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KEYWORDS Abstract This paper proposes a novel inverse synthetic aperture radar (ISAR) imaging method
Formation flying; based on second-order keystone transform (KT) and Sandglass transform for group targets flying
Group targets; in a formation with constant accelerated rectilinear motion in the same radar beam. First, range cur-
Inverse synthetic aperture vature and range walk of each sub-target among group targets are corrected by the second-order KT
radar; combined with the quadratic phase term compensation. After range alignment, the signals in each
Keystone transform; range frequency cell can be modelled as multiple chirp signals and then the Sandglass transform is uti-
Radar imaging; lized to cross-range imaging, which transforms the time—frequency distribution of the signals in each
Sandglass transform range frequency cell into beelines parallel to the slow time axis simultaneously. Finally, cross-range

profiles of group targets in each range frequency cell are obtained via a projection of the perk of every
scatterer in the two-dimensional accumulation plane onto the frequency axis. The advantage of the
proposed method is that it can align range profiles of each sub-target simultaneously and image
cross-range profiles directly without separating the returned signals, which simplifies the operation
procedure. Simulation results are used to demonstrate the effectiveness of the proposed method.
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1. Introduction radar.” When ISAR imaging is applied to imaging of multiple
targets moving in a formation, the conventional motion com-
pensation methods, which are suitable for a single moving tar-
get, cannot obtain a well-focused ISAR image due to the low
correlation between adjacent range profiles."* ° For simplicity
of presentation, multiple targets flying in a formation in the
same radar beam are defined as group targets and the individ-
_— ' ual one among group targets is defined as sub-target.
Corresponding author. Tel.: +86 731 84576401 Currently, methods for group targets ISAR imaging are
E—mgil addresses: nudtatr_cj@163.com (J. Chen), htxiao@ 126.com mainly composed of two types. Time—frequency analysis algo-
(H. Xla(?)' o o . rithms are used in the first method for simultaneous motion
Peer review under responsibility of Editorial Committee of CJA. compensation and imaging.(ﬂ However, the time-frequency
transforms are confronted with cross-terms or low frequency
. resolution. The second method images each sub-target via
ELSEVIER Production and hosting by Elsevier separating the returned signals. This method can be further

Inverse synthetic aperture radar (ISAR) imaging is a type of
technique to acquire an image of a moving target.' An ISAR
image of the target can be generated by coherently processing
the returned signals at a different aspect angle relative to the
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summarized as two types. In the first type, the signals are
separated with different parameters of each sub-target.® '!
However, it is difficult to separate the signals when the differ-
ence of parameters of each sub-target is small. In the second
type, the signals of each sub-target are separated from the bulk
image.'> '* In this method, motion parameters are estimated to
generate the bulk image. However, this method is likely to fail
when the precision of the estimated parameters is low.

In this paper, a simultaneous ISAR imaging method is pro-
posed for group targets with constant accelerated rectilinear
motion in the same radar beam. Firstly, the range curvature of
group targets is corrected simultaneously by the second-order
KT without knowing their accelerations and the fractional Fou-
rier transform (FrFT) is utilized to estimate the Doppler chirp
rate, followed by the quadratic phase term compensation. Then,
the second-order KT is again used to correct range walk for all
sub-targets. Secondly, because the slow time signals in each
range frequency cell are multiple chirp signals after range align-
ment, the Sandglass transform, which is based on a scale trans-
form, is used to transform the time—frequency distribution of the
slow time signals in each range frequency cell into beelines par-
allel to the slow time axis simultaneously. Finally, cross-range
profiles of group targets in each range frequency cell are
obtained via projection of the perk of every scatterer in the
two-dimensional accumulation plane onto the frequency axis.
The proposed method avoids signals separation and can per-
form motion compensation and imaging simultaneously.

The remainder of this paper is organized as follows. After
review of the group targets ISAR imaging model in Section 2
and Section 3 describes the proposed imaging algorithm. In
Section 4, simulation results are presented to prove the
effectiveness of the proposed method. Section 5 presents the
conclusions drawn from this work.

2. Model of group targets ISAR imaging

2.1. Geometric model

The geometric model of two sub-targets flying towards the
same direction with a uniformly rectilinear motion is shown
in Fig. 1, where d and O are the distance and middle point
between the two sub-targets, respectively, R is the distance
from the radar to the middle point O, f is the angle between
the target orientation and the x-axis, 0 is the angle between
the line-of-sight of the two sub-targets, and ¢; and ¢, are
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Fig. 1  Geometry of two sub-targets flying in a formation.

the angle between the target orientation and the line-of-sight
from the radar to the sub-targets 77 and 75, v; and v, are
the velocity of sub-targets 77 and 75, respectively. In Fig. I,
as the two sub-targets are close to each other, it is difficult
to separate them in range domain. Thus, it lies on the Doppler
difference of the two sub-targets to separate them in azimuth
domain.

The initial radial velocity of the sub-targets 77 and T, are v;
cos ¢ and v, cos ¢, respectively. Then, when d/R<1, 0 is
very small and the Doppler difference between the sub-targets
T and T, can be approximately expressed as
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where A is the wavelength. In Eq. (1), we assume that the veloc-
ity difference between the sub-targets 77 and 75 is small and
their velocities are set to be .

When the angle ¢, is close to 0° or 180°, it is worth noting
that the Doppler difference between the sub-targets 7', and T,
approaches to zero. In this case, they can be considered as a
single target and the well-focused ISAR images of them can
be obtained by the conventional motion compensation meth-
ods. However, if the Doppler difference between the sub-tar-
gets Ty and T is large, it is indicated that the sub-targets T}
and T have different Doppler history functions and cannot
be considered as a single target. By applying the conventional
motion compensation methods, the azimuth focusing of the
sub-targets 7, and 7T, cannot be well performed and they can-
not be clearly imaged.

2.2. Signal model

Supposing that the radar transmits a total of M chirp pulses

St(1) = p(t — mT,) expi2nf, (¢ — mT,)
(m=0,1, ..., M—1) 2)

where 7, denotes the pulse repetition interval, f. denotes the
carrier frequency, and p(-) can be expressed as

o) = et () exp (- f’) )

where T}, denotes the pulsewidth and B denotes the bandwidth.

We assume that Sg(7,1,) denotes the echoes, where
{=t—1t,and t,, = mT, denotes the fast time and slow time,
respectively. Then, for scatterer P, its echo can be expressed as

Swrliyt) = App (f - %) exp {jhfc <i - 2"%(”"))}

(4)
where 4p denotes the strength of scatterer P, Rp(t,,) denotes
the distance between the scatter P and the radar, c is the light

speed.
After down conversion, Eq. (4) can be rewritten as

Selitn) = A (1= 220 Y exp (¥ Roe)) (5
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