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ABSTRACT

ISAR imaging is described for general motion of the radar
target. ISAR imaging may be seen as a 3D to 2D projection,
and the importance of the ISAR image projection plane is
stated. For general motion, ISAR images are often smeared
when using FFT processing. Time frequency methods are
used to analyze such images, and to form sharp images. A
given smeared image is shown to be the result of changes
both in scale and in the projection plane orientation.

1. INTRODUCTION

Inverse synthetic aperture radar (ISAR) is a technique where
a radar image may be formed of a target that rotates relative
to the radar [1]. The first systems were used for controlled
turntable measurements, and this is still an important tech-
nique for high resolution radar cross-section (RCS) mea-
surement. Generally, relative motion between the radar and
the target causes an effective rotation of the target as seen
from the radar. The effective rotation is a combination of
translation-induced aspect change and target internal rota-
tion. The important difference from the turntable is that the
target rotation is unknown, and can be complicated [2].

ISAR imaging has mathematical similarities with com-
puted tomography as used in medical and other applications
[3]. In such a description, projections play an important
role. Radar range profiles are 3D to 1D projections, and the
usual challenge is to construct a 2D image from the 1D pro-
jections. There is a potential for making 3D images [2], but
this is feasible only for motions resulting in projections that
cover 3D spatial frequency domain. If the motion is fairly
simple, only 2D images are useful.

The traditional way to describe ISAR imaging is using
the range-Doppler formulation [4]. Here, a scatterer on the
target is located in range using radar range resolution, and in
cross-range using Doppler resolution. Considering general
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cases, projections still play an important role, and the con-
cept of an ISAR projection plane is useful. We review some
results from the last few years considering target motion,
projection and image smearing.

2. RANGE-DOPPLER ISAR

2.1. Imaging System Model

ISAR imaging requires that the target rotates relative to the
radar, so that projections of the target may be formed from
different angles. A radar high resolution rangeprofile is the
projection of the 3D target scattering distribution down onto
a 1D line in the range direction. Accordingly, the distances
to the scattereres are measured using the radar range resolu-
tion, but all scattereres that are within a shell with the thick-
ness of the range reolution, sum coherently and appear in
the same cell in the range profile. When the target rotates,
consecutive range profiles are seen from slightly different
angles, and the projections become different. Reconstruct-
ing the 2D or 3D target structure from the projections is the
heart of ISAR imaging.

When the target rotation is simple as for a turntable sys-
tem [1], the image formation is quite easy. For sufficiently
small angles of rotation, FFT-based range-Doppler process-
ing is enough. Real targets such as boats, ground vehicles
and aircraft are different [5, 6, 7]. Due to the target motion,
the effective rotation is not like a turntable at all. Instead,
the rotation is described by the angular velocity vector, a
vector with three in general time dependent components [5]

ω(t) = [ω1(t), ω2(t), ω3(t)]
T . (1)

It is convenient to define a coordinate system with the x-
axis along the radar boresight as shown in Fig. 1. The ori-
gin is chosen to be coincident with the center of rotation of
the target. When this is the case, and the rotation is suffi-
ciently small, the Doppler shift corresponding to a scatterer
in position r0 = [x0, y0, z0]

T with respect to the target body
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Fig. 1. The geometry for ISAR imaging when target 3D
structure and general rotation is taken into account.

coordinates may be found as

fd ≈ (2/λ) (ω3y0 − ω2z0)
= (2/λ) |ω⊥ × r0⊥|
= (2/λ) ω⊥r0⊥ sinα,

(2)

with ω⊥ = [0, ω2, ω3]
T and r0⊥ = [0, y0, z0]

T , the com-
ponents of the angular velocity and the scatterer position
perpendicular to the radar range direction. We see that the
ω1-component of the angular velocity does not cause any
Doppler shift. The reason is that a pure rotation around the
radar boresight does not change scatterer distance from the
radar. The usual 2D turntable formulation corresponds to
ω3(t) = Ω, a constant, and ω2 = 0, giving fd = 2Ωy0/λ.

2.2. ISAR Imaging Projection Plane

It is clear from the previous section that a scatterer may be
positioned in range using the radar range resolution, and in
cross-range using the Doppler frequency. Accordingly, it is
possible to obtain an image of the radar scattering, a two-
dimensional representation of the electromagnetic scatter-
ing properties of the target. The normal vector giving the
ISAR projection plane is found simply as

n̂ =
ω⊥

|ω⊥|
. (3)

The scaling factor between distance in the projection plane
and measured Doppler frequency is equally simple

d =
λ

2 |ω⊥|
fd. (4)

Accordingly, it is easy to from an image when the angu-
lar veloity vector is simple. The traditional FFT-based pro-
cessing requires constant angular velocity. But the angular
velocity is often a complicated function. For ground tar-
gets and aircraft, manoeuvres cause complicated rotation,
while ships are affected by wave motion. An example [5]

Fig. 2. Two ISAR images formed using conventional ISAR
processing. Range is along the y-axis and cross-range
(Doppler) is along the x-axis.

is given in figure 2. Two ISAR images formed using con-
ventional FFT-based processing are given. They are formed
from consecutive blocks of radar data, but the difference is
striking. One image (upper) is reasonably focused, and it
is easy to recognize the outline of an aircraft. The other
(lower) is by comparison smeared. The smearing is caused
by two effects. The first is that the angular velocity vec-
tor magnitude changes during the time of integration. This
changes the scaling. The second is that the angular velocity
vector changes direction. This changes the ISAR projection
plane.

As seen from equation (2), changes in both the angular
velocity vector magnitude ω⊥ and in the angle between the
angular velocity vector and the position vctor of the scat-
terer α affect the Doppler shift. Particularly the angle α can
be very sensitive to target manoeuvres. Spectacular exam-
ples of this effect has been shown for ISAR imaging of ships
[7].

3. TIME-FREQUENCY ISAR

Time-frequency methods offer an advantage over conven-
tional FFT-based methods when analyzing complicated cases
[8, 9]. However, it is well known that choosing a method is
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not an easy task [10]. Considering the demands posed by an
ISAR processor of both the highest possible resolution and,
at the same time sufficient dynamic range to take into ac-
count the high variability of reflector strength on man-made
targets, it seems clear that the class of quadratic methods is
best. The class of quadratic methods is known as the Co-
hen’s class. This class holds the promise of full resolution,
even for time-varying signals. The Cohen’s class are all de-
scribed by [11]

C(t, fd) =

∫
∞

−∞

∫
∞

−∞

W (u, v)Ψ(u−t, v−fd) du dv. (5)

Here, W (t, fd) is the baseline Wigner-Ville distribution

W (t, fd)
=

∫
∞

−∞
s(t+ τ/2)s∗(t− τ/2) exp(−j2πfdτ) dτ.

(6)

Hence, all the instances of Cohen’s class may be seen as the
Wigner-Ville distribution convolved with various kernelsΨ.
Relevant choices are smoothing kernels that reduce the high
level of interference between various components of the ba-
sic signal s(t). For efficiency, the smoothing can be carried
out on the ambiguity function which is the 2D Fourier trans-
form of the Wigner-Ville distribution. In this domain, the
convolution becomes a multiplication. Depending on the
choice of kernel, we trade between resolution and interfer-
ence level. The baseline Wigner-Ville is known to perfectly
localize the time-frequency content of a single linear chirp,
but with almost any other kind of signal, the interference
makes it next to useless. At the other end of the scale is
the short-time Fourier transform (STFT) that has almost no
interference problems. The resolution is, however, coarse
compared with other methods. Still, the STFT is very use-
ful for the applications where the resolution is adequate.

A first-try quadratic method that we often find useful, is
the smoothed pseudo Wigner-Ville distribution (SPWVD).
The SPWVD is an example of a Cohen’s class distribution,
where the kernel function is separable to provide indepen-
dent smoothing in time and frequency. The expression for
the SPWVD is [12]

SPW (t, fd)
=

∫
∞

−∞
h(τ)

∫
∞

−∞
g(s− t)x(s+ τ/2)

×x∗(s− τ/2) ds exp(−j2πfdτ) dτ.
(7)

We are free to choose the length and type of the smoothing
windows g(t) and h(t). A typical choice is the Hamming
window, which we use in the following.

Using the SPWVD on each range line of the blurred
image, we obtain a stack of images corresponding to the
one we get from FFT based processing. Three examples
are given in figure 3. Between the first and the last image,
we see mainly a scaling change, and we can assume only a
change of angular velocity magnitude. By comparison, the

Fig. 3. Time-frequency images at three different times dur-
ing the coherent integration time of the blurred image.

middle image shows distortion (effectively different scale
changes for different scatterers), and we conclude that the
projection plane also changes. The smearing may thus be
explained by change in scaling and projection plane during
the time of integration for the FFT-based processing.

4. CONCLUSIONS

ISAR imaging is a method where target rotation makes it
possible to generate a radar image of the target. The ef-
fective rotation is caused by translation as well as target in-
ternal rotation. ISAR imaging may be seen as a 3D to 2D
projection, and the projection plane normal vector is given
by the angular rotation vector of the target. When target
motion is complicated during the time of integration, con-
ventional images are smeared. A time-frequency method
is then an attractive alternative, as such methods have the
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potential for revealing the changing frequencies caused by
the motion. An example was given, showing that smearing
could be explained by changes in the projection during the
time of intergration.
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