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Selecting Suitable Coherent Processing Time
Window Lengths for Ground-Based ISAR
Imaging of Cooperative Sea Vessels

M. Y. Abdul Gaffar, W. A. J. Nel, and M. R. Inggs

Abstract—Inverse synthetic aperture radar (ISAR) imaging of
sea vessels is a challenging task because their 3-D rotational
motion over the coherent processing interval (CPI) often leads
to blurred images. The selection of the duration of the CPI, also
known as the coherent processing time window length (CPTWL),
is critical because it should be short enough to limit the blurring
caused by the 3-D rotational motion and long enough to ensure
that the desired cross-range resolution is obtained. This paper
proposes an algorithm, referred to as the motion-aided CPTWL
selector (MACS) algorithm, which selects suitable CPTWLs for
ISAR imaging of cooperative sea vessels. The suggested CPTWLs
may be used to obtain motion-compensated ISAR images that
have the desired medium cross-range resolution and limited blur-
ring due to 3-D rotational motion. The proposed algorithm is
applied to measured motion data of three different classes of sea
vessels: a yacht, a fishing trawler, and a survey vessel. Results
show that longer CPTWLs are needed for larger vessels in order
to obtain ISAR images with the desired cross-range resolution.
The effectiveness of the CPTWLs, suggested by the MACS al-
gorithm, is shown using measured radar data. The suggested
CPTWLs may also be used to select an effective initial CPTWL for
Martorella/Berizzi’s optimum imaging selection algorithm when
it is applied to measured radar data of small vessels. Lastly,
the proposed technique offers significant computational savings
for radar cross section measurement applications where a few
high-quality ISAR images are desired from long radar recordings.

Index Terms—Coherent processing time window lengths
(CPTWLs), inverse synthetic aperture radar (ISAR), radar cross
section (RCS) measurement, sea vessels.

1. INTRODUCTION

NVERSE synthetic aperture radar (ISAR) images of objects

have been shown to contain valuable information for a wide
range of military applications such as radar cross section (RCS)
measurement [ 1] and noncooperative target recognition [2]—[4].
RCS measurement of military objects (fighter aircraft and war-
ships) is important, since it helps to identify the scattering cen-
ters of high reflectivity that require RCS reduction for stealth
purposes. This process is able to identify physical features of
the platform that lead to significant RCS contributions such as
nonoptimal placement of antennas on the upper deck of a ship.
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Reducing the absolute RCS of a ship can provide the advantage
of reducing the acquisition range of an antiship missile as
well as improving the performance of a ship’s countermeasure
against the approaching seeker.

The ISAR imaging process uses the rotational motion of
an object to provide cross-range information. It operates on
the principle that scatterers on either side of a rotating object
have different radial velocities with respect to the radar. Thus,
cross-range information can be obtained by simply separating
scatterers according to their Doppler frequency, as described by
Wehner [5]. ISAR imaging of maritime vessels is a challenging
task because their 3-D rotational motion (roll, pitch, and yaw
rates) causes a continuously changing image projection plane,
as shown by Chen and Miceli [6], Chen and Lipps [7], and
Bao et al. [8]. Furthermore, the ISAR image of a maritime
vessel may become distorted due to multipath and nonpointlike
scattering mechanisms. Assuming a vessel’s motion is the only
cause of blurring, a focused cross-range-scaled ISAR image
may be obtained using existing range alignment [9]-[11], auto-
focus [3], [12], [13], polar reformatting [14], [15], and cross-
range scaling [16] algorithms. However, all these algorithms
assume that a vessel’s Doppler generating axis of rotation is
constant over the coherent processing interval (CPI). When
this assumption is not satisfied, the motion-compensated ISAR
image is the sum of the object’s projection onto the different
image projection planes, and this may give rise to significant
blurring, as shown by Abdul Gaffar and Nel [17].

Little work has been published on choosing the time duration
of the CPI, referred to as the coherent processing time window
length (CPTWL), which would minimize the blurring caused
by a vessel’s 3-D rotational motion. If the CPTWL is too short,
the desired cross-range resolution may not be achieved. Con-
versely, if the CPTWL is too long, the 3-D rotational motion of
the vessel causes blurring in the ISAR image. It is reported in
[5] that the optimum CPTWL for unfocused ISAR lies between
0.025 and 0.5 s for X-band measurements of ships. However,
this paper gives no information on how this suggested range of
CPTWLs changes for different classes of sea vessels and sea
conditions. In addition, the suggested range is too broad, as it
spans more than an order of magnitude. An optimum imaging
selection algorithm was proposed by Martorella and Berizzi
[18] to estimate the optimum central instant of the processing
interval as well as the optimum CPTWL that provides an ISAR
image with the highest focus. However, Martorella/Berizzi’s
algorithm does not show how to chose the initial CPTWL for
a specific radar data set, and the suitability of this technique
for small ships with chaotic motion has not been investigated.
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Moreover, it does not take advantage of motion data from in-
strumented vessels that may be available during measurements
trials for RCS measurement purposes.

This paper proposes a new technique, referred to as motion-
aided CPTWL selector (MACS), which suggests suitable
CPTWLs for ISAR imaging of cooperative sea vessels. The
proposed technique takes advantage of the motion data of an
instrumented vessel, and the suggested CPTWLs may be used
to form ISAR images with medium cross-range resolution that
has limited blurring due to the vessel’s 3-D rotational motion.
A good feature associated with the MACS algorithm is that the
suggested range of suitable CPTWLs is much smaller than that
reported in [5]. In addition, the proposed technique can be used
to select an effective initial CPTWL for Martorella/Berizzi’s
optimum imaging selection algorithm proposed in [18], when it
is applied to measured radar data of small vessels. Experimental
results obtained from applying the MACS algorithm to motion
data of three different classes of vessels (a yacht, a fishing
trawler, and a survey vessel) have shown that suitable CPTWLs
are dependent on the class of the vessel. The effectiveness of
the suggested CPTWL is shown using real radar measurements
of a yacht.

II. SYSTEM MODEL

We denote a quaternion q, (h, #), arbitrarily labeled z, rep-
resenting a rotation through an angle 6 about an axis h =
[h1  he hs]in vector form as

wtnor= o (D (D)

or in scalar form!
a.(h,0) = [qi” g2 ¥ qi‘”} - )

More details about using quaternions to represent rotations
can be found in [19]. The system model considers a vessel with
only rotational motion and assumes that any translation motion
has been compensated. Two coordinate axes are defined (see
Fig. 1): the radar coordinate axes (U, V, W), which are fixed
and the vessel’s coordinate axes (X,,, Y,,, Z, ), which change as
the vessel experiences 3-D rotational motion. In this diagram,
Ry, ¢(n) denotes the distance from the radar to the kth scatterer
of the vessel for time ¢(n) and Ry represents the distance from
the radar to the vessel’s center of rotation.

The 4-D quaternion representation of the local coordinates
of the kth scatterer is expressed as g, = [0 1], where ry, =
[z yr 2] However, it is the global coordinates of the kth
scatterer, denoted by g 1(n) = [Ukt(n) Vkit(n) Wh.in)l»
which is needed to calculate the phase at the radar receiver.
Assume that the radar continuously tracks the vessel so that the
vessel’s center of rotation always lies on the global U axis, and
the physical dimensions of the vessel are much less than Ry.
Then, the global coordinates of the kth scatterer at ¢(n), which

1Tt should be noted that the superscripts {1}, {2}, {3}, and {4} are used to
denote the respective scalar elements of the quaternion.
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Fig. 1. System model of the radar and the vessel showing the global and local
coordinate axes.

is denoted by qgy, ¢(n) in 4-D quaternion notation and g, 4(,,) in
3-D form, can be expressed as

Agk,t(n) = (cltot,At(n))>k
® ((qins,t(nfl) )* rk @ (qins,t(nfl) )) ® (qtot,At(n))
3)

_ |42 {3} {4}
Bk,t(n) = |:qgk,t(n) qght(n) qgk:,t(n)] (4)

where * denotes the complex conjugate operation, Q represents
quaternion multiplication, Qi ¢(n—1) is the unit quaternion that
represents the combined 3-D rotation of heading 6y ¢(r—1),
elevation 0, 4(,,—1, and bank 6, ;(,,_1y for time ¢(n — 1), and
Qiot,At(n) 1S @ UNit quaternion that denotes the vessel’s incre-
mental rotational motion over At(n). Stated mathematically

Qins,t(n—-1) = dhs,t(n—1) (RT 12, Ong 4(n-1))

® det(n-1)(RT 11, 0c ¢(n—1))

@ dp,t(n-1)(RT, 0 ¢(n-1)) 5)
Qtot,At(n) = Ay,At(n) (2Zn, 9y7At(n))

® dp,at(n) (Yn: Op,At(n))

® A, At(n) (Xn, Or, At(n)) (6)

where the unit vectors z,, y,, and x,, are defined about the
local coordinate axes X,,, Y,, and Z,, respectively; the unit
vectors RT=[1 0 O0],RT,;;=[0 1 0],and RT, 5 =
[0 0 1] are unit vectors about the U, V, and W axes,
respectively. The heading 0y ;(,—1), €levation 6 ;(,,—1), and
bank 6y, ;(,,—1) angles define the orientation of the vessel at
t(n — 1), and the yaw 6y A¢(n), Pitch O, a¢(n), and roll 6, a4 ()
angles represent the nth incremental rotational motion about
a vessel’s local axes, which corresponds to the convention
adopted in [19]. In this system model, the rotational sequence
is assumed to be heading, elevation and then bank.

Assume that a vessel can be represented by K point scat-
terers, then the received signal at the radar is made up of
the contributions from all the scatterers. The phase of the
received signal at time ¢(n) is dependent on the range of the kth
scatterer Iy, ;(,,), which can be expressed in terms of the global
coordinates gy, +(n)

Ry t(n) = \/(Ro — U t(n))? + (Vktn))? + (Wren))? (D)
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Further assume that the radar transmits a stepped frequency
waveform and that the motion of the vessel is stationary over
the burst.> Then, the signal received by the radar ®(n,m) is
given by

2R t(n)

K . .
<I>(n, m) — o Z e(*ﬂﬂfc,m c ) i 6(717 m) ®)
k=1

where f. ., represents the center frequency of mth transmitted
pulse within a burst, and a burst of M pulses is compressed to
form a high range resolution (HRR) profile, n represents the
burst number, oy, is the RCS of the kth scatterer, c is the speed
of light, and e(n, m) denotes the clutter and noise.

The system model presented in this paper is different to the
other models found in the ISAR literature, and it is useful in the
following ways.

1) The vessel’s current aspect, denoted by
(Qins,t(n—1)Ark (Qins t(n-1))"), and its incremental
rotational motion over a discrete rotation, expressed by
Qtot,At(n)» are clearly expressed in (3). The variation of
these two parameters over the CPI can be used to predict
the presentation® of a vessel.

2) The incremental rotational motion of a vessel between
discrete rotations Qgor,A¢(n) can be used to calculate the
vessel’s image-generating Doppler components, which
consist of the Doppler generating axis of rotation and the
effective angular rotation rate, as shown by the transfor-
mation proposed by Abdul Gaffar er al. [20]. This infor-
mation can be used to explain the blurring caused by 3-D
rotational motion [17] as well as to assess the degree of
3-D rotational motion that exists in a CPI [20]. Fur-
thermore, it is an essential tool for the proposed MACS
algorithm, and a short summary of the transformation is
given in the next section.

3) The system model that is proposed is flexible enough to
accept 3-D rotational motion measured from an attitude
sensor. Thus, it can be used to develop a point-scatterer
ISAR simulation that incorporates realistic motion.

III. EXTRACTION OF THE IMAGE-GENERATING
DOPPLER FOR ISAR

It is well known in the literature that the Doppler-generating
axis of rotation influences the presentation of a vessel in the
ISAR image, and that the effective angular rotation rate is used
to obtain the predicted cross-range resolution [6]. The effect
of a time-varying Doppler generating axis of rotation, and the
effective angular rotation rate was characterized separately by
Abdul Gaffar and Nel [17] and Wong et al. [21], respectively.
It was shown that these two time-varying parameters may
give rise to blurring in the ISAR image. For this reason, it is
important to extract these parameters from measured motion
data so that the causes of blurring due to 3-D rotational motion
can be well understood.

2This implies that the distance traversed by an object over an ISAR burst is
much less than the down-range resolution of the high range resolution profile.
This assumption is valid for imaging sailing yachts with a typical speed of
6 kn and a medium resolution of 0.5 m, when the burst repetition frequency
is greater than 100 Hz.

3Presentation refers to the orientation of a vessel in an ISAR image, as
defined by Musman et al [2].
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The transformation proposed in [20] extracts the image-
generating Doppler components from measured motion data.
The transformation is made up of the following processing
steps.

1) Obtain the heading 0y 4(,,) used in the system model
Ons,t(n) = MOd (180° + O, 4(n) — Op 1(n),360°)  (9)

where mod (a,b) is the modulus operation of a with b,
Ob,¢(n) denotes the bearing of the vessel obtained from
GPS position data, and 6y, 4(,,) represents the heading
measured from an inertial navigation system. The head-
ing that is used in the system model is defined such
that 0y (n) is zero when the vessel is sailing directly
inbound to the radar, and it increases positively as the
vessel rotates clockwise.

2) Calculate the quaternion qgor,a¢(n) that represents the
vessel’s incremental rotational motion over the discrete
interval At(n)

Qtot,At(n) = Ab,t(n—1) (RT, =0 ¢(n_1))
® e t(n-1)(RT 11, —0c t(n-1))
® Ahs,t(n-1)(RT 12, =Ons t(n—1))
® Qhs,t(n) (RT 12, Ons 1(n))
® e, t(n) (RT 11, 0 t(n))
® b, t(n) (RT, O 4(n))- (10)

3) The quaternion Qo A¢(n) 18 used to obtain the effective
roll angle Orr A¢(n) Using

{1} {2} {3} {4}

AAt(n) = qtot,At(n)qt0t7At(n) + qtotﬁAt(n)qtot,At(n) (11)
_ (v 2 (03 2
Batn) = _(qtot,At(n)) + <qtot,At(n)) (12)
_ (2 (4 2
Datny = (qtot,At(n)> - (qtot,At(n)> (13)
2AA¢(n) >
0 n) = arct . 14
A aretan ((BAt(n) + DAt(n)) (9

4) Define the quaternion that represents the effective roll

motion Qe At(n) a8 Well a8 51 A¢(n)s 52,At(n)> 53,A¢(n)s
and s4 A¢(n)» Which are used to obtain the effective pitch
OrT11,At(n) and the effective yaw Orr 12 A¢(n) angles

Qer,At(n) (RTa HRT,At(n) )

0 n 0 n
= [cos [ 2RAHR) RT sin | ——2tn) (15)
2 2
S1,At(n)
_ A1 {1} {2} {2}
- qtoLAt(n)qer,At(n) +qtot,At(n) qer,At(n) (16)
S2,At(n)
— A2} {1} {1} {2}
- qtot,At(n) qcr,At(n) - qtot,At(n) qcr,At(n) )
) {1} {4} {2}
§3,At(n) = qtot,At(n)qer,At(n) 7qtot,At(n) qer,At(n) (18)
_ 4 {1} {3} {2}
S4,At(n) = qtot,At(n)qer,At(n) +qt0t,At(n) qer,At(n) - (19)

Authorized licensed use limited to: CSIR Information Services. Downloaded on September 14, 2009 at 05:29 from IEEE Xplore. Restrictions apply.



3234

Calculate Orr 1 1,A¢(n) and Orr 12 A¢(n) angles as follows:

S n

Orr11,a0(n) = 2arctan (8““)) (20)
1,At(n)
S4,At(n

Orer 12,a1(n) = 2arctan (Mti;) .oen
1,At(n

5) Obtain the Doppler generating motion represented by
deff,At(n) Using the effective pitch and yaw rotations

dett, At(n) (e, At(n)s Oetr, At(n))
= dey,at(n)(RT 12, OrT12,At(n))

® Qep,at(n) (RT L1, 0rT11,A¢(n)) (22)

where Qg At(n) and Oeg A¢(n) denotes the Doppler gen-
erating axis of rotation and the effective rotation angle,
respectively. )

6) Lastly, the effective angular rotation rate g a¢(n), the
Doppler generating axis of rotation Qcg A¢(n), and the
angle of the Doppler generating axis of rotation with
respect to the V-axis denoted by Ogemr1,a¢(n) can be
obtained using the following equations:

2 arccos (qi;f}m(n))

ecﬁ",At(n) = At(n) (23)
{2} {3} {4}
Qi v = [qeff,At(n) Qeft, At(n) qeff,At(n)} (24)
’ Sin (eeff,At(n) )
2
ot et = arctan2 (a5 sy i) 29)

where arctan 2 is a two-argument function that computes
the arctangent with a range of (—180°, 180°].

The proposed MACS algorithm makes use of the trans-
form described in this section to extract the image-generating
Doppler components from measured motion data. It also con-
siders the cross-range resolution error and the image blurring
that is induced by these two time-varying parameters. The next
section discusses this in more detail.

IV. CROSS-RANGE RESOLUTION

Cross-range resolution refers to the spatial length of each
cross-range bin of an ISAR image after it is transformed
from Doppler to distance. The cross-range dimension of an
ISAR image fundamentally represents Doppler, and it can be
transformed to distance under certain condition as explained
in [5]. This section presents the derivation of the cross-range
resolution, to highlight the assumptions that are made about the
motion of an object.

Fig. 2 considers an object that has two scatterers of length
Iy and [y along the RT 5 axis. In this diagram, the Doppler
generating axis of rotation Qg is along the RT |, axis, and
the effective rotation rate is given by feg A¢(n)- The rotational
motion of the object causes the two scatterers to have a nonzero
radial velocity with respect to the radar given by v; and vs.
Assume that the radar illuminates the two scatterers for a
CPTWL of AT = """ At(n), where N — 1 is the number
of discrete rotations over the CPI. At the cross-range resolution
limit, given by Ar. = (I3 — [1), the radial velocities of the
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3.
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b
V2
0O
/ Ry
(( 4 .
RT ee‘[IJ At(n)
Qeff
Radar RT
|

Fig. 2. Diagram used to derive the mathematical expression of the cross-range
resolution of an ISAR image.

scatterers are such that their difference in Doppler is equal to
the Doppler resolution. Stated mathematically

2U2 21}1 1
2 1o 2
A A AT (26)

Rearranging (26) to solve for the cross-range resolution gives

QZQQefF,At(n) _ 2lleef‘f,At(n) o i
o N AT
29eff,At n 1
=) = 57
Are = 2
= Ar. 5N 27

where Afqg = 25;11 9.8&) At(n)At(n) and X is the wavelength
of the transmitted signal. The following assumptions are made
about the motion of the object in the mathematical derivation of
the cross-range resolution.

1) Assumption 1: The Doppler generating axis of rotation
does not change with time, and it is aligned to the RT | ;
axis throughout the CPIL ]

2) Assumption 2: The effective rotation rate Ocg a¢(n) iS
constant over the CPL.

Measured motion data of sea vessels have shown that the
image-generating Doppler components vary over time [20].
When the motion of the vessel exhibits significant 3-D motion,
it fails to satisfy the assumptions that are made in the derivation
of the cross-range resolution. As a result, it is inaccurate
to apply (27) to transform the cross-range dimension from
Doppler to distance. For objects with 3-D rotational motion,
it is necessary to relax the assumptions that are made in the
derivation of the cross-range resolution. The errors that are
made by relaxing these assumptions need to be understood and
suitable CPTWL should be chosen to minimize these errors.

A. Relaxing Assumption 1

Consider the case where the Doppler generating axis of
rotation (Q.g is not aligned to the RT ; axis, as shown in
Fig. 3. Scatterer 1 and scatterer 2 are located at lengths [y
and [, along the RT 5 axis, respectively. Since Qg is offset
from the RT || axis by an angle of fqef1, the two scatterers
appear along the cross-range axis at distances of 11 cos(fger1)
and Iy cos(Ogesr1). The cross-range resolution that is required
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g RT2
l
scatterer 2 —»" (.

/ Cross-range axis
scatterer 1 —»1 3

1 cos(Oer)
projection of
scatterer 1 and 2 onto

11cos(Bgep,
reos( cfy1) the cross-range axis

RT
RT

éefﬁAr(n)

Qefr

Fig. 3. Diagram illustrating the error in the predicted cross-range resolution
when the Doppler generating axis of rotation is not aligned to RT | ; for side-
view ISAR imaging.

to separate scatterer 1 and scatterer 2 into two different cross-
range bins for a CPTWL of AT is given by

2129eff,At(n) cos(Boes1) ZZléeff,At(n) cos(faer1) 1
A A AT

A
. 28
QAQeH COS(@Qeffl) ( )

= Arqg =

The cross-range resolution error e that is made by assuming
that Q¢ was aligned to the RT | ; axis is given by

eq = Arcl — AT‘C
ATCl
o — Arer — Arei| cos(fnefr )|
A’I“Cl

eq=1— |COS(QQefH)|. (29)

For objects that possess 3-D rotational motion, the angle of
the Doppler generating axis of rotation changes over the CPI.
In this case, the maximum cross-range resolution error eg, that
is made over the CPI is given by

max

30
ne{1,N—1} (30)

eq = (1- |COS(QQefH,At(n))’) .

B. Relaxing Assumption 2

The formula of the cross-range resolution in (27) assumes
that the angular rotation rate of the object fcg a¢(n) 18 constant
over the CPL In this case, the cross-range resolution Ar. may
written in terms of the change in the object’s aspect angle over
the CPI, denoted by Af.s. When O.g a¢(n) varies over the
CPI, it causes the Doppler frequency of a scatterer to migrate
through Doppler bins in the ISAR image. For example, consider
the system model shown in Fig. 2 that has a time-varying
effective angular rotation rate. The scatterer located at length
1y experiences dy, ; Doppler bins of migration, given by

2016 "
b~ max <1Mt(>> AT
’ ne{l,N—1} A

(W) AT. (31)

— min

ne{l,N—1} A
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If dy, Doppler bins of migration is allowed in the ISAR image,
(31) can be rearranged to express the allowable change in the
effective angular rotation rate, denoted by Af.g, over the CPI

Adp,

<ne{ml,?vx—1}(eeﬁ’m(”)) B ne{T%l—l}(eeﬁ’At(”))) T LAT

Aot
(32)

where [, is the cross-range extent of the object. It can be
observed from (32) that Af.g is inversely proportional to the
cross-range extent of the object [.,. Thus, for the same A
and AT, if ., increases, the variation in the effective angular
rotation rate Af.g needs to decrease by the same factor in
order for d}, to remain the same. This has an impact on ISAR
imaging of sea vessels, since the scatterer that experiences the
most migration is located at the maximum cross-range extent
of the vessel. This corresponds to the height of the tallest mast
for the side-view ISAR imaging case. Therefore, the variation
of the effective angular rotation rate needs to be smaller for
vessels with longer masts for the same allowable Doppler bins
of migration.

V. MOTION-AIDED CPTWL SELECTION ALGORITHM

The first step of the proposed MACS algorithm involves the
extraction of the image-generating Doppler components from
measured motion data (see Section III). Thereafter, the MACS
algorithm uses the image-generating Doppler components to
select suitable CPTWL for the ISAR imaging process. In this
paper, a suitable CPTWL is defined as a processing length that
may be applied to a specific radar data set in order to obtain
motion-compensated ISAR image(s) with limited blurring due
to 3-D motion. In addition, the ISAR image(s) should have the
desired cross-range resolution with an acceptable error eq as
explained in Section IV.

The MACS algorithm is made up of the following processing
steps.

1) Specify appropriate values for the allowable cross-range
resolution error, denoted by e, and the allowable number
of Doppler bins of migration, expressed as dy,. Thereafter,
specify a set of CPTWLs to be evaluated, an overlap
factor between two successive CPIs and the desired cross-
range resolution Ar.q. Begin the algorithm with the
initial value of the CPTWL range.

2) Apply the quaternion-based transformation described in
Section III to a vessel’s measured motion data in order to
extract its image-generating Doppler components.

3) For each CPI, using (30), calculate the cross-range res-
olution error eq that is made due to the time-varying
Doppler generating axis of rotation. In addition, using
(31), calculate the maximum Doppler bins of migration
dy, caused by nonuniform rotation where [; corresponds
to the maximum cross-range extent. In the side-view
ISAR imaging case, if k represents a scatterer at the top
of the tallest mast and ¢(n) is the average absolute time of
the CPI, then [; is equal to the global coordinates of the
kth scatterer given by wy, ;(n)-

4) If eq and d, is less than that allowed in Step 1), then
a suitable CPI has been found. Calculate the cross-range
resolution using (27), and if it is better than the desired
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Fig. 4. Measured 3-D rotational motion of (a)—(c) the yacht, (d)—(f) fishing trawler, and (g)—(i) survey vessel.
cross-range resolution, then a suitable CPTWL has been TABLE 1
found VALUES OF THE PARAMETERS USED IN THE MACS ALGORITHM
5) Choose the next value in the CPTWL range and if the - -

. Parameter Value
maximum value has not been reached, go back to Step 2). % 5% 10%
Otherwise, the algorithm is terminated. €a {1%, 5%, 10%}

db {27 37 4}
The ran f CPTWLs that are chosen in i n-
e range of C W' s that are chose Step' ) is depe AT (yacht) {0105, 0.25s, - , 1.155}
dent on the vessel of interest, and the next section provides o {
guidelines for three different classes of vessels. If the chosen AT (fishing trawler) | {0.2s, 0.ds, -, 2.4s}
CPTWL range is not appropriate to a specific data set, it should AT (survey vessel) {0.2s, 0.4s, -+, 2.8s}
be changed by the user until a satisfactory result is obtained. overlap factor 0.75
Ar.q (yacht) 0.75m
Ar.q (fishing trawler) Im
V1. RESULTS Arqq (survey vessel) 1.5m

This section presents results from applying the proposed
MACS algorithm to measured motion data of three different
classes of sea vessels: a yacht, a fishing trawler, and a survey
vessel with a weight of 25, 450, and 2750 tons, a length of
20, 60, and 80 m, and a maximum mast height of 15, 20, and
25 m, respectively. Suitable CPTWLs are suggested for each
type of vessel. The effectiveness of the suggested CPTWL is
demonstrated using measured radar data.

The measured data that are used in this paper were obtained
from an ISAR measurement campaign performed in Cape
Town, South Africa, during November 2007. All three ves-
sels were instrumented with the Thales ADUS 4-GPS antenna
system which measured each vessel’s absolute GPS position,
heading, elevation, and bank. An experimental X-band radar
with a stepped frequency capability was used to obtain radar

measurements of the vessels for ISAR imaging purposes. Radar
measurements of a sphere suspended from a helicopter was
used to compensate the HRR profiles of the yacht for the radar’s
nonideal response over the stepped frequency band.

A. Selection of Suitable CPTWLs

The proposed MACS algorithm was applied to measured
motion data of three vessels from different classes. The mea-
sured rotational motion of the three vessels is shown in Fig. 4.
Each of these recordings is 3 min in duration. The heading
measurements indicate that the sailing profile of the yacht and
the fishing trawler is inbound, whereas the survey vessel is
sailing outbound with respect to the radar. In all three cases,
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Fig. 7. Diagram showing the histogram of the number of suitable CPIs and their respective

(a) the yacht, (b) fishing trawler, and (c) survey vessel.

the pitch motion of the vessels is used to obtain a side-view
ISAR image. The measurements show that the vessels also
possess roll and pitch motion as indicated by their bank and
elevation angles, respectively, and this causes each vessel’s
image-generating Doppler components to change with time.
In addition, the period of the bank and elevation motion is
observed to be longer for heavier vessels. Thus, for larger
vessels, the 3-D rotational motion is less chaotic, and it is
hypothesized that longer CPTWLs may be accommodated for
larger vessels than for smaller vessels.

The proposed MACS algorithm was applied to the measured
motion data sets shown in Fig. 4 using the parameter values
given in Table I. Figs. 5 and 6 show the effect of the CPTWL on
the percentage of CPIs for varying eq and d,, respectively. The
percentage of CPIs is given by the percentage of the number of
suitable CPIs that are found over the total number of CPIs for a
specific CPTWL. It is mathematically expressed as

Number of suitable CPIs found
Total number of CPIs

Percentage of CPIs = (33)

Fig. 8.

Photograph of the yacht.
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TABLE 11

Fig. 5 shows that, as the allowable error eq increases, the
percentage of CPIs also increases. This result is expected
because, for larger values of eq, the angle of the Doppler
generating axis of rotation is allowed to vary by a larger range
over the CPI in order for it to be selected as a suitable CPI
as indicated by (30). Thus, for larger e, more suitable CPIs
are found, and this causes the percentage of CPIs to increase.
Fig. 5 also shows that, as the CPTWL increases, the percentage
of CPIs decreases. This outcome is also expected since for
longer CPTWL, there are more CPIs that possess significant
3-D rotational motion and fewer CPIs that satisfy the allowable
error e caused by changes in the Doppler generating axis of
rotation over the CPIL. Similar trends can be observed in Fig. 6,
which shows the effects of different allowable Doppler bins of
migration dy, and CPTWLs on the percentage of CPIs.

Fig. 7 shows histograms of the number of suitable CPIs that
were found for an allowable error of e = 10% and d;, = 2 for
each vessel. The histogram shows the cross-range resolution of
the suitable CPIs for different CPTWLs. For example, if the
CPTWL is chosen to be 1 s for the fishing trawler data set,
then Fig. 7(b) shows that there are seven suitable CPIs that
have a cross-range resolution of less than or equal to 2 m.
These histograms show that for large vessels such as the survey
vessel, it is not practical to obtain focused ISAR images with
a cross-range resolution of less than 1.5 m for the data set
under consideration. On the other hand, for small vessels such
as the yacht, the fast pitch motion can be used to obtain focused
ISAR images with a cross-range resolution of 0.75 m. These
results apply to X-band measurements. One way of improving
the cross-range resolution of ISAR images, without changing
the motion of a vessel, is to increase the carrier frequency
of the radar waveform.

The histograms shown in Fig. 7 are used to select suitable
CPTWLs that are able to produce motion-compensated ISAR

SUMMARY OF RESULTS OBTAINED FROM APPLYING
MARTORELLA/BERIZZI’S ALGORITHM TO A SUBSET
OF MEASURED RADAR DATA

Initial CPTWL | Optimum CPTWL | Optimum central instant
Ar(in} ATopt Topt
0.2s 0.34s -0.64s
0.8s 0.86s -0.34s
1.6s 1.64s -0.15s

images with the desired cross-range resolution Ar.q given in
Table 1. The achievable cross-range resolution shown in the
histograms suggests that suitable CPTWLs for the yacht, the
fishing trawler, and the survey vessel are {0.55 s,0.85 s},
{1.6 5,1.8 s}, and {1.6 s,2 s}, respectively. Note that this
result confirms the hypothesis that longer CPTWLs may be
accommodated for larger vessels in order to obtain motion-
compensated ISAR images with the desired medium cross-
range resolution.

The effectiveness of the suggested CPTWL for the yacht
was demonstrated using radar data that were measured dur-
ing the same time period as the motion data set. The radar
data set was obtained with an experimental X-band radar that
transmitted a stepped frequency waveform with the following
radar parameters: a frequency step of 4 MHz, 64 pulses in
an ISAR burst, and a burst repetition frequency of 154 Hz. A
photograph of the instrumented yacht is shown in Fig. 8. The
motion data and the radar data were both time-stamped using
a GPS receiver, which made it possible to extract useful radar
data corresponding to the absolute time period of a suitable CPI
for ISAR imaging purposes. Fig. 9 shows motion-compensated
ISAR images of the yacht for three different CPTWLs. Transla-
tion motion compensation was achieved using the global range
alignment algorithm [9] and the autofocus algorithm proposed
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Fig. 11. ISAR images obtain using the optimum imaging parameters of (a) A7opt = 0.34 s and Topt = —0.64 s, (b) ATopt = 0.86 s and Topt = —0.34 s,

and (¢) ATopt = 1.6 s and 7opt = —0.15 s.

by Yuan and Casasent [3]. Fig. 9(a) shows the ISAR image
of the yacht for a CPTWL of 0.2 s. The spreaders along the
masts of the yacht can be observed; however, the image has a
few undesirable characteristics: The cross-range resolution is
poor because the change in aspect angle (or pitch motion) over
the CPI is too small, the structure of the yacht’s two masts is
indiscernible, and the front of the yacht is not clearly apparent.
In this case, the CPTWL is too short. These limitations are
overcome when the CPTWL is increased to 0.8 s, as shown by
the ISAR image in Fig. 9(b). It should be noted that the CPTWL
of 0.8 s corresponds to that suggested by the proposed MACS
algorithm for the yacht data set. Lastly, when the CPTWL is
increased further to 1.6 s, it leads to a blurred ISAR image, as
shown in Fig. 9(c). In this case, the CPTWL is too long, and
blurring is caused by the yacht’s 3-D rotational motion.

As described in the previous paragraph, the absolute time
of the suitable CPIs with the desired cross-range resolution
may be used to extract useful subsets of radar data for ISAR
imaging purposes. This can be achieved when the motion
data and the radar data are time-stamped using the same time
clock. This feature would provide significant computational
savings for RCS measurement applications where long radar
recordings are made and only a few high-quality ISAR images
are required. Lastly, the range of CPTWLs that is suggested
by the MACS algorithm can be used to select a high-quality
initial CPTWL for optimum imaging selection algorithms that
operate on measured radar data. The value of using the sug-
gested CPTWLs to choose an effective initial CPTWL value
for Martorella/Berizzi’s optimum imaging selection algorithm
in [18] is demonstrated in the next section.

B. Effectiveness of the Suggested CPTWLs for
Martorella/Berizzi’s Algorithm

The MACS algorithm uses measured motion data to suggest
arange of CPTWLs that is suitable for ISAR imaging. A range
of CPTWLs is suggested after assessing a range of discrete
values. An improved CPTWL can be obtained using Martorella/
Berizzi’s optimum imaging selection algorithm that operates
on measured radar data. This algorithm uses the contrast of
the measured ISAR images to select the optimum imaging
parameters for a particular radar data set. Martorella/Berizzi’s
algorithm was applied to the measured radar data set with a
sliding window of eight HRR profiles and an initial window
length increase, denoted as “2n” in [18], of 12 HRR profiles.
The results obtained for three different initial CPTWLs, de-
noted by A7 is shown in Fig. 10 and Table II.

Fig. 10 shows that the image contrast of the ISAR images
is dependent on the value of the initial CPTWL A7("), The
dependence of the absolute value of the image contrast on
A7) was reported in [18]. Furthermore, results in [18] show
that the choice of A7) does not affect the central instant of the
CPTWL, denoted by 7, for large vessels. However, results in
Table II clearly show that the optimum central instant 7, is
dependent on the initial value of the CPTWL, for small vessels.
In addition, the optimum CPTWL At is different for each
initial CPTWL of A7) It should be noted that the authors of
[18] clearly mention that their proposed algorithm has not been
tested on small ships, as this represented future work.

The optimum imaging parameters, which is given in Table II,
was applied to the radar data set and the ISAR images that
were obtained is shown in Fig. 11. The ISAR images shown
in Fig. 11 are very similar to the images shown in Fig. 9. Thus,
the comments that were made about Fig. 9 applies to the Fig. 11
as well. It should be noted that it is only Fig. 11(b) that shows
an image of yacht with two equally long masts. Moreover, the
optimum CPTWL of 0.86 s was obtained using a good quality
initial CPTWL value of A7(") = (.8 s, which was selected
from the range of CPTWLs suggested by the MACS algorithm.
This demonstrates the value of the MACS algorithm in pro-
viding a good quality initial CPTWL for Martorella/Berizzi’s
optimum imaging selection algorithm when it is applied to
radar measurements of small vessels.

VII. CONCLUSION

This paper presented a new technique, referred to as the
MACS algorithm, which is used to select suitable CPTWLs
for ISAR imaging of cooperative sea vessels. The proposed
algorithm uses measured motion data of an instrumented vessel
to extract the image-generating Doppler components, which
consists of the Doppler generating axis of rotation and effective
angular rotation rate. Thereafter, the MACS algorithm uses
the image-generating Doppler components to suggest suitable
CPTWLs that may be used to obtain motion-compensated
ISAR images with limited blurring due to 3-D rotational mo-
tion. Furthermore, these suggested CPTWLs minimize the error
in the predicted cross-range resolution due to changes in the
Doppler generating axis of rotation over the CPI. The MACS
algorithm was applied to motion data sets of three different
classes of sea vessels: a yacht, a fishing trawler, and a survey
vessel. The suggested CPTWLs indicate that a longer CPTWL
is needed for larger vessels. Experimental results obtained using
measured radar data show the effectiveness of the proposed
algorithm.
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The suggested CPTWL may be used to select an effective
initial CPTWL for Martorella/Berizzi’s optimum imaging se-
lection algorithm when it is applied to measured radar data
of small vessels. When the radar and motion data are time-
stamped using the same time clock, the proposed MACS al-
gorithm may be used to extract subsets of radar data which
are useful for ISAR imaging purposes. In this way, significant
computational savings may be achieved for RCS measurement
applications, where long radar recordings are made and only a
few high-quality ISAR images are required.
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