Meanwhile, the theoreti-
cal complete illumination time interval and pulse number are
given. Obviously, the time intervals after the preprocessing are
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Fig. 13.  Simulated data imaging results for the first target before preprocess-

ing. (a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and
ISAR algorithm.
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Fig. 14.  Simulated data imaging results for the first target after preprocessing.
(a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and ISAR
algorithm.

TABLE IV
ENTROPIES OF DIFFERENT RADAR IMAGES FOR THE FIRST TARGET

Preprocessing Imaging algorithm Image entropy

Before CS algorithm 10.2056
Hybrid SAR and ISAR algorithm 6.3330

After CS algorithm 9.4326
Hybrid SAR and ISAR algorithm 5.8924

within the complete illumination time interval. Compared with
the result before the preprocessing, the pulse number after the
preprocessing is decreased about 1.21 times. Since the size of
processing data is decreased, the computational complexity can
be degraded greatly.

The imaging results before and after the preprocessing for the
first target are displayed in Figs. 13 and 14, where a) is the SAR
image via the CS algorithm, and b) is the radar image via the
hybrid SAR and ISAR algorithm. Compared with Fig. 13, the
radar images in Fig. 14 have better quality. Especially, the SAR
image in Fig. 13(a) has severe azimuth defocus, and the multiple
imaging projection planes appear. After the SAR preprocessing,
the quality of SAR image in Fig. 14(a) is improved obviously,
and the imaging projection plane can be fixed. The improved
quality is contributed by retaining the more stable Doppler
frequency. The image entropies of Figs. 13 and 14 are listed
in Table IV, from which we can see that the image entropies in
Fig. 14 are lower.
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Fig. 17. Histogram and estimated PDF of f 5 (k) for the second target.

Case 2. Imaging Results of Ship Target 2: First, the Doppler
frequency comparison between f4(k) and f3 (k) is shown in
Fig. 15. Obviously, the curves of f4(k) and £ (k) have similar
trends in the orange area of Fig. 15. Then, the estimated values
of residual Doppler frequency are displayed in Fig. 16. With
the kernel distribution, the histogram and estimated PDF curve
are given in Fig. 17. After calculation, the central frequency is
fp = —3.51Hz and the optimal bandwidth is dop = 1.63 Hz.
Afterward, the estimated values of |f1(k) — f,| < Jopt are uti-
lized to obtain the optimal time interval as shown in Fig. 18.

In Table V, the time intervals and pulse number before and
after the preprocessing are listed, and the time interval and
pulse number of complete illumination time are given simulta-
neously. Obviously, the optimal time interval is totally within
the complete illumination time, and the pulse number after
the preprocessing is decreased about 1.01 times. Hence, the
proposed approach can reduce the computational complexity
for the hybrid SAR and ISAR imaging.
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Fig. 18.  Optimal imaging time interval of the second target.

TABLE V
TIME INTERVALS AND PULSE NUMBER OF THE SECOND TARGET UNDER
DIFFERENT CONDITIONS

Imaging time Time interval Pulses
Before preprocessing [11.2600 s, 19.7025 s] 1689
Complete illumination [12.9100 s, 18.0525 s] 1029
After preprocessing [11.8800 s, 16.0700 s] 839
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Fig. 19. Simulated data imaging results for the second target before prepro-
cessing. (a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and
ISAR algorithm.
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Fig.20. Simulated data imaging results for the second target after preprocess-
ing. (a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and
ISAR algorithm.

The hybrid SAR and ISAR imaging results before and after
the preprocessing for the second target are shown in Figs. 19 and
20, where a) is the SAR image via the CS algorithm, and b) is the
radar image via the hybrid SAR and ISAR algorithm. Clearly,
there are two ship attitudes appear in Fig. 19(a) before the pre-
processing, and only one ship attitude remains in Fig. 20(a) after
the preprocessing. Hence, the proposed approach can enhance
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TABLE VI
ENTROPIES OF DIFFERENT RADAR IMAGES FOR THE SECOND TARGET

Preprocessing Imaging algorithm Image entropy

Before CS algorithm 10.2206
Hybrid SAR and ISAR algorithm 6.7226

After CS algorithm 94115
Hybrid SAR and ISAR algorithm 6.7220

the performance of SAR imaging. Moreover, the image entropies
in Figs. 19 and 20 are listed in Table VI, and the radar images
in Fig. 20 have lower entropies.

Given above, the proposed approach can reduce the compu-
tational complexity and ensure the image quality.

Remark 2: The use of SAR or ISAR imaging can be deter-
mined according to the specific cases. In the case of ship target
with slight motion, the high-quality radar image can be obtained
only with the SAR processing and the optimal time selection. In
the case of ship target with maneuvering motion, the quality of
SAR image can be improved obviously after the time selection,
for example, the SAR image before the optimal time selection
in Fig. 19(a) and the SAR image after the optimal time selection
in Fig. 20(a). If the demand of the image quality is not strict, the
ISAR refocusing technique does not have to be implemented. If
the high-quality radar image is required, the ISAR refocusing
technique needs to be implemented.

B. Comparison With the Existing Methods

In this article, the maximum contrast based automatic time
window selection (MC-ATWS) technique in [22] is adopted
for comparing with the proposed approach from the aspects of
computational complexity and image quality.

The MC-ATWS technique can determine the optimal time
interval by two steps as follows: first, the imaging central mo-
ment is located by the maximum image contrast of the image
sequence; then, the time window length is gradually increased
until the image contrast of the new image sequence stops in-
creasing.

The proposed approach can select the optimal time interval by
the residual Doppler frequency estimation and the PDF fitting
with the kernel distribution. The peak position and bandwidth of
kernel distribution reflect the stationarity of Doppler frequency,
through which the optimal time interval is selected.

1) From the Aspect of Image Quality: As mentioned above, the
MC-ATWS selects the optimal time interval by the maximum
image contrast, which can guarantee the highest image quality.
In this article, the proposed approach also considers the image
quality and achieves it by selecting the stable Doppler frequency,
while the highest image quality cannot be ensured.

2) From the Aspect of Computational Complexity: It is as-
sumed that the MC-ATWS technique and the proposed approach
can export the same optimal time interval, and the azimuth
number is denoted as N, = m, — ms + 1.

In the MC-ATWS technique, first, the SAR algorithm and
ISAR motion compensation technique need to process the echo
data with the size of N, x N,.. Then, the ISAR imaging algo-
rithm is implemented (M + N) times for the echo data with
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TABLE VII
COMPUTATIONAL COMPLEXITY OF THE PROPOSED APPROACH

Step Computational complexity

Range compression of RD algorithm 0[(3NUNI, /2)log) +4NUN,.:|

Doppler frequency center estimation O(4KN,N,)

PDF curve estimation 0(4K2)
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Fig. 21.
(b) SAR imaging result via CS algorithm.

TABLE VIII
TIME INTERVALS AND PULSE NUMBER UNDER DIFFERENT CONDITIONS

Imaging time Time interval Pulses
Before optimal time selection [0.7460 s, 10.5463 s] 1961
Completely illumination [3.7538's, 7.5385s] 758
MC-ATWS [3.3000's, 7.3000 s] 801
Processing via proposed approach [3.8120s, 7.51505s] 741

the size about N/ x N, to select the optimal time interval.
Hence, adopting the MC-ATWS technique requires the large
computational complexity.

In the proposed approach, the computational complexity is
mainly derived from the range compression for the echo data
with the size of N, x N,.. After the optimal time interval se-
lections, the SAR algorithm, ISAR motion compensation, and
ISAR imaging algorithm are implemented one time for the echo
data with the size of N/ x N,. Therefore, the computational
complexity can be smaller than the MC-ATWS technique. The
computational complexity of the proposed approach is listed in
Table VII. It is assumed that one time multiplication produces
the computational complexity of O(1).

Here, the simulation results are shown for the comparison of
the MC-ATWS and the proposed approach. The parameters of
radar system are same as Table I, and the ship target has the same
motion parameters with the first target in Table II. The scatterer
model and SAR image through the CS algorithm are shown in
Fig. 21(a) and (b), respectively. Obviously, the azimuth defocus
appears in Fig. 21(b) due to the target movement and long
imaging time. Here, the MC-ATWS and the proposed approach
are performed to determine the optimal time interval for reducing
the computing time and enhancing the image quality.

The time interval and pulse number under the different con-
ditions are listed in Table VIII. Without the time selection, the

Scatterer model and SAR imaging result. (a) Scatterer model.
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Fig.22. Imaging results after optimal time selection through the MC-ATWS.

(a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and ISAR
algorithm.
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Fig. 23. Imaging results after preprocessing with the proposed approach.

(a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and ISAR
algorithm.

TABLE IX
ENTROPIES OF DIFFERENT RADAR IMAGES

Methods Imaging algorithm Image entropy
CS algorithm 9.4558
MCE-ATWS Hybrid SAR and ISAR algorithm 6.9431
Proposed approach CS algorithm 9.4860
P pp Hybrid SAR and ISAR algorithm  7.0538

imaging time interval is [0.75 s, 10.55 s], and 1961 pulses need
to be processed by the imaging algorithm. Actually, the target is
completely illuminated in [3.75 s, 7.54 s], including 758 pulses.

Processing via the MC-ATWS technique, the time interval of
[3.30 s, 7.30 s] is selected including 801 pulses. Although the
MC-ATWS technique can decrease the computational complex-
ity, the incomplete illumination time interval exists in [3.30 s,
7.30 s]. Hence, the processing pulse number can be smaller.

Processing via the proposed approach, the time interval of
[3.81 s, 7.52 s] is chosen including 741 pulses, in which the
target is completely illuminated. Hence, the proposed approach
can reduce more computational complexity compared with the
MC-ATWS technique.

Combining with the MC-ATWS technique, the radar images
can be yielded via the CS algorithm and hybrid SAR and
ISAR algorithm as shown in Fig. 22(a) and (b), respectively.
Combining with the proposed approach, the radar images in
Fig. 23(a) and (b) can be produced. The entropies of different
radar images are listed in Table IX. Apparently, the radar image
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TABLE X

PARAMETERS OF THE ACTUAL SAR DATA

Parameters Values
Pulse width 10 ps
PRF 500 Hz
Carrier frequency C band
Bandwidth 60 MHz
Range center 4.175 km
Aircraft velocity 50.9 m/s
Sampling frequency 100 MHz
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Fig. 24.  SAR imaging result with CS algorithm.
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Fig. 25. Doppler frequency comparison between fd(k:) and ff (k) for the
first target.

generated with the MC-ATWS technique has the better image
quality.

C. Actual SAR Data

Afterwards, the results of actual SAR data are applied to
verify the effectiveness of the proposed approach. The radar
parameters are listed in Table X. The SAR image of the imaging
scene is shown in Fig. 24, and the results of preprocessing and
hybrid SAR and ISAR imaging are illustrated in the Case I and
Case 2 as follows.

Case 1. Imaging Results of Ship Target 1: Firstly, the Doppler
frequency comparison between fd(k:) and fds(k;) is shown in
Fig. 25, and the curves of fy(k) and f(k) have the similar
trends in the orange area. There is a difference value between
fa(k) and f7 (k) in the orange area, which is generated by the
smooth movement of target, such as the translational motion
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Fig. 26.  Estimated values of residual Doppler frequency for the first target.
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Fig. 28.  Optimal imaging time interval of the first target.

and uniform rotational motion. The translational motion can be
eliminated through the motion compensation technique, and the
rotational motion can be used for the ISAR imaging. Hence,
this difference will not affect the imaging quality. Moreover,
this difference is denoted as f,, in fact, and will not influence
the performance of the proposed approach because the Doppler
frequency should satisfy the condition of | fé (k) — fpl < Oopt-

Then, the residual Doppler frequency is estimated as shown
in Fig. 26. For measuring the stationarity of residual Doppler
frequency, the histogram and estimated PDF are yielded in
Fig. 27. The optimal central frequency is determined as
—7.73 Hz, and the optimal bandwidth is calculated as 4.58 Hz.
Afterwards, the imaging time interval can be determined with
|3 (k) = f,| < Gopi» as shown in Fig. 28.

The time intervals and pulse numbers before and after the
preprocessing are listed in Table XI, respectively. After the
preprocessing, the processed pulse number is decreased about
1.18 times, which verifies that the proposed approach can reduce
the computational complexity.
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TABLE XI
TIME INTERVALS AND PULSE NUMBER FOR THE FIRST TARGET BEFORE AND
AFTER PREPROCESSING

Imaging time Time interval Pulses
Before preprocessing [4.405,9.10 s] 2351
After preprocessing [5.28 s, 7.43 5] 1077

3.8 -15 -15
Z 220 z -2(
£42 42
- -25 © 228
S44 <4
g g
546 30 46 -3
< <

- -35 8 35
1020 1040 1060 1080 1020 1040 1060 1080
Range bin Range bin
(a) (b)

Fig. 29. Actual SAR data imaging results for the first target before the
preprocessing. (a) SAR image via CS algorithm. (b) Radar image via hybrid
SAR and ISAR algorithm.
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ENTROPIES OF DIFFERENT RADAR IMAGES FOR THE FIRST TARGET

Actual SAR data imaging results for the first target after the prepro-
cessing. (a) SAR image via CS algorithm. (b) Radar image via hybrid SAR and

Fig.32.  Estimated values of residual Doppler frequency for the second target.
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Fig. 33.  Histogram and estimated PDF of fi(k) for the second target.
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Preprocessing Imaging algorithm Image entropy
Before CS algorithm 8.9481
Hybrid SAR and ISAR algorithm 6.2808
After CS algorithm 8.8294
Hybrid SAR and ISAR algorithm 6.1141

After the preprocessing, the hybrid SAR and ISAR imaging
algorithm can be applied. The imaging results before and after
the preprocessing for the first target are shown in Figs. 29 and
30, where a) is the SAR image via the CS algorithm, and b) is the
radar image via the hybrid SAR and ISAR imaging algorithm.
The image entropies of Figs. 29 and 30 are listed in Table XII,
which describe that the radar images after the preprocessing have
the equal quality with the radar images before the preprocessing.

Case 2. Imaging Results of Ship Target 2: First, the Doppler
frequency comparison between f4(k) and f5 (k) is shown in
Fig. 31. The orange area in Fig. 31 describes that the curves of
fa(k) and £% (k) have similar trends. Then, the residual Doppler
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Fig. 34.  Optimal imaging time interval of the second target.

frequency is estimated and shown in Fig. 32. To evaluate its
stationarity, the PDF of fj (k) is estimated as shown in Fig. 33,
and the central frequency and optimal bandwidth is 1.86 and
4.79 Hz, respectively. Afterward, the optimal time interval can
be selected as shown in Fig. 34.

The time intervals and pulse numbers before and after the pre-
processing are listed in Table XIII, respectively. Compared with
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TABLE XIII
TIME INTERVALS AND PULSE NUMBER OF THE SECOND TARGET
BEFORE AND AFTER PREPROCESSING

Imaging time Time interval Pulses
Before preprocessing [12.15 s, 19.06 s] 3458
After preprocessing [14.11s,17.36 5] 1626
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Fig. 35.  Actual SAR data imaging results for the second target before the
preprocessing. (a) SAR image via CS algorithm. (b) Radar image via hybrid
SAR and ISAR algorithm.
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Fig. 36. Actual SAR data imaging results for the second target after the
preprocessing. (a) SAR image via CS algorithm. (b) Radar image via hybrid
SAR and ISAR algorithm.

TABLE XIV
ENTROPIES OF DIFFERENT RADAR IMAGES FOR THE SECOND TARGET

Preprocessing Imaging algorithm Image entropy

Before CS algorithm 9.4740
Hybrid SAR and ISAR algorithm 6.7523
After CS algorithm 9.4360
Hybrid SAR and ISAR algorithm 6.7474

the pulse number before the preprocessing, the pulse number is
decreased about 1.13 times. Hence, the proposed approach can
reduce the computational complexity.

The imaging results before and after the preprocessing for the
second target are shown in Figs. 35 and 36, respectively, where
a) is the SAR image via the CS algorithm, and b) is the radar
image via the hybrid SAR and ISAR imaging algorithm. The
image entropies are listed in Table XIV, which can illustrate
that the image qualities before and after the preprocessing are
equal.

Given above, the proposed approach can reduce the compu-
tational complexity and ensure the image quality.
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V. CONCLUSION

In this article, an efficient preprocessing approach is proposed
to address the issues of high computational complexity for the
hybrid SAR and ISAR imaging procedure. The key of reducing
computational complexity is to select the echo segment with the
steady residual Doppler frequency after SAR processing.

First, the residual Doppler frequency is analyzed, which can
reflect the status of illumination and movement of target. Then,
the stationarity of the residual Doppler frequency is evaluated.
Considering that the steady Doppler frequencies are concentrat-
ing on a stationary frequency, we applied the kernel distribution
to determine the frequency range in which they locate. On this
basis, the optimal imaging time interval can be selected, and the
procedure of preprocessing approach can be accomplished.

The proposed approach can determine the optimal imaging
time interval during the SAR processing, which can efficiently
reduce the computational complexity and ensure the image
quality. Radar imaging results of simulated and actual SAR
data are given to illustrate the effectiveness of the novel method
proposed in this article.
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