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Abstract

The present work addresses the problem of focusing moving target in SAR images. This task
is here solved by using an Inverse Synthetic Aperture Radar (ISAR) technique. The ISAR technique
performs an autofocus procedure by implementing exhaustive search algorithms, improved by classical
convex optimization, of functions based on image contrast or entropy. In this work, we discuss the
possibility to perform an autofocus ISAR technique by exploiting the estimation of the target Doppler
parameters: namely the Doppler centroid and the Doppler rate, which are related to the target motion
parameters. The present algorithm is based on the re-use of efficient autofocus approaches that are
classically used in direct SAR imaging. The effectiveness of the proposed method is tested on Cosmo-
Skymed Spotlight SAR data of maritime targets. Furthermore, the present Doppler Parameter Estimation
Algorithm (DPEA) is compared with a well known ISAR technique, namely the Image Contrast Based
Technique (ICBT).

Index Terms

ISAR, Doppler Parameters Estimation Algorithm, Image Contrast Based Technique, Doppler Cen-

troid, Doppler Rate.

[. INTRODUCTION

SAR imagery is widely used in several applications, spanning from risk monitoring associated
with natural and human induced hazards [1] to homeland security and military applications [2].
Classical SAR processing is based on the assumption that the illuminated area is static during the
synthetic aperture formation. This allows the SAR system to implement a data focusing, which

results in the synthesis of a large virtual array along the platform trajectory, to provide very
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high resolution images. When the platform trajectory deviates from its nominal path, motion
compensation techniques can be applied to correct the motion errors induced by the platform
deviations. Nevertheless, the assumption that the illuminated area does not move during the data
acquisition, or better that the movement is stationary on the whole scene, must still hold. In
some scenarios, moving targets may be present in an illuminated scene. Such targets, do not
satisfy the above mentioned assumption: the mismatch between the target doppler history and
the doppler history pertinent to the whole scene used in the reference function induces first of
all an azimuth shift, thus providing an incorrect location of the target in the SAR image, and
secondly it generates a defocusing of the target (a practical example is shown in figure 1). This
is the case of ground vehicles, ships and any other moving targets that may be of interest in
some applications. The problem of focusing moving targets in SAR imagery has been addressed
in the past and solved in a number of ways. With the advent of very high resolution spaceborne
sensors of last generation satellites, namely COSMO/SKYMED and TERRASAR-X, defocusing
of moving targets is evident also of SAR images acquired from the space. In [3] it is proposed
an algorithm able to detect moving targets and to estimate the correct position within the SAR
image (moving target re-location). The evaluation of the target correct position is performed
estimating the Doppler shift related to the target motion. This algorithm, however, does not
compensate for the phase errors induced by the motion itself. Furthermore, it needs a sequence
of SAR images of the same target to estimate its motion parameters.

In [4] [5] it 1s considered the moving target focusing problem in SAR images, acquired by the
SAR system Spotlight: PAMIR. In such papers in order to estimate, with very high accuracy,
the motion of the target a tracking system based on the Kalman filter is used. The kalman
filter predict the target trajectory exploiting the a-priori knowledge of a road map of the target.
Unfortunately, in the real cases, the path followed by the target might be not easily predictable
and known a-priori.

Typically, a uniformly accelerated rectilinear motion of targets is assumed [6] [7] [8] [9] to
perform the target motion compensation. However, in [10] and [11] more complex motion,
involving translational and rotational movements have been considered. In particular, to perform
the motion compensation, in [10] Rigling developed a method based on the image-quality
optimization that seek to correct the phase history minimizing the entropy. On the other hand, in

[11], an algorithm which requires the presence of multiple prominent points in the image of the
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target was developed to perform the target motion compensation. Another solution proposed for
SAR data refocusing and applied to high resolution data is based on use of the ISAR focusing
approach using the image contrast maximization and have been proposed in [13]. Differently
from the contributions present in the literature, in this work we propose a novel fast method that
is able to achieve effective moving target image focusing that is based on simple target Doppler
parameter estimation commonly implemented in classical SAR focusing. Modern spaceborne
SAR sensors are equipped with precise GPS and attitude measurement systems that provide
accurate estimation of the Doppler parameter used to focus the data with respect to a fixed scene
or a scene moving stationary. The SAR literature is however rich of contributions describing
autofocusing algorithms tailored to the estimation of Doppler parameters (centroid and rate) and
frequently used for focusing data of past generation sensors characterized by inaccurate attitude
and orbital measurement systems [16] [17] [18] [19] [20] [21]. Such procedures are able to
provide very accurate measurements of the doppler parameter: in focusing of data acquired by
modern sensors they are used to refine the information included in the ancillary data to provide
higher quality images. Similarly to the literature we approximate the relative distance between
a reference point on the target and the sensor by a second order polynomial, the linear and
the quadratic terms of the polynomial being related to the Doppler centroid and the Doppler
rate, respectively. A way to achieve the estimation of the Doppler centroid is based on image
azimuth autocorrelation [17] and on the interference of range looks [18]. The Doppler rate
can be estimated by using an iterative procedure that seeks to minimize the mis-registration
error between images corresponding to different azimuth looks [19]. Many other approaches are
possible, see references in [16] and [22], but the above procedures are rather popular due to
their simplicity and effectiveness. The use of such methods to derive a stand-alone algorithm for
refocusing moving targets in SAR images provides the main novelty in this work. The rationale of
the method is evident from figure 2 and founds on the re-use Doppler parameter estimation tools
available in classical SAR focusing to implement the ISAR focusing of moving targets. It should
be remarked from now that the presence of multiple moving targets in a SAR scene prevents any
algorithm from focusing them simultaneously. For this reason, targets to be focussed should be
isolated in advance before processing their data. This can be done directly in the image domain,
as shown in [13] [14]. In this paper, we will consider the defocused target’s extraction from

the SAR image already performed by some other algorithm and will therefore consider only the

January 3, 2014 DRAFT



TRANSACTION ON GEOSCIENCE AND REMOTE SENSING , NOVEMBER 2013 4

problem of refocussing the isolated target. The scenario at hand will be then reduced to that of a
moving targets illuminated by a SAR system and processed as a stationary target, which causes
an image defocusing to be dealt with. When dealing with imaging of moving targets that are
much smaller that the SAR scene it is important to understand that SAR processing is initially
used to provide a fine beamforming along the azimuth. Such beamforming, together with the
ability to achieve fine range resolution, provides the means to isolate the moving targets from
the rest of the SAR scene and concentrate on it, see figure 1, to provide a focussed image. The
effectiveness of the proposed technique has been proven by applying it to Cosmo-SkyMed (CSK)
SAR data of ships. The proposed method has shown that much more focussed images of the
two moving targets can be provided when compared with the original SAR images. Moreover,
a direct comparison with the ICBT method, recently proposed in [13] [14], has also been run to
provide a substantial comparison to assess the algorithm proposed in this paper. The remainder
of this paper is organized as follows. Section II introduces the signal model, which is based on
the ISAR concept. Section III concerns one of the Doppler parameter estimation, namely the
Doppler centroid, whereas Section IV details the estimation of the second Doppler parameters,
namely the Doppler rate. Section V defines the stand-alone algorithm that is able to refocus
moving targets in SAR images. Finally, numerical results are shown in Section VI, where CSK

data is used to prove the capability of the algorithm to provide well focused images.

II. SIGNAL MODEL

Let refer to the geometry depicted in figure 3 where the sensor is located at (0,0, h) in the
system of coordinates ({1, (2, (3), and let consider the reference system (x1, z2, 23) on the target,
which is assumed to move along an arbitrary trajectory. The signal backscattered from the target
to the sensor, in the representation of frequency f and slow-time ¢ (sampled at kTr where Tg

is the pulse repetition interval) is given by:

Sr(f,t) =rect <%> St(f) /V§(X)e_j4”£R(x’kTR)dX (1)

where £(x) is the reflectivity function, which represents the backscattering properties of the
target, V' is the domain where the reflectivity function is defined, c is the speed of light, and x is

the vector that locates a generic scatterer on the target reference system; R(x,¢) is the distance
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Fig. 1: SLC SAR image and relative zoom on the coastal area with the presence of a defocused target.
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Fig. 2: ISAR add on Block Diagramm exploiting the SAR Doppler Processing Parameters Estimation Algorithm
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Fig. 3: Reference geometry of the ISAR system with the sensor centred reference system and the reference system moving
solidly with the target

between the sensor and the scatterer. We assume that the target observation time is 7' = NTj
where N is the number of the transmitted pulses.
In a typical ISAR scenario, the target size can be supposed to be significantly smaller then

the radar-target distance. Therefore, the iso-range approximation can be applied:
R(x,kTr) =~ Ro(t) + x" -iLos(t) )

where i os(t) is the line of sight unit vector at time ¢, and Ry(t) is the modulus of the vector
Ry (t) which locates the position of the focusing point on the target. The received signal in (1)
is transformed into the received signal in (3) after applied the iso-range approximation and after

splitting the phase into two separated terms, one inside and one outside the integral.

Sr(f.t) = W(f, t)e dmefo® / £(x)e Imex" inos (0 g 3)
1%

W(f,t) =rect (%) rect (f ;f()) 4)

where f; is the carrier frequency, B is the transmitted signal bandwidth.

such that:

The motion of the target is characterized by both translational and angular motion. Both compo-
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Image plane

Fig. 4: Details to of definition of the effective rotation vector and the image plane.

nents produce a target angular motion with respect to a reference system embedded on the radar.
Let ©,,; be the total target angular velocity (measured in rad/sec). The effective rotation vector
. ;¢ can be therefore introduced as the rotational component the produces a target aspect angle

variation and therefore a synthetic aperture [14]. In formula, this can be calculated as follows:

Qorr £ iros X (Quot X iros) 5

It is worth pointing out that equation (5) indicates a projection of the total rotation vector
onto the plane orthogonal to the Line Of Sight (LOS). The image plane is the plane orthogonal
to Q.s¢. For the sake of clarity, a pictorial view of the image plane is provided in figure 4.
To simplify the following notation, the orientation of the target reference system, which moves
solidly with the target, is chosen such that x3 is orthogonal to the image plane. Accordingly, the
image plane is coincident with the plane (z1, ;). Referring to the figure 5, the image plane is
also the plane where it can be defined the aspect angle 0(¢) which provide the components of

the line of sight vector. So the scalar product in (2) can be therefore written as:

x? -ipog(t) = 21 sin6(t) + x4 cos H(t) (6)
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Fig. 5: Definition of the aspect angle 6(t) respect to the image plane (z1,z2).

Accordingly, by defining the following transformation:

2
X, = 2 sino)
¥ 2(} 7
Xy = —cosf(t)
C
the signal in (3) can be expressed as:
Sr(f:t) = W(f, t)ej4ﬂ£Ro(t)//§(x1,x2)ejzﬂ(xlxﬁxm)dxldxg (8)

where [ &(z1, 29, x3)drs = €(x1,x2) is the projection of the reflectivity function on the image
plane. Analyzing the terms of the backscattered signal from the target the operations to be
performed in order to reconstruct the image of the target can be now described. First of all the
motion compensation, which consist of removing the phase term exp{—j(4nf/c)Ry(t)} owing
to the radial motion parameter of the focusing point, should be carried out. After the motion

compensation the received signal can be written as:

Sr(f,t) =W(/f, t)//ﬁ(xhx?)€_j27r(X1xl+X2x2)dI1d$2 9)

In order to form an ISAR image, a 2-IDFT of (9) must be carried out, in the domain defined by
(7). In order to implement an efficient 2-IDFT, an FFT algorithm should be used. For aspect angle
changes of few degree (6(¢) < 5°) and by considering smooth target’s rotation (0(t) = Q.sst),
the polar grid in (7) can be approximated with a rectangular grid with evenly spaced samples
and therefore an FFT can be applied without introducing significant errors. Such an approach is

known in literature as Range-Doppler ISAR processing [14] and [22]. Under such assumptions,
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the received signal in (9) can be rewritten as follows:

2fo SLeff

S;Z(f7t) %W(f7t)/\/€(y1,y2>€_j2ﬂ—c T y1t€—j2ﬂ'¥y2dy1dy2. (10)

In order to evaluate the system Point Spread Function (PSF) we assume the presence of a single
point scatterer located in an arbitrary position (1, x2, 23). The PSF can be derived by calculating

the Fourier Transform of (10). Details of this calculation can be found in [23] and the result is

show in (11):
sinc {B (’7’ — %)]
c

where 7 is the round trip delay, f; is the doppler frequency. The cross-range and range resolution

I(Tafd):TB c

sinc {T (fd ~ Mml)] ’ (11

can be calculated as follows [22]:

Cc C

=——— and R, =— 12
2foSessT (12

Ry
' 2B

When the relative motion between the sensor and the target is regular, the distance Ry(t) can

be approximated (around the central time instant ¢ = 0) by second order Taylor polynomial:
Ro(t) ~ Ry + Bt +4t* (13)

where 3 = Ry(0) and y = Ry(0)/2 . Therefore, in order to perform the motion compensation
procedure the estimation of this parameter is fundamental. The estimation of the first term
Ry = Ry(0) can be avoided, as it only causes a constant shift along the range coordinate
without defocusing the image [24]. The coefficients S and v phisically represent the target’s
radial velocity and acceleration. They are also related to the Frequency Doppler Parameter.
Indeed, by differentiating the expression of the phase of the motion compensation term with

respect to the slow-time ¢ we obtain the istantaneous Doppler frequency:

fa(t) = foc + fort (14)

where fpc is the Doppler Centroid and fpgr the Doppler Rate, whose binding to the coefficients
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£ and ~y are: )
foo= L
(15
4
Jpr = ?fW

the motion coefficients, namely /5 and ~, can be therefore calculated by estimating the Doppler

parameters (fpc and fpgr).

IT1I. DOPPLER CENTROID ESTIMATION

In the previous section, we showed the important relationship between the motion parameters
and the signal Doppler parameters. In this section, we will discuss how to estimate the Doppler
Centroid by using an algorithm implemented by Madsen [17] which is typically used in standard
SAR image focusing. In particular we will describe how this algorithm is modified to adapt to an
ISAR configuration. The Doppler centroid plays an important role in the cross-range processing.
In fact, this parameter is directly related to the target’s radial velocity and also represents the
average Doppler shift, which affects the backscattered signal. With reference to (8), let define

the following function:
S(f,t) = W(f, t)e_j%?cfw//E(a:l,xg)e_ﬂ”(xlwrx”?)dxldxg (16)

To simplify the notation we will consider only the dependence on ¢ and will temporally neglect

the depence on f. Therefore, the received signal can be written as:

2o

SH(t) = S(t)e 2= bt (17)

where % (3 is the Doppler Centroid fpc. Let us now consider the function P(f,) defined as the
power doppler spectrum associated to the signal S(t¢). Therefore the power doppler spectrum of
Sp(t), can be written as:

Pi(fa) = P(fa— fpc) (18)

The autocorrelation function R,(7n) can then be calculated as the IFT of Ps(f,), as follow:

Ry(n) = FT ' [Py(fa)] = R(n)e*™irc (19)
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with
R(n) = FT ' [P(fa)] (20)

As the signal S(t) is sampled in the time domain, we must substitute n = kT k=0,1,..., N—
1 in 19, as follows:

Ry(k) = R(k)e**ripe 1)

So, in the time domain, measuring the phase of the correlation coefficient is possible to estimate

the Doppler centroid, as:

foc = arg{ Ry(k)} (22)

27T]{ZTR

Because the sampling step 7’z may be not small enough, the Doppler estimation may be affected
by an aliasing error. For this reason, the centroid can be considered as composed of two parts: an
integer number, namely the Doppler Ambiguity, and the fractional part, which can be interpreted

as the wrapped doppler centroid. In formula, this can be expressed as follow:
foo = foc + M - PRF (23)

Where f,,jc is the unwrapped Doppler Centroid, f pc 1s the estimated wrapped Doppler Centroid.
The estimator presented in (22) is able to provide the wrapped doppler centroid. In order to
correctly estimate the Doppler centroid, also the ambiguity number M must be estimated. In
this work, such number is estimated by using the Multi-Look Beat Frequency (MLBF) algorithm,
which was developed by Cumming for the SAR system [18].

With reference to the formula (8) let define the two range compressed looks of a single point

target that are shifted by a frequency Af:

t f—fo—4&t . o — &L
L1(f,t) =rect (?) rect T2 exp —j4m . 2| R(t) (24)

_ Af Af
Lo(f,t) =rect (%) rect (%) exp —jdm (fo —Z 2 > R(t) (25)
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The MLBF algorithm calculates the beating product between two range looks the result is as

follows and the details can be found in Appendix A:

A /
fo(t) = f_of (fDC + fDRt> (26)

Assuming that the slow-time signal envelope is symmetric with respect to the doppler centroid
and that the doppler bandwidth is confined in a narrow range, a relation between the beat
frequency f;, and the unwrapped doppler centroid can be obtained averaging the envelope in the
slow-time domain, as follows

Af

fr= fz/)cf (27)

The frequency of the beat signal is calculated by transforming the beating signal in the Doppler
domain and by evaluating the position of the maximum value of its mean power (average along
the range coordinate). The averaging operation makes this estimation robust with respect to
the presence of clutter in the real data. By estimating the beating frequency and by inverting
the formula (27) we can obtain the unwrapped centroid. However, rather than to calculate the
centroid with the MLBF algorithm (due to the presence of noise and the contribution of extended
targets that could cause some estimation errors), in this paper, the MLBF is performed only to
calculate the Doppler Ambiguity. The Doppler Centroid fractional part is instead estimated by

using Madsen’s algorithm. The unwrapped Doppler centroid is then obtained by using (23).

I'V. DOPPLER RATE ESTIMATION

The algorithm for estimating the Doppler rate originates from an algorithm developed for SAR
image auto-focus by Curlander at al. [19]. The algorithm is able to correct the inaccuracies on the
knowledge of motion parameters, which, in the SAR case, are tipically known a priori. In fact, the
SAR Doppler rate can be easily calculated by knowing the sensor parameters f]gslf B — 202 / Arg
where v, is the radial velocity of the sensor, A is the radar wavelength and r( is the reference
distance between the radar and the scene centre. Often, however, the measured parameters are
affected by errors that lead to an inaccurate estimation of the Doppler Rate. For this reason,
algorithms have been developed in the literature to correct the parameter estimates, and achieve
a better motion compensation. The proposed algorithm uses a sub-aperture correlation method

[20]. This method relies on the well known relationship between slow-time coordinates and the
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correct frequency history

uncorrect frequency history

Fig. 6: Slow-TIme and Doppler Frequency relation.

Doppler frequency:
Ja= fprt (28)

In particular such an algorithm considers two sub-apertures that are generating by filtering
the received signal in the Doppler domain. Specifically, two Doppler sub-bands centered around
two frequencies, namely fp; and fpo, are defined where the signal is filtered. Once the two
sub-apertures are obtained after filtering the original signal, the two SAR images are formed,
one per sub-aperture. If the nominal value of the Doppler rate ( f]'DR) is used to compensate
the platform motion, a SAR image will be produced that shows a time shift with respect to its

correct position. Such time shift can be calculated as follows:

ek:t;—tk—@—@ k=12 (29)

~ for  for
where fpp is the correct value of the Doppler rate. A de-focusing effect would also be notice if
t, —tx # 0 and it would be more pronounced if ¢, — ; increases. The two SAR images would
show a time shift difference:

At = €1 — €9 (30)
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when the incorrect Doppler rate is used to compensate the platform motion. Whereas, if f,'j R=
fpr, no time shift difference would be present. In fact, a relationship between the time shift
difference At and the Doppler rate fpr can be written as follow:

At = (fp2 — [p1) (/L—L> (31)

for  fpr

An estimation of fpg can be obtained by inverting (31). It should be pointed out that fpr can be
estimated by iterating this process, as consecutive iterations improve the estimation of At¢, which
is typically attained by cross-correlating the two sub-apertures SAR images and by finding its
peak.
In the ISAR context, though, the two sub-apertures images are defined in the Range-Doppler
domain (see (11)), which changes some of the aspects of this method. In order to modify
this method to apply to the ISAR case, we have recalculated the sub-apertures ISAR image
mathematically expressions. Details of such calculation are given in Appendix B. The direct

result of the cross-correlation is given in (32):

Rryr,(v) = T (fa)? @ Ta(=fo)* (v) =

) ) )

— FT! {‘A (TL/?> 26—3‘%@5} — A (%"?2) (32)

where v is the doppler lag and « is the Doppler rate error, defined as follow:

a:fDR_f’DR (33)

I is the sub-aperture Doppler profile defined in the Appendix B , A is the triangular function

A (TL/2> — rect (TL/Q) (1— ) (34)

and A is the Inverse Fourier Transform of the triangular function square modulus. It is worth

defined as follows:

noting that the function A can also be obtained by convolving two sinc functions. In the case
of a very bright scatterer, its PSF can be considered equivalent to a sinc function and therefore,

as result, the cross-correlation would produce a concentrated peak at the position o7'/2. In this
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case, the result of the search of the cross-correlation peak would return such position:

T
Umaz = argmaz, {Rr,, r,,(V)} = as (35)
Which would lead to an estimation of the Doppler rate error, as follow:
2
a= f/l/\max (36)
The subsequent estimation of the Doppler rate would be obtained as follows:
for=for+@ (37)

As already mentioned, this procedure can be iterated by updating f;, r With fD r. The iteration
may stop when the difference between two consecutive iteration is small than a pre-set threshold.
In the ISAR case, it is also important to obtain an initial guess for f,'DR. In this paper, we
estimate such initial guess by exploiting the relationship between the Doppler bandwidth and
the observation time:

Ba= forT (38)

The Doppler Bandwidth is here considered as the support of the cross-range power spectral
density. This can be measured by using one of the conventional definitions (e.g. —3dB Doppler

bandwidth or 99% of the energy).

V. DOPPLER PARAMETERS ESTIMATION ALGORITHM FOR SAR RE-FOCUSING

In sections III and IV we have introduced the methods for estimating the Doppler Centroid
and Doppler Rate, respectively. However, we will detail in this section how these methods are
joined together into an algorithm that will able to refocus non-cooperative target in Single Look
Complex SAR images. In fact, when the SAR image is focused, the SAR processor considers
only the relative motion between the platform that carries the sensor and one single point of the
illuminated area, which is taken as a reference point of a static observation scene. Therefore,
targets that are in motion during the Coherent Processing Interval (CPI), appear de-focused in
the SAR image. This phenomenon becomes more evident when the CPI increases. The goal of
the proposed algorithm is to estimate the target‘s Doppler Parameters (Centroid and Doppler

Rate) using a defocused SLC SAR image of it as input data. The refocus algorithm is designed
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FFigure/:

Fig. 7: Block diagram of Doppler Parameters estimation for the re-focusing non-cooperative targets. The dashed lines
connections indicate that the estimated Doppler rate is updated at each iteration.

to be applied to both StripMap and Spotlight SAR modes. A block diagram of the proposed
algorithm is shown in figure 7.

The proposed algorithm takes a crop of the de-focused target from the SLC SAR image as
input and then estimates the Doppler centroid by using the algorithm described in section III.
The Doppler centroid estimation is performed in two steps. The first step makes use of the
algorithm developed by Madsen, which exploits the Fourier Transform relationship between the
power spectrum of the signal along the slow-time and its autocorrelation function. The Doppler
centroid is estimated as indicated in (22). A common practices (see [21]) the lag value is set to
k = 1. This allows the autocorrelation function to be evaluated near the peak, therefore ensuring

sufficiently high Signal to Noise Ratio (SNR).

If the slow-time sampling rate is below Nyquist, the Doppler centroid estimation may produce
an estimate that is a wrapped version of the actual value. For this reason, a second step is

performed. The second step evaluates the doppler ambiguity by applying the MLBF algorithm:
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a check is carried out that aims at determining if the estimate Doppler centroid is the correct
one or if it is wrapped. In the latter case, the Doppler ambiguity factor (M) is determined firstly
and the Doppler centroid is re-estimated by using (23).

After estimating the Doppler centroid, the refocus algorithm proceeds with the Doppler Rate
estimation. As previously explained, the Doppler rate estimation is performed by using an
iterative algorithm that seeks to minimize the estimation error, starting from the initial knowledge
of a nominal Doppler Rate. Such nominal rate is a parameter that is set a priori and, in this case,
is the Doppler Rate that was used by the SAR processor to carry out the motion compensation
procedure to form the original SLC SAR image fg; B At first, the algorithm filters the two
sub-apertures that have to be cross-correlated. After doing that, both SAR images obtained with

the two sub-apertures are de-focussed by the following deramping factor:

d(f, 1) = etizm i Rolt) (39)

where the distance term is:

Ro(t) = fUaRy o ploarly2 (40)

and where ¢ is the is a scaled version of the slow-time. This de-focusing procedure is
performed in order to reconstruct the signal back-scattered from a classical ISAR point of view
and then the data is processed according to the proposed estimation process.

Subsequently, the two sub-apertures are refocused with the distance term:
Ro(t)) = foet + fort . 41

It should be pointed out that the term fig(t') does not remain constant because the Doppler Rate
fD r 1s updated at each iteration. Finally, the two sub-apertures are cross-correlated to measure
the mis-registration parameter At defined in (28), which allows determining if the estimated
doppler rate, namely fD r 1s equal or not to the actual Doppler Rate. Consequently, the Doppler
Rate is updated again. The same steps are repeated as long as the two sub-apertures are mis-
registered (At # 0).

The scheme described above is the most general scheme for re-focusing of the non-cooperative
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targets in the focused SAR images. The algorithm can be further improved especially with respect
to the computational load and time complexity point of view. In particular, in the Stripmap case,
the de-focusing procedure can be performed before the two sub-apertures filtering steps and
performed only once. On the other hand, in the Spotlight case, the sub-apertures filtering cannot
be performed after the de-focusing due to the well known spectral aliasing [25]. Moreover, if a
good pre-estimate of the Doppler Rate is available, further improvement in term of computational
load can be achieved because the filtering process can be performed only at the first iteration.
More specifically as far as the sub-aperture filtering blocks in figure 7 are concerned, it can be

féﬁm). This substitution leads to a scheme in which the

operated a substitution of fDR with
dash line in figure 7 corresponding to the iteration can be limited to the focusing procedure

block, without reaching the sub-aperture filtering block diagram.

VI. NUMERICAL RESULTS

The Doppler Parameter Estimation Algorithm (DPEA) described in the previous section has
been tested with SAR data provided by Italian Space Agency (ASI) under a Cosmo-SkyMed
(CSK) AO Project [26]. Specifically, SLC SAR images of moving maritime targets have been
used. In order to validate the proposed technique on Spotlight SAR images, we have proposed
two case studies. Some specification of the Spotlight SAR data are summarized in Table I.
The scenario selected is such that the observation time is short enough to guarantee that the
target’s effective rotation vector is constant. The results obtained by using the proposed estimation
algorithm are compared to the results obtained by using the Image Contrast Based Technique
(ICBT) [24]. The latter has been chosen as a term of reference as it is a well consolidated and
effective algorithm for refocusing moving targets in SAR images [12] and [13]. The comparison
analysis between the two different algorithms has been carried out by considering:

» image visual quality;

« image contrast;

« entropy of the image intensity;

» peak value of the image intensity;

« computational load.
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Parameters | SAR Spotlight Image 1 || SAR Spotlight Image 2
PRF, kHz 9.809 9.712
B, MHz 2717.510 198.410
Tops»S 2.080 2.588
Polarisation HH HH
Look right right
Direction descending ascending

cross-range, m

TABLE I: SAR Image Specification

115 145 175 205 235
range, m

265 295

Fig. 8: First unfocused ship cropped from the SLC image of CSK in Spotlight mode.

A. First Case Study: Image 1

19

We have considered the problem of refocusing a SLC SAR image of a moving ship. The

image was collected by CSK in spotlight mode. As evident from the figure 8 the image has a

greater de-focusing effect. This phenomenon may be due to the fact that the SAR Spotlight mode

requires a longer integration time and therefore the target’s motions become more evident in the

formation of the synthetic aperture. It should not be excluded though that the target may have had

faster and more complicated motions. The images obtained using the two refocusing techniques

are shown in figures 9 and 10 respectively. From a visual inspection, both images seem to have

achieved an optimal result in terms of image refocus. In fact, the scattering centers representative

of strong scattering mechanisms are well mapped into single points in the refocussed image.
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cross-range, Hz

115 145 175 205 235 265
range, m

Fig. 9: First focused ship with Doppler Parameters Estimation algorithm.

cross-range, Hz

115 145 175 205 235 265 295
range, m

Fig. 10: First focused ship with Image Contrast Based Technique.

Also, the contours of the ship are much more delineated than in the original image. The results in
terms of image contrast, entropy and peak reflect the visual inspection results, as shown in table
II. The DPEA achieves, albeit slightly, a lower entropy and same value of contrast. Furthermore,
the DPEA obtains a higher image peak. This is reflected by the higher localization and lower

side-lobe-level (SSL) of some scatterers, which can be noticed by comparing figures 9 and 10.
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Parameters SAR processing DPEA ICBT
Centroid, Hz 7.462 - 106 1.320 - 10% | 7.462 - 10°
Doppler Rate, Hz/s 3.098 - 10° 3.105 - 10% | 3.593 - 10*
Constrast 3.641 4.329 4.329
Entropy 7.774 6.350 6.359
Peak 3.757 - 103 1.015-10* | 8.866 - 10°
Computational load, s 1.934 2.980

TABLE II: Comparison Parameters for Image 1

40
1-5

60

80 ; E4-15

range, m
-
o
o

120

140

35 60 85 110 135 160 185
cross—range, m

Fig. 11: Second unfocused ship cropped from the SLC image of CSK in spotlight mode.

B. Second Case Study: Image 2

As second case study, we considered the problem of re-focusing a moving ship in a SLC
SAR image, which appears de-focused in both range and azimuth directions (see figure 11). If
compared to the first case, the second image shows a greater de-focusing effect. It should not be
excluded though that the target may have had faster and more complicated motions than in the
first case study as the result of a higher sea state or because it was undergoing some maneuvers
during the observation time.

From a visual point of view (see figure 12), the image obtained by using the DPEA seems
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40
60

80 ; L 415

range, m
N
o
o

120

140

40 60 80 100 120 140 160
cross-range, Hz

Fig. 12: Second focused ship with Doppler Parameters Estimation Algorithm.

Parameters SAR processing DPEA ICBT
Centroid, Hz 806.970 464.305 806.915
Doppler Rate, Hz/s 3.895 - 103 3.892-10% | 3.884 - 10°
Constrast 1.871 2.014 2.020
Entropy 8.667 8.070 8.063
Peak 1.281-10° 2.646 - 10° | 2.492 - 103
Computational load, s 1.213 1.92

TABLE III: Comparison Parameters for Image 2

very well focused, as highlighted by the vessel contours. In addition, the DPEA reduces also
the spread along the azimuth coordinate, as shown in the original SLC SAR image. Indeed, the
vessel appears with a thinner outline. Furthermore, the image focus achieved by the DPEA has
enhanced the signal-to-clutter ratio (SCR).

On the other hand, the ICBT (see figure 13) obtains very similar results to those obtained
with the DPEA. In fact, the images look almost indistinguishable. When looking at the results
shown in table III, the ICBT shows, although for few decimal values, a lower value of the image
contrast, indeed, the contrast is the parameter that the ICBT aims to maximize. As far as the

entropy is concerned [27], again, the DPEA seems to obtain, although for a few of decimal digits,
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Refocussed ISAR image

range, m

40 60 80 100 120 140 160
cross-range, Hz

Fig. 13: Second focused ship with Image Contrast Based Technique.

a lower entropy. In terms of image peak, the DPEA produces the highest value, indicating its
ability to well focus with respect one point of the target. Considering such a point as a reference
point on the target, this indicates the DPEA’s effectiveness to track the Doppler centroid and
Doppler rate (radial velocity and acceleration) of the target. This results prove the effectiveness

of the DPEA.

VII. CONCLUSION

In this paper an ISAR autofocusing algorithm based on Doppler parameter estimation has been
proposed. The algorithm is based on the re-use of Doppler parameter estimation tools available
in classical SAR focusing and adapted to perform the ISAR focusing of moving targets. The
algorithm assumes that the distance of a reference point on the target from the radar can be
approximated by a second order polynomial. The algorithm firstly estimates the Doppler centroid
in two steps: (1) estimates the fractional part of the Doppler Centroid by evaluating the phase of
the correlation coefficient of the received signal envelope along the cross-range, (2) estimates the
Doppler ambiguity by using the Multi-Look Beat Frequency MLBF algorithm and by measuring

the beating frequency between two cross-range envelopes of the backscattered signal. Finally,
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the algorithm estimates the Doppler rate by using an iterative procedure that minimizes the
mis-registration error between two cross-range sub-apertures. The effectiveness of the proposed
algorithm has been proven by testing it with a real dataset and by comparing the results with a
well-established autofocus technique. From a visual point of view and in terms of image contrast
and entropy, the DPEA has shown very good results, which are comparable with those obtained
by the ICBT. Furthermore, the DPEA seems to produce consistently a higher image peak value
and it runs at slightly lower computational cost, making it a strong candidate for a real-time

ISAR image autofocus technique.

APPENDIX A

The relationship between the Doppler Centroid and the beating frequency is derived in the
appendix. To do that, we will consider two range compressed looks defined in (42) and (43), in
particular, fixing the two frequencies f; = fo — Af/2 and fo = fo + Af/2 the range envelopes

can be approximated as follow:

t o— &t
L£1(t) = rect (?> exp —j4m ( 2 > R(t) (42)

C

Af
Lo(f,t) =rect (%) exp —j4m (fo —Z 2 > R(t) (43)

If we consider the phase terms (42) and (43) and the second order polynomial approximation

of Ry(t), we obtain:

_Af

Py (1) =4W( - . 2 ) (Ro + Bt +~1%) (44)
Af

®y(t) = A (fOJFT?> (Ro + Bt + 12 (45)

The beat product between the two range compressed looks becomes then equal to:
2
rect | =
(7)

Sy(t) = £1(1)L5(t) = et (@2(=91(0) (46)
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The beating frequency can then be calculated by differentiating the phase of the signal represented
in (46), as follow:

% (foc + font) 7)

where ZSy(t) is the phase term of (46).

APPENDIX B

The cross-correlation function result in (32) is derived in this appendix. Let the signal in (48)

represent the range compressed profile after the radial motion compensation:

S;z(fa t)=W(/, t)ejQﬂQCf(RoJrBtJr’yt?)ej27r2cf(3t+%2)//£(yl’y2)ej277(x1 sin 0(8)+22 €03 0()) (1l

(48)
We will now consider the following assumption:
- B=p
« the target is composed of a single scatterer {(z1,22) = 0¢d (1, 22)).
o The constant term Ry is neglected (it only causes a range shift in the ISAR image).
The signal in (48) can be approximated as follows:
Shlfit) = oo (f,t)e 2m a7 (49)

where Ay = y—7 is the acceleration estimation error. If we also assume that the range migration
due to the residual quadratic term A~ is negligible, the frequency range f can replace by the

carrier frequency f, as follows:
S(F = fort) = Sg(t) = oW (t)e™2m <" (50)

It should be noted that by posing f = fy, we neglect the signal dependence on the frequency
variable. We now create two sub-apertures by posing ¢t; = 7'/4 and to = —7'/4 and be defining
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two new signals:

Si(t) = ogrect (%) o I2m 3 At s
Szz(t) = oggrect (%) eszwg&ytz )

It should be remarked that fpr — fp, R= %Av represents the residual Doppler Rate. For the sake
of convinience we will rename o = %Av. Moreover, being o' < 1, the expression in (51) (52)

can be approximated by their first order polynomial around the points ¢; and ¢, as follows:

t—1T/4 T

S (t) ~ ogrect (TQ/) e Moyt (53)
t+7T/4 o T

Si2(t) = ogrect (%) gtiZmagt (54)

The two Doppler profile can be obtained by FT of (53) and (54). The results can be shown

below:
T —aT/4\ .
T T/4\ ..
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