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The detection and identification of ship targets navigating in coastal areas are essential in order to prevent maritime accidents
and to take countermeasures against illegal activities. Usually, coastal radar systems are employed for the detection of vessels,
whereas noncooperative ship targets as well as ships not equipped with AIS transponders can be identified by means of dedicated
active radar imaging system by means of ISAR processing. In this work, we define a parasitic array receiver for ISAR imaging
purposes based on the signal transmitted by an opportunistic coastal radar over its successive scans. In order to obtain the proper
cross-range resolution, the physical aperture provided by the array is combined with the synthetic aperture provided by the target
motion. By properly designing the array of passive devices, the system is able to correctly observe the signal reflected from the
ships over successive scans of the coastal radar. Specifically, the upper bounded interelement spacing provides a correct angular
sampling accordingly to the Nyquist theorem and the lower bounded number of elements of the array ensures the continuity of
the observation during multiple scans. An ad hoc focusing technique has been then proposed to provide the ISAR images of the
ships. Simulated analysis proved the effectiveness of the proposed system to provide top-view images of ship targets suitable for
ATR procedures.

1. Introduction

The monitoring and protection of the coastal area are a pri-
mary task to improve the situation awareness in the maritime
domain and considerably efforts have beenmade over the last
years to improve the levels of safety and security by using
available monitoring and control systems [1]. Ground-based,
airborne, and spaceborne radar sensors play a fundamental
role in the framework of maritime surveillance, due to their
capability to detect, track, and possibly image ship targets
autonomously and continuatively, night and day and even in
hardmeteorological conditions. Aswell as the employment of
active radar systems, over the last years a number of studies
concerning passive radar systems for marine applications
have been conducted, essentially motivated by the well-
known benefits of passive radars. Indeed, since only the
receiver has to be designed and developed, such kind of
systems is extremely of low cost if compared to conventional

active systems. Typically, they have small dimensions and
hence can be deployed in place where heavy conventional
radars cannot be. In addition, since they do not emit any
waves, they provide increased antijamming capabilities as
well as reduced environmental pollution. In the field of mar-
itime surveillance, different opportunity illuminators have
been proved able to increase safeguarding coastlines, such as
geostationary telecommunication satellites [2, 3], digital ter-
restrial television transmitters [4, 5], andWiMAX [6] and cell
phone [7] base stations. On the other hand, since the trans-
mitted waveforms are designed for different purposes, they
are not optimal for radar applications. A different solution
is to exploit the signals emitted by opportunistic radar.

Traditionally, the control of the traffic along the coast is
accomplished by the use of a ground-based radar system hav-
ing its antenna rotating with a speed of 10–30 rpm, azimuth
beamwidth of 0.4–2∘, and a range resolution of few meters.
Moreover, they are often equipped with a second antenna
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able to receive the Automatic Identification System (AIS)
signal transmitted by cooperative vessels, which provides to
the marine traffic coordinator their unique identifiers, as well
as their courses and speeds. However, information as much
as possible has to be gathered about noncooperative targets,
which may be involved in illegal activities such as piracy,
human smuggling, or terrorist actions. Furthermore, small-
sized vessels often do not carry an AIS transponder, and they
could potentially increase the insurgence of accidents. Auto-
matic Target Recognition (ATR) procedures greatly helpmar-
itime safety and security organizations, and often they rely on
radar images. Nevertheless, the antenna angle resolution of a
coastal radar is not sufficient to provide an image suitable for
the recognition of the detected ship. However, by exploiting
the well-known principle of the Inverse Synthetic Aperture
Radar (ISAR) [8, 9], radar images with sufficient resolution
for recognition can be obtained and employed in ATR proce-
dures [10]. In this work, we consider a parasitic radar system
that exploits the friendly emissions of a coastal radar in order
to provide ISAR images of ship targets.

As is well known, ISAR technique exploits the ship
movements with respect to the stationary radar to produce an
image of the ship itself. Usually, the rotational motion of the
ship around its center of gravity induced by the sea waves is
exploited to produce the Doppler gradient needed to achieve
the desired cross-range resolution. However, in the case of
low sea-state this ship rotation can be negligible or not suffi-
cient for the formation of the ISAR image. In such a case, it is
of interest to develop an ISAR mode relying on the trans-
lational motion only. As typical ship velocities are limited
to about twenty knots (about 10m/s), ship reflected signals
have to be integrated over a long integration time to achieve
an ISAR image with reasonable resolution. While the radar
antenna rotates, it illuminates the target for a time interval
given by the time-on-target. Typical values of the scan rates
and azimuth beam widths for a coastal radar entail times-on-
target of tens of milliseconds, certainly too short for imaging
purposes. Nevertheless, the target is again illuminated after a
time interval equal to the time needed to the antenna to com-
plete a scan, and by exploiting the signal reflected by the ship
over successive scans, a processing time long enough for the
ISAR process can be obtained. On the other hand, the usual
values of the scan rates of the coastal radar give rise to sam-
pling frequencies considerably lower than the Doppler band-
width and therefore the coastal radar by itself cannot carry
out a proper sampling of the azimuth signal.

The solution proposed here to achieve a proper sampling
of the signal in the azimuth domain is to use an array of
passive sensors located near the coast receiving the signal
transmitted by the coastal radar over its successive scans (and
otherwise not involved in the imaging activity) and reflected
by the ship.The proper configuration of the array parameters,
that is, number of elements and their reciprocal distance,
is therefore linked to the parameters of the coastal radar as
well as the target motion (a preliminary assessment of the
system has been presented in [11]).Then, by jointly exploiting
the physical aperture provided by the parasitic array and
the synthetic aperture based on the target motion, a proper
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Figure 2: Top view of the system geometry.

processing of the data provides a well-focused image to be
efficiently employed in ATR procedures.

The remainder of the paper is organized as follows:
Section 2 describes the geometry of the system and the signal
model; the receiver array configuration is derived in Section 3
and the data processing in Section 4; simulated results are
provided in Section 5 and Section 6 concludes the paper.

2. System Geometry and Echo Model

The operative scenario is depicted in Figure 1. A coastal radar
working in X-band (wavelength 𝜆 = 3 cm) monitors the
littoral traffic. An array of passive devices is located near the
coast, collecting the signal transmitted from the coastal radar
and reflected from a moving ship. The ship is modeled as
a rigid body in the far field characterized by 𝐾 dominant
scattering centerswith complex reflectivity constant along the
length of synthetic aperture.The ship is assumedmovingwith
translationmotion and negligible rotations (i.e., low sea-state
conditions).

The geometry of the system is depicted in Figure 2. For the
sake of simplicity in the subsequent derivation, we consider
the elements of the array receiver and the coastal radar
aligned along the 𝑥 direction. Within this reference system,
coastal radar coordinates are given by

𝑥TX = −𝐻
0
,

𝑦TX = −𝑅
0
,

𝑧TX = 𝑍T.

(1)
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Let 𝑁 be the number of elements of the array and Δ the
interelement distance, and the 𝑛th receiving element position
(𝑛 = 1, . . . , 𝑁) is

𝑥RX𝑛 = 𝐹
0
+ (𝑛 − 1) Δ,

𝑦RX𝑛 = −𝑅
0
,

𝑧RX𝑛 = 𝑍R.

(2)

The coastal radar illuminates the target each 𝑇scan sec-
onds, whose value depends on the rotation speed of its
antenna. Let 𝑀 be the number of processed scans and let �⃗�
be the target velocity vector, and the 𝑘th scatterer position at
the𝑚th scan (𝑚 = −𝑀/2, . . . ,𝑀/2 − 1) is given by

𝑥
𝑘
(𝑚) = 𝑥

0

𝑘

+

�⃗�

cos (𝜃h)𝑚𝑇scan,

𝑦
𝑘
(𝑚) = 𝑦

0

𝑘

+

�⃗�

sin (𝜃h)𝑚𝑇scan,

(3)

where 𝜃h is the target heading angle and (𝑥
0

𝑘

, 𝑦
0

𝑘

) are the
scatterer coordinates at the central scan instant.

Without loss of generality, we assume the target reference
point located in (𝑥

0

0

, 𝑦
0

0

) = (0, 0). For such a scatterer, the
signal received from the 𝑛th array element during the 𝑚th
scan is given by

𝑠
0
(𝑚, 𝑛) = 𝐴

0
⋅ exp {−𝑗2𝜋

𝜆
[𝑅TX (𝑚) + 𝑅RX𝑛 (𝑚)]} , (4)

where 𝑅TX(𝑚) and 𝑅RX𝑛(𝑚) are the target to transmitter and
target to 𝑛th receiver distances, respectively, and 𝐴

0
is its

complex amplitude. By expanding the bistatic ranges in (4) in
Taylor series and stopping at second order, we obtain

𝑠
0
(𝑚, 𝑛) ≅ 𝐴

0
⋅ exp {−𝑗2𝜋

𝜆
[(𝜎TX + 𝜎RX𝑛)

+ (𝛼TX + 𝛼RX𝑛) ⋅ 𝑚𝑇scan +
1

2
(𝛽TX + 𝛽RX𝑛)

⋅ (𝑚𝑇scan)
2

]} .

(5)

Let 𝑉
𝑥

= |�⃗�| cos(𝜃h) and 𝑉
𝑦

= |�⃗�| sin(𝜃h) be the target
velocity components along the 𝑥 and 𝑦 directions, respec-
tively, and the polynomial phase coefficients in (5) are as
follows:

𝜎TX = √𝐻2
0

+ 𝑅2
0

+ 𝑍2T,

𝜎RX𝑛 = √(𝐹
0
+ (𝑛 − 1) Δ)

2

+ 𝑅2
0

+ 𝑍2R,

𝛼TX =
𝐻
0
𝑉
𝑥
+ 𝑅
0
𝑉
𝑦

𝜎TX
,

𝛼RX𝑛 =
− (𝐹
0
+ (𝑛 − 1) Δ)𝑉

𝑥
+ 𝑅
0
𝑉
𝑦

𝜎TX
,

𝛽TX =
(𝐻
0
𝑉
𝑦
+ 𝑅
0
𝑉
𝑥
)
2

𝜎3TX
,

𝛽RX𝑛 =
((𝐹
0
+ (𝑛 − 1) Δ)𝑉

𝑦
+ 𝑅
0
𝑉
𝑥
)
2

𝜎3RX𝑛
.

(6)

It is worth to explicitly notice that in practice the altitudes of
both transmitter and receiving array,𝑍T and𝑍R, respectively,
are considerably lower than the target distance. Conse-
quently, the only effect of the difference among the transmit-
ter, receiver, and target heights is a slight difference between
the ground plane and the image (i.e., slant) plane. Therefore,
in the following for the sake of clearness we refer to the
coplanar geometry.

Finally from (5)-(6), it is easy to obtain the expression of
the received signal from the 𝑘th scatterer 𝑠

𝑘
(𝑚, 𝑛) by replacing

𝐻
0
with 𝐻

𝑘
= 𝐻
0
+ 𝑥
0

𝑘

, 𝐹
0
with 𝐹

𝑘
= 𝐹
0
− 𝑥
0

𝑘

, and 𝑅
0
with

𝑅
𝑘
= 𝑅
0
+ 𝑦
0

𝑘

.

3. Design of the Array

In order to design the array, we have to set the number of its
elements and their distances. The configuration has to allow
obtaining an ISAR image of the ship with proper cross-range
resolution.The achievable cross-range resolution 𝜌cr depends
on the overall view angle Δ𝜃 observed during the aperture
time 𝑇a [9]:

𝜌cr =
𝜆

2Δ𝜃
. (7)

For a target at distance 𝑅
0
moving with velocity compo-

nent 𝑉
𝑥
along the 𝑥 direction, Δ𝜃 is given by

Δ𝜃 =
𝑇a
𝑉𝑥



𝑅
0

. (8)

In the framework of coastal surveillance, typical speeds of
the targets of interest are in the order of 1–20 kt and the range
is in the order of tens of kilometers. It is easy to verify that
we need aperture times in the order of ten seconds to reach
resolution values suitable to provide images to be employed in
ATR procedures. Since the radar antenna rotates with speed
of about 10–30 rpm, 𝑇scan is 2–6 s, and hence we need to
observe the target for𝑀 successive scans.Therefore, in order
to obtain a desired value 𝜌cr of cross-range resolution, we
need to form a synthetic aperture over a number of scans
given by

𝑀 =
𝜆𝑅
0

2𝜌cr𝑇scan
𝑉𝑥



. (9)

The Doppler bandwidth provided by the target can be
written as

𝐵d =
4
𝑉𝑥



𝜆
sin(Δ𝜃

2
) ≈

2
𝑉𝑥

 Δ𝜃

𝜆
=

𝑉𝑥


𝜌cr
. (10)
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Its inverse is the sampling period requested by the Nyquist
theorem. Through its rotations, the coastal radar operates a
sampling of the signal with a period equal to 𝑇scan, which is
greater than 𝜌cr/|𝑉𝑥| for practical situations. For example, if
we aim at obtaining a resolution of 2m for a target moving
with tangential velocity 2.5m/s (≈5 kt), 𝑇scan should be 0.8 s
that would require the antenna rotating with a speed of
75 rpm, much greater than the rotation speeds commonly
employed by coastal radars.

Nevertheless, due to their physical distance, the (𝑛 + 1)th
element of the array will receive the samples with a delay with
respect to the 𝑛th element, and this delay is given by

𝜏 =
1

2

Δ
𝑉𝑥



. (11)

In the above equation, the coefficient 1/2 is due to the bistatic
geometry of the system. Indeed, since a bistatic acquisition is
equivalent to amonostatic acquisition located on the bisector
between the transmitter and receiver line-of-sights [12–14], a
virtual array of𝑁 elements having interelement spacing equal
to half of the physical distance is achieved; see Figure 2.

Since the Nyquist theorem requires 𝜏 ≤ 𝐵
−1

d , we have
to impose a maximum distance between the elements of the
array; by carrying out the calculus, from (9), (10), and (11) we
found that Δ has to be at least twice the desired cross-range
resolution:

Δ ≤
𝜆𝑅
0

𝑀𝑇scan
𝑉𝑥



= 2𝜌cr. (12)

Therefore, we can set Δ = 2𝜌cr/𝜇, where 𝜇 ≥ 1.
As previously discussed, in order to increase the azimuth

resolution, the target is observed for𝑀 successive scans.This
imposes the time interval Δ𝑇 covered by the array during the
single-scan to be at least equal to 𝑇scan, thus avoiding gaps
between successive scans. Δ𝑇 is 𝑁 times 𝜏, and therefore,
from (9) and (11)

𝑁𝜏 ≥ 𝑇scan ⇒ 𝑁 ≥ ⌈2𝜇𝑀
𝑇
2

scan
𝑉𝑥


2

𝜆𝑅
0

⌉ , (13)

where ⌈(⋅)⌉ is the ceil operator needed to have an integer
number of elements. From (12) and (13) we get the physical
extension of the array; that is,

𝐿A = 𝑁Δ = 2𝑇scan
𝑉𝑥

 . (14)

Finally, to complete the design of the array the value of 𝜇
has to be set.The condition 𝜇 = 1 represents the less demand-
ing configuration for the array, since it corresponds to having
the minimum number of elements separated as much as
possible. Nevertheless, the interelement distance affects the
nonambiguous azimuth swath 𝑊. Indeed, the angular sam-
pling 𝛿𝜃 is given by Δ/2𝑅

0
, and from (9) and (12) we obtain

𝑊 =
𝜆

2𝛿𝜃
= 𝜇𝑀𝑇scan

𝑉𝑥
 = 𝜇𝐿 s, (15)

𝐿 s = 𝑀𝑇scan|𝑉𝑥| being the length of the synthetic aperture. In
the event that, for a givenΔ value,𝑁 is theminimumnumber

of elements, 𝐿 s = (Δ/2)𝑀𝑁, where the ceil operator in (13)
has been neglected. Let 𝐷 be the maximum size of the ship
along the cross-range dimension; it must be

𝜇 ≥
𝐷

𝐿 s
. (16)

As an example, let us consider a ship moving with |�⃗�| =
5m/s along the positive 𝑥 direction at a distance 𝑅

0
= 10 km.

A coastal radar with a scan rate of 20 rpm (corresponding to
𝑇scan = 3 s) detects and tracks the ship.We aimat obtaining an
ISAR image of such target with 𝜌cr = 2.5m. To the purpose,
we need 𝑀 = 4 scans, (9), and the receiving array has to be
composed by elements at a distance of 5/𝜇meters. By setting
𝜇 = 1 and choosing for 𝑁 the minimum allowed value, we
obtain an array of 6 elements at a distance of 5m. In such
conditions, the array is able to correctly sample the signal over
the whole aperture time, and by the proper processing of the
data (addressed in the following section), the ISAR image can
be obtained. However, the choice 𝜇 = 1 entails an azimuth
swath equal to 60m and target with size larger than such a
value will suffer from aliasing effects. If 𝐷 = 100m, we have
to set𝜇 ≥ 1.67 to have a sufficient large swath. For example, by
setting 𝜇 = 2, we obtain an array of 12 elements with interele-
ment distance 2.5m able to image unambiguously target
of maximum length 120m at 10 km range.

As it has been shown by the above equations, for given
transmitter parameters of the coastal radar, the array design
depends on the parameters of the target, specifically on its dis-
tance from the radar system 𝑅

0
and on its tangential velocity

|𝑉
𝑥
|. Obviously, the array has to be designed in order to fulfill

the imaging requirements for the most demanding cases,
represented by the shorter distance and the faster target. Let
|�⃗�| = 10m/s (≈20 kt) be the maximum speed considered for
the ship targets of interest, and suppose the system surveying
a large corridor going from 𝑅min = 4 km till 𝑅max = 20 km
range. Furthermore, we assume a maximum extent of the
ship 𝐷 = 100m. Figure 3 shows the main parameters of the
array for the different distance and tangential velocity couples
for the case of a coastal radar with𝑇scan = 3 s. As we expected,
the maximum number of elements at the lowest interelement
distance is obtained for the target moving at the maximum
speed and at the minimum distance at the same time. In such
a situation, we have to configure an array with 50 elements
with spacing 1.2m.

Let us now consider a target moving at a distance greater
than 𝑅min. Since𝑊 = 𝜆𝑅

0
/Δ, a larger azimuth swath will be

obtained, therefore allowing to correctly image targets with
𝐷 > 100m. On the other hand, for a given target velocity and
number of integrated scans, a worse resolution is obtained,
(7) and (8). However, by increasing the number of integrated
scans, desired resolution values can be reached.

Then, we analyze the case of a target moving with a
velocity lower than themaximum considered value for which
the array has been configured. As it has been previously dis-
cussed, the delay experienced by two adjacent elements of the
array is related to the tangential velocity of the target, (11), and
during a scan, the array covers a time interval equal to 𝑁𝜏.
In the event that Δ𝑇 = 𝑁𝜏 > 𝑇scan, during the (𝑚 + 1)th
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Figure 3: Array parameters as a function of the target parameters
(𝑇scan = 3 s).

scan the last elements of the array are still receiving the target
contributions due to the transmissions carried out at the𝑚th
scan. Therefore, as it has been sketched in Figure 4, in the
time domain an overlapping between signals received by the
array during successive scans will occur. Specifically, let 𝑁eq
be the number of elements such that𝑁eq𝜏 = 𝑇scan, the signals
received by the last (𝑁 − 𝑁eq) elements of the array during
the𝑚th scan overlap in time with the signals received by the
first 𝑁eq elements of the array during the (𝑚 + 1)th scan.
Consequently, in order to achieve a contiguous sampling of
the azimuth signal over 𝑀 > 1 scans, only the first 𝑁eq
elements of the array should be considered. It should be
pointed out that, in general, 𝑁eq is not an integer number,
and a fractioned number of elements of the array should be
selected. Such a problem can be faced by carrying out a proper
interpolation of the data, as it will be detailed in describing the
array data processing.

4. Array Data Processing

In this section, we present the processing of the data received
from the array to achieve the ISAR image of the target.
Section 4.1 deals with the case of amonodimensional azimuth
signal.The objective of the subsection is to illustrate the proof
of concept and highlight the main operations involved in the
azimuth compression. Based on the concepts illustrated in
Section 4.1, the focusing technique for a distributed target is
detailed in Section 4.2.

4.1. Monodimensional Azimuth Signal Proof of Concept. Let
us assume a single scatterer located in (𝑥0

𝑘

, 𝑦
0

𝑘

) at the reference
time, and supposewe aim at focusing it as observed in a single
scan. To the purpose, we need to compensate the phase shift
of the target as it moves through the aperture. Due to the
geometry of the system, we have two contributions. The for-
mer is due to the transmitter-target distance, and it is the same
for all the elements of the receiving array. The latter is due
to the target-receiver distance, and it varies with the element
index. The azimuth compression is therefore obtained by
multiplying the data received by each element of the array for
the complex conjugate of a common reference signal given by

𝑠
ref
TX = exp {−𝑗2𝜋

𝜆
[𝑎
0
+ 𝑎
1
𝑚𝑇scan +

𝑎
2

2
(𝑚𝑇scan)

2

]} (17)

and then, for the 𝑛th element, by multiplying the data for the
complex conjugate of the reference signal given by

𝑠
ref
RX𝑛 = exp{−𝑗

⋅
2𝜋

𝜆
[𝑏
(𝑛)

0

+ 𝑏
(𝑛)

1

𝑚𝑇scan +
𝑏
(𝑛)

2

2
(𝑚𝑇scan)

2

]} .

(18)

The coefficients (𝑎
0
, . . . , 𝑎

2
, 𝑏
(𝑛)

0

, . . . , 𝑏
(𝑛)

2

) are the coefficients
of the Taylor expansion of the bistatic distances for the scat-
terer located in (𝑥0

0

= 0, 𝑦
0

𝑘

), which can be obtained from (6)
by replacing𝑅

0
with𝑅

𝑘
= 𝑅
0
+𝑦
0

𝑘

.Thereby, the compensation
of the linear phase terms will result in a residual Doppler
centroid related to the 𝑘th scatterer position in the azimuth
domain. It should be also pointed out that, as usual in ISAR
processing, we neglect the variation of the Doppler rate with
the cross-range position of the scattererwhile, as stated above,
we take into account its variation along the range direction.
Then, by applying a FFT the scatterer ISAR profile can be
obtained.

Now, we aim at focusing the target observed over a num-
ber of successive scans. As discussed in Section 3, in general
the data received by the array during successive scans overlap
in time, and the selection of the first𝑁eq elements of the array
must be performed. Since such a number being an integer
number cannot be ensured, a proper interpolation of the
data must be performed in order to artificially increase the
time sampling. This task can be easily accomplished by zero
padding. After the data corresponding to the 𝑚th scan have
been compressed by multiplying the array data for the refer-
ence signals (17) and (18), a zero padding is performed in the
frequency domain. Let 𝑞 be the oversampling factor and the
sampling time is 𝜏/𝑞; for 𝑞 values high enough, we can assume
𝑞𝑁eq ≅ ⌈𝑞𝑁eq⌉, and therefore a more precise selection of
the data can be performed, thus ensuring a contiguous time
observation among successive scans. After the time oversam-
pling and selection of the data have been performed, vector
signals sint

𝑚

with dimension [1 × 𝑞𝑁eq] can be obtained by
interleaving the data corresponding to each scan. Two dif-
ferent strategies could be adopted to merge the data received
over the successive scans to provide the increased cross-range
resolution. The former operates in the time domain and it
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Neq

Neq
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Figure 4: Time intervals covered by the array over successive scans.

consists in placing side by side the single-scan data to
obtain the final vector sintTOT = [sint

1

, . . . , sint
𝑀

]; a FFT can be
subsequently applied thus obtaining the multiscan ISAR
profile.

The latter strategy operates in the frequency domain.The
single-scan ISAR profile can be obtained by applying a FFT
to each sint

𝑚

after they have been temporarily aligned. To this
purpose, for each scan a FFT can be applied to the vector
s̃int
𝑚

= [zleft
𝑚

, sint
𝑚

, zright
𝑚

], where zleft
𝑚

and zright
𝑚

are zero vectors
with dimensions [1 × 𝑞𝑁eq(𝑚 − 1)] and [1 × 𝑞𝑁eq(𝑀 − 𝑚)],
respectively.Then, by coherent summation of the single-scan
profiles, the multiscan ISAR profile is obtained.

So far, we considered completely negligible target rota-
tions. This is reasonable in our hypothesis of low sea-state
conditions, and the imaging of rotating ships could be
addressed by conventional ISAR techniques or by using for-
mations of active and passive radar sensors to reach high res-
olution products [13, 14]. Nevertheless, even though they are
limited, rotations may affect the imaging technique here pro-
posed.Therefore, the case in which the target motion is char-
acterized also by rotations is here discussed. In the case of a
jointly translating and rotating target, 𝑘th scatterer coordi-
nates (3) can be rewritten in matrix notation as

[
𝑥
𝑘
(𝑚)

𝑦
𝑘
(𝑚)

] = [
𝑥
0

𝑘

𝑦
0

𝑘

][
cos (𝜔𝑚𝑇scan) sin (𝜔𝑚𝑇scan)
− sin (𝜔𝑚𝑇scan) cos (𝜔𝑚𝑇scan)

]

+ [
𝑉
𝑥
𝑚𝑇scan

𝑉
𝑦
𝑚𝑇scan

] ,

(19)

where 𝜔 is the rotation speed. By carrying out the calculus,
we can write scatterer coordinates as

𝑥
𝑘
(𝑚)

= {𝑥
0

𝑘

[cos (𝜔𝑚𝑇scan) − 1] + 𝑦
0

𝑘

sin (𝜔𝑚𝑇scan)}

+ {𝑥
0

𝑘

+ 𝑉
𝑥
𝑚𝑇scan} = 𝑥

𝑉

𝑘

(𝑚) + 𝑥
𝜔

𝑘

(𝑚) ,

𝑦
𝑘
(𝑚)

= {𝑦
0

𝑘

[cos (𝜔𝑚𝑇scan) − 1] − 𝑥
0

𝑘

sin (𝜔𝑚𝑇scan)}

+ {𝑦
0

𝑘

+ 𝑉
𝑦
𝑚𝑇scan} = 𝑦

𝑉

𝑘

(𝑚) + 𝑦
𝜔

𝑘

(𝑚)

(20)

𝑥
𝑉

𝑘

and 𝑦
𝑉

𝑘

being the target coordinates for the only-
translating target and 𝑥𝜔

𝑘

and 𝑦𝜔
𝑘

the shifts due to the rotation.
As pointed out, the dwell time during a single scan is due

to the ratio between the antenna beamwidth and the scan
rate. For example, an antennawith rotation rate of 20 rpmand
beamwidth 0.6∘ provides a time-on-target of 5ms. In such a
limited interval, target rotation can be neglected and there-
fore the rotations do not affect the imaging processing within
a single scan. Nevertheless, the rotation causes aDoppler shift
experienced by the data received among the successive scans,
deriving from the different orientations of the target. Such a
Doppler shift can be written as

Δ𝑓
𝑘
(𝑚) =

2

𝜆

𝑉
𝑥

𝑅
0

𝛿
cr
𝑘

(𝑚) , (21)

where 𝛿
cr
𝑘

(𝑚) represents the cross-range shift due to the
difference in cross-range positionwith respect to the nominal
position accounting only for the translation; that is, 𝛿cr

𝑘

(𝑚) =

𝑥
𝜔

𝑘

(𝑚). The compensation of this Doppler shift corre-
sponds to performing a coregistration among the single-scan
responses, which can be obtained by multiplying s̃int

𝑚

for a
phase ramp exp{𝑗2𝜋Δ𝑓

𝑘
(𝑚)ñ}, ñ being the vector of time

instants going from −(𝑀/2)𝑇scan to (𝑀/2)𝑇scan with step
(1/𝑞)(Δ/2|𝑉

𝑥
|).

Furthermore, the rotation causes a different range of the
scatterer with respect to the one foreseen by the translational
motion only. Such a difference in range entails phase jumps
among the different scans to be compensated. Therefore, the
single-scan data s̃int

𝑚

have to be further multiplied by a term
given by

Δ𝜉
𝑘
(𝑚) = exp {

𝑗2𝜋

𝜆
𝛿
r
𝑘

(𝑚)} (22)

with 𝛿r
𝑘

(𝑚) = 𝑦
𝜔

𝑘

(𝑚).

4.2. Focusing Technique for Distributed Target. In previous
section, we considered the case of a monodimensional signal
in order to illustrate themain concept to obtain themultiscan
ISAR profile. It has been shown that the crucial steps are
azimuth dechirping, time selection, time alignment, and pos-
sible rotation compensations. Based on these considerations,
the focusing technique for a distributed target is developed
as depicted in Figure 5. It comprises two parts: first, data
received by the array during each scan are processed; then,
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Figure 5: Processing scheme: (a) single-scan processing and (b) multiscan data fusion.

data received during multiple scans are merged to form the
final image.

Accounting also for the fast time dimension, the data
received from the 𝑛th sensor during the 𝑚th scan are orga-
nized in amatrix S

𝑛,𝑚
, with number of rows equal to the num-

ber of fast time samples and number of columns depending
on the number of samples within the time-on-target. Taking
into account the short duration of the time-on-target, we can
neglect the variation among adjacent pulses collected by a
single array element during a scan and therefore, for sake of
simplicity, we assume that the 𝑛th receiver collects a single
sample during the 𝑚th time-on-target for each range bin.
Therefore, S

𝑛,𝑚
is a column vector of dimension [𝐿 × 1], 𝐿

being the number or range bins. The processing of the data
received by the array during the 𝑚th scan consists of the
following steps (see Figure 5(a)):

(1) Range compression: allowing transiting in the slant
range domain.

(2) Range Cell Migration Correction (RCMC): due to
the long integration time, the correction of the range
migration is a needed step. It can be obtained in
the fast frequency domain by multiplying the Fourier
transformed data by a reference signal equal to
exp{𝑗2𝜋𝑓

𝑟
(𝛿𝑅
0

𝑛

(𝑚)/𝑐)}.𝑓
𝑟
is the fast frequency, 𝑐 is the

speed of light, and 𝛿𝑅0
𝑛

(𝑚)/𝑐 is the time delay due to
the variation of the distance between the target refer-
ence point and the central element of the array at the
reference scan 𝑚 = 0 and the distance between the
target reference point and the 𝑛th array element at the
𝑚th scan.

(3) Azimuth dechirping: for the 𝑙th range bin, two refer-
ence signals as in (17) and (18) are generated, where

the coefficients (𝑎
0
, . . . , 𝑎

2
, 𝑏
(𝑛)

0

, . . . , 𝑏
(𝑛)

2

) account for
the specific range bin position; namely, as explained
in Section 4.1, in the Taylor coefficients (6) we have to
replace 𝑅

0
with 𝑅

0
+ 𝑦
𝑙

, 𝑦
𝑙

being the 𝑙th value of the
range axis.

(4) Data interleaving among the array elements: to obtain
a data matrix Sint

𝑚

of dimension [𝐿 × 𝑁].
(5) Oversampling: as explained in the previous sub-

section, by means of Fourier transform and zero
padding, an increased time sampling is obtained, and
after the oversampling Sint

𝑚

has dimension [𝐿 × 𝑞𝑁].
(6) Time selection: to ensure time continuity among the

data collected by the successive scans, the first 𝑞𝑁eq
columns of Sint

𝑚

are selected. After this operation, Sint
𝑚

has dimension [𝐿×𝑞𝑁eq]. It should be pointed out that
if the interest is in focusing the image resulting from
a single scan, time selection can be bypassed, and
through an azimuth FFT the single-scan image can be
obtained.

At this point, 𝑀 matrices Sint
𝑚

are available covering a time
interval equal to 𝑀𝑇scan. The following operations are per-
formed to obtain themultiscan ISAR image (see Figure 5(b)):

(1) Time shift: as explained in Section 4.1, for temporarily
aligning the data received by each scan, the array data
processed for the 𝑚th scan can be organized in the
matrix [Zleft

𝑚

, Sint
𝑚

,Zright
𝑚

], Zleft
𝑚

and Zright
𝑚

being zero
matrixes with dimension [𝐿 × 𝑞𝑁eq(𝑚 − 1)] and [𝐿 ×
𝑞𝑁eq(𝑀 − 𝑚)], respectively.

(2) Single-scan images formation: by applying a FFT
along the azimuth dimension, the ISAR image cor-
responding to the 𝑚th scan is achieved. Thanks to
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the time-shift operation, the images correspond to the
same time interval, and, in the event that rotation
motion can be neglected, a coherent summation
provides the ISAR image with 𝑀 times finer (with
respect to the single-scan images) cross-range resolu-
tion. However, since, in general, ship targets undergo
rotations, their effects have to be compensated as
explained in steps (3) and (4).

(3) Image coregistration: the short duration of the time-
on-target allows considering each single-scan image
as a “snapshot” of the target, and the possible rotation
motion does not affect the imaging processing [15].
However, such a rotation motion causes the target to
change its orientation when imaged at different scans,
and hence the series of single-scan images can be
regarded as snapshots of the same target that has
changed its orientation. Therefore, a rotation of the
𝑚th scan image accordingly to an angle equal to
𝜔𝑚𝑇scan has to be performed. It should be pointed out
that such an image alignment also compensates the
Doppler shift (21) experienced by each scatterer.

(4) Phase alignment: as it is shown by (22), the 𝑘th
scatterer of the scene undergoes a phase jump when
imaged in different scans, and, since 𝛿r

𝑘

(𝑚) = 𝑦
𝜔

𝑘

(𝑚)

is a function of both cross-range and range positions,
(20), a space variant phase compensation has to be
performed. Let 𝑦

𝑙

be the 𝑙th range bin value and let
𝑥
ℎ
be the ℎth cross-range bin value; for the 𝑚th scan

a phase matrix with elements Δ𝜉
𝑙,ℎ
(𝑚) = exp{(𝑗2𝜋/

𝜆)𝛿
r
𝑙,ℎ

(𝑚)}, with 𝛿
r
𝑙,ℎ

(𝑚) = 𝑦
𝑙

[cos(𝜔𝑚𝑇scan) − 1] −

𝑥
ℎ
sin(𝜔𝑚𝑇scan), can be generated. Bymultiplying cell

by cell the𝑚th scan image for such amatrix, the space
variant phase compensation can be accomplished.

(5) Coherent summation: finally, the temporarily aligned,
coregistered, and phase aligned single-scan images
can be coherently added to form the final multiscan
ISAR image.

Finally, it is worth to mention that the described focusing
technique accounts for an a priori known target motion.
Generally, with particular regard to the imaging of noncoop-
erative targets, the motion parameters have to be retrieved
directly by the received data, and generally speaking many
contributions can be found in the literature dealing with the
estimation of the translational and rotational motion of ship
targets. Even though the target motion estimation is beyond
the goal of this paper, which mainly focuses on the definition
of the array parameters and of a suitable processing of the
received data, we want here to outline possible strategies to
address the issue.

Typically, ISAR requires the compensation of the transla-
tional motion between the radar and the target (i.e., motion
compensation): largely employed techniques are based on the
maximization/minimization of proper cost functions with
respect to the unknown translational motion [8], such as
the maximization of the contrast [16] or the minimization of
the entropy [17]. In our case, the same concept can be ade-
quately applied, where the ship translation can be estimated

maximizing the intensity contrast of the set of single-scan
ISAR images. In this regard, it is also worth to notice that
typical ship translations implicate low terms of the received
phase; therefore acceleration and higher order terms could
be reasonably neglected for the single-scan autofocusing and
do not need to be estimated, thus alleviating the computation
burden for this issue.

Regarding the rotational motion, as it has been pointed
out in describing the image coregistration procedure, in the
proposed system the ship rotations only entail an additional
change in the orientation of the ship when imaged in suc-
cessive scans. The estimation of this additional scan-to-scan
rotation can be addressed maximizing proper cost functions
on the final image [18] or looking for that angle providing
the best alignment among the single-scan images (taking also
into account themisalignment due to translation as estimated
from the previous step). A promising alternative could be the
estimation of the slope of the ship centerline [10], which is
a function of the rotation rate as detailed in [19]. Lastly, it is
also worth to underline that the proposed imaging technique
mainly addresses those scenarioswhere the low sea-state con-
ditions entail very limited rotations of the ship, thus making
the formation of ISAR images with proper resolution hard
with conventional techniques. In this work, we accounted
for a possible not negligible yaw motion of the ship, since it
could also account for an initial target maneuver. In contrast,
complicated ship dynamics involving nonnegligible three-
dimensional rotations would not require multiple scans and
therefore can be treated by resorting to conventional ISAR
techniques.

5. Simulated Results

In the simulated analysis, we consider an X-band fully solid
state coastal radar for vessel traffic services, operating with
a scan rate of 20 rpm and transmitting a chirp signal with
a bandwidth of 22MHz [20]. An array of 50 elements with
spacing 1.2m is configured, allowing imaging targets of
maximum length 100m, at amaximum speed of 10m/s and at
ranges longer than 4 km.

In a first case study, we consider a target moving with
velocity |�⃗�| = 10m/s and heading angle 𝜃h = 60

∘ at a
distance𝑅

0
= 8 km, and we consider the target observed over

4 scans. Since |𝑉
𝑥
| = 5m/s, during a scan the array covers a

time interval twice that of the scan interval, and therefore, to
combine the signals received over the successive scans, proper
time selection has to be performed. In particular, since Δ𝑇 =

2𝑇scan, in this case 𝑁eq = (1/2)𝑁. By considering a single
pointlike scatterer located in (30, 0)m at the reference time
and applying the processing described in Section 4.1, the
cross-range profiles shown in Figure 6 are obtained, when
one or more scans have been integrated. As we can observe,
cross-range resolution progressively increases by integrating
the signals received by the array over an increased number
of scans. Specifically, we found 𝜌cr = 8m, 6m, 4m, 2mwhen
𝑀 = 1, 2, 3, 4, respectively, in agreement with the theoretical
expectations. It should be pointed out that if a single scan
is considered, time selection step could be avoided, and
the whole time interval Δ𝑇 covered by the array could be
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Figure 6: ISAR profiles for successive integrated scans.
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Figure 7: ISAR profiles obtained without applying the time selec-
tion.

processed. Since, in this particular scenario,Δ𝑇 is twice𝑇scan,
the case 𝑀 = 1 without time selection provides the same
imaging results as the case 𝑀 = 2 with time selection.
Nevertheless, to further increase the resolution by combining
𝑀 > 2 scans, time selection is essential. As example, Figure 7
shows the results obtained without the time selection step
for the cases 𝑀 = 1 and 𝑀 = 4. In the former case,
we can observe the same profile achieved in Figure 6 for
𝑀 = 2, whereas in the latter, as a consequence of the time
overlapping, we observe the scatterer not correctly focused.

The hypothesis of absence of rotation motion is then
removed considering the target undergoing a rotationmotion
with an angular velocity 𝜔 = 0.5

∘

/s. We assume the target
observed for𝑀 = 3 scans and we consider an isolated point
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Figure 8: ISAR profiles for nonnegligible rotation motion.

scatterer with coordinates (30, 10)m at the reference time.
The ISAR profiles obtained if the effects of the rotational
motion have been or have not been taken into account in
processing the data are shown in Figure 8. Specifically, red
and black plots are the results obtained by focusing the data
received when no compensation for the rotation motion has
been applied. As we can observe, the rotation has not affected
the single-scan imaging result, red plot, whereas a degrada-
tion of the quality of the profile (such as wrong position of the
peak, higher sidelobes level, and loss in resolution) is expe-
rienced for the multiscan case, black plot. By performing a
correct image alignment and phase junction steps, successive
scan images can be properly combined, and a correct imaging
result is obtained, green plot.

Finally, we consider a ship target composed by many
pointlike scatterers with different levels of superstructure
located at a distance 𝑅

0
= 10 km and moving with velocity

|�⃗�| = 7m/s and heading angle 𝜃h = −45
∘. By following the

focusing technique described in Figure 5,𝑀 single-scan ISAR
images of the ships are obtained and then combined to obtain
a final multiscan image providing enhanced cross-range res-
olution. Figure 9 shows the images resulting from the integra-
tion of𝑀 = 1, 3, 5 scans. As we can observe, while the range
resolution is limited to be about 6.8mby the bandwidth of the
chirp signal transmitted by the coastal radar, the cross-range
resolution of the image increases consideringmore scans.The
single-scan image is shown in Figure 9(a) and we can observe
that the poor azimuth resolution (about 10m) does not allow
a proper identification of the main features of the target, such
as its size. By considering 𝑀 = 3, Figure 9(b), and 𝑀 = 5

scans, Figure 9(c), we move from 10m to 3.3m and to 2m,
respectively. As the azimuth resolution increases, scattering
centers not resolvable with the data received during a single
scan can be resolved, thus providing enhanced capability
to recognize the size of the ship and its main features. For
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Figure 9: Single/multiscan ISAR images of the ship target.

example, black bottomboxes of Figure 9 highlight the patches
of the images corresponding to the bow scatterer, whose
position becomes progressively easier to be identified.

6. Conclusions

The paper puts forward a novel ISAR imaging system for
coastal surveillance based on a parasitic array receiver and
an opportunistic coastal radar. The signal transmitted by a
ground-based radar with its antenna rotating for vessel traffic
services purposes is exploited as signal of opportunity by
an array of passive (receiving only) devices properly located
near the coast. The physical aperture provided by such an
array, jointly to the synthetic aperture provided by the target
motion during successive scans of the radar, allows reaching
a Doppler gradient suitable for the image resolution process.
Relationships between the parameters of the array and the
transmitter parameters have been derived to deal with ship
targets of interest. Then, a focusing technique has been pro-
posed able to focus the data collected over one or more scans,
even in the case of not negligible rotation motion.

The simulated performance analysis proved the effec-
tiveness of the technique to provide ISAR images of ship

targets with suitable resolutions. By exploitingmultiple scans,
azimuth resolution can be increased, thus achieving cross-
range resolutions comparable or even better than the range
resolutions, limited by the bandwidth of the transmitted
signal. Furthermore, it should be pointed out that because of
the exploitation of the translation motion, achievable ISAR
images are top views of the ship. Such images can be properly
exploited in ATR procedure, thus helping in increasing the
efficiency of the vessel traffic monitoring and the coastal
surveillance.
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