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Abstract—This work deals with Inverse Synthetic Aperture [2], the global range alignment [3], the Prominent Point
Radar (ISAR) autofocusing of non cooperative moving target.  Processing (PPP) [4] and the Phase Gradient Algorithm (PGA)
The relative motion between the target and the sensor, which [5] are very simple and popular, mainly because they do

provides the angular diversity necessary for ISAR imagery,is t . del fi H h thod
also responsible for unwanted range migration and phase clmyes not require any model assumption. However, such methods

generating defocusing. In the case of non-cooperative taggs, the Can only achieve accuracies on the order of fractions of
relative motion is unknown: ISAR needs hence to implement an the range resolution whereas the required accuracy is on

autofocus step (motion compensation) to achieve high restion  the wavelength fraction order. Other non-parametric m#gho
imaging. This task is typically carried out via the optimization such as the Maximum Likelihood [6] technique and the Joint

of functionals based on general image quality parameters.nl . . .
this work, we propose the use of a fast and accurate motion Time-Frequency Analysis (JTFA) [1] technique, have been

compensation algorithm based on the estimation of the Doppt  @lS0 proposed. Such techniques typically divide the entire
parameters, thus fully coping with the nature of the imaging observation interval, referred to as coherent integratioe

system. The effectiveness of the proposed method is provem o (CIT) into multiple frames that are separately processed to
both simulated data and data acquired by operational systeis generate multiple range-Doppler images. The relative anoti
Index Terms—Inverse Synthetic Aperture Radar, Motion Com- in this case must be considered negligible within each frame
pensation, Radar Imaging. to avoid target defocusing (blurring). The achieved crassje
resolution is then lower than that obtainable with techegju
exploiting the entire CIT. Advanced methods, such as the
S-method [7] adopting a specific time frequency represen-
Inverse Synthetic Aperture Radar (ISAR) is a technologytion able to reduce the cross talk terms, can increase the
that exploits the sensor to the target motion to form a tweT while limiting the blurring. Recently proposed paramet
dimensional (2-D) detailed images of moving targets [1leThjc approaches, specifically the Image-Entropy [8] or Image
transmission of large bandwidth pulses allows on one hang¢@antrast-Based Technique (ICBT) [9], are recognized to be
high range resolution and a coherent combination of targghte of the art methods for achieving very high resolution
echoes received at different aspect angles provides, on {8AR images. A simple and computationally efficient ISAR
other hand, a high cross-range resolution. The key elemeqfofocusing parametric approach, namely the Doppler Pa-
for high cross range resolution is the aspect angular diyersrameters Estimation Algorithm (DPEA) has been proposed in
which is either due to the target rotation or induced by th@e context of refocusing of moving targets in SAR images
target cross range motion: in the latter, more realistioepaﬁo]. DPEA is based on a very efficient Doppler parame-
the unavoidable variation of the sensor to target dista@@éd ters estimation module. SAR DPEA refocusing estimates the
also to the presence of phase terms that, if Uncompensq_fﬁﬂ)plerfocusing parameters by updating the starting Dappl
at the focusing stage, may generate heavy defocusing. rk@e value estimated from orbital state vectors, see (31) in
achieve very high resolution imaging, such phase term hag). |SAR systems are typically fixed and for non coopemtiv
to be thus compensated by Motion Compensation (MoCgygets there is no initial estimation of the radial accatien.
procedures [1]. Typically, the target is not cooperativéhwi The method, as proposed in [10], is therefore not directly
the sensor: The required focusing parameters are thermﬁrbreappncame to an ISAR system. In this work, we propose an
known a-priori and must be estimated directly from the radﬁfhproved version of DPEA able to perform an ISAR focusing,
data via autofocusing implemented at the MoCo stage [1k. the focusing of moving targets sensed by a static radar.
Several MoCo algorithms have been developed and propoggd work we address the development of an approach able
in the recent literature [1]-[9]: They are typically diville o operate regardless of the a-priori knowledge of theaihiti
into parametric and non-parametric methods. Non-parametgstimates of the Doppler parameters. With respect to known
techniques such as the so called envelope correlation me”ﬁh@rametric approaches based on optimization of genergléma

. , . . quality measurements, i.e. ICBT or entropy minimization,
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I. INTRODUCTION
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Hence, hereafter we assume that the autocorrelatidh oé.

" Rr is (real) and positive, so that the FT &%, i.e., |y|? may
o be assumed concentrated around the origin. To reconskreict t
. ISAR image, however, a key step is represented by the MoCo
Ty inensor & stage, which consists of evaluating and compensating the

phase termezp{—j(4r f/c)Ro(ts)}. Following this operation

a simple inverse FT provides the wanted target reconstnicti
This approach is known as Range-Doppler approach [1].
even better than classical parametric based methodsphg, t The Point Spread Function (PSF), i.e. the impulse Response
achieved with reduced computational costs. The latteufeat Function €/(&1,&2) = v09(&1,&2)) can be easily derived as

is particularly appealing for operational purposes esilgdior being equal to:

Fig. 1. Reference geometry of the ISAR system.

guasi real time imaging of moving targets for harbour traffic 2%, 13
monitoring. s51(7, fa) = v T Blsinc[B(T — 7)]||5i”C[T(fd -~z T)H,
S @
Il. SIGNAL MODEL wheresinc(z) = sin(mx)/(7z), 7 is the round trip delayfy

To describe the received signal, we refer to the geomeifythe doppler frequency.
depicted in Figure 1 where the sensor is located0a®, i)
in the system of coordinatés, z2, z3) and we consider also  Ill. D OPPLERPARAMETERS ESTIMATION ALGORITHM

the reference systerf€i,&»,&3) on the target: the latter is  MoCo procedure is a fundamental step for the generation of
assumed to move along an arbitrary trajectory. In a typicaigh resolution ISAR images. In the case of non cooperative
ISAR scenario, by assuming that the target size is signifigantargets, the motion parameters are unknown to the sensor.
smaller than the radar-target distance (iso-range appipXi To achieve high cross range resolution, the te®pit,) has
tion): R(, ts) =~ Ro(ts) +&isin(0(ts)) +&2cos(0(Ls)), where  to be estimated directly from the data and removed. DPEA
R(&,t5) is the distance at time; between the sensor and aexploits the Doppler properties of the ISAR signal to estana
scatterer,Ry(ts) is the modulus of the vectaR(s) which  the target motion parameters for MoCo. We assume that the
locates the position of the reference point on the target (s@lative motion between the sensor and the target is smoath a

Figure 1). We suppose that the sensor transmits an idea pilsgular so that the distandg,(t,) can be well approximated
with the bandwidth3 at a carrier frequency, over a CIT of py second order Taylor polynomial:

T [1]. In the following we will always assume the frequency )
f and the slow-timef, be limited in |f — fo| < B/2 and Ro(ts) = Ro + vrts + arty, (5)

[ts|] < T/2. The. signal backscattered from the tgrget 'Fo tr\ﬁherevR _ RO(O) andap — RO(O)/2: dots and double dots
sensor, as function of the frequenfyand the slow-timé; is  yepresent the first and second derivatives with respecteo th
given by: time. The coefficienta’z and ap are the radial component
_ —jarLRo(ts) of the target velocity and acceleration, respectively:yraee
Su(f 1) = e S ] 161, &2) (1) also related to the frequency Doppler parameters (the Roppl
centroid fpc and the Doppler rat¢pr) as follows:
where ¢ is the speed of light(&;,&2) are the cross-range 2f Af
and (slant) range coordinates respectively defining thgetar JIpc = VR Ipr = . 4R (6)
imaging plane and/(¢;, &) is the reflectivity function repre-
senting the projection of the 3-D reflectivity function oreth
image plane [1]. Equation (1) is the classical expression G
the ISAR signal: It highlights that the received signal caﬁa . . . . .
be considered as a the Fourier Transformation (FT) of tiffe reason wiih a one dimensional signal b.y neglecting the
backscattering function associated with the target in amoﬁependence on the frequency, thus by letting= fo. We
domain. Generally, the CIT" is small and the rotation may ave therefore:
be assumed uniform so th@(ts) ~ Q. sts whereQ. is the Sy, (f,ts) 2 e—i2(fpot.+1BE ti)Fo(ts), (7)

modulus of the effective rotation vect®2.;;. The received o )
signal in (1) can be thus rewritten as: where, for the sake of simplicity, we have substituted the

- relationship between the motion parameters and the Doppler
Sy(fots) e d4me ot f ¢) (2) parameters as explained in the formula (6) dhgt,) =
L(f = fo.ts).

e=i4m L (Eusin(0(ts))+éacos(0(t:))) g, dg,.

Both motion coefficients,. anda,, can be thus retrieved by
§timating the Doppler centroid and the Doppler rate parame
rs. We refer to (2) and hereafter, just for sake of simiylici

where letting,R,, = ¢/(2f0QrfT") (cross-range resolution),
we have: . L
A. Doppler Centroid Estimation

T(f,t,) = (¢ —32n(Ray T)é1ta ,—j2n 2 &2 g¢ g .

bs) = (&1, &)e € STISE The Doppler centroid is a key parameter for cross-range

(3) focusing: It represents the average Doppler shift whichcif

In coherent imaging contexts the reflectivity is assumed tbe backscattered signal. The Doppler centroid estimaton
have a (real) positive, i.e., zero phase, autocorrelatidy.[ obtained by re-adapting the algorithm proposed in [12] ia th
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context of classical SAR focusing. With reference to (7), leo the convolution between two squarethc() functions. In
us define the following function: any case, i.e. either in the presence of a dominant scatterer
& —infont? on in a more general situation of a target with distributed
Solts) = e “To(ts). (8) scatterers, the cross-correlation between the two suksloo
Therefore, the signal defined in formula (7) can be easiBfoduces a maxima at the positigip z7°/2. Accordingly, by
written as: measuring the maximum of the cross-correlation functibat t
Sho (ts) = So(ts)eI2mIwets (9) s T
The (discrete time) autocorrelation functi@y (k) is therefore: Vmaz = AL8 NAX (B0 ()} = fDR§ (13)
Rs,, (k) = Rg, (k)e 2K Trfpc (10) itis posAsibIegto achieve the estimation of the Doppler rate a
= Vmaz 7T -
with R,, being the autocorrelation function of the samplegDR g
version ¢(; = kTr k=0,1,..., N —1) of the signalSy(¢s).
As already mentioned in Section Il we assume tRatis real
and positive. This assumption stems from the fact that theln this section we provide an overall description of the ISAR
Fourier spectrum of the received signal along the slow tinf@aging based on the DPEA for MoCo. The block diagram
is peaked around the doppler frequency associated with @fethe proposed procedure is shown in Figure 2. We start
radial velocity of the target. According to this considéeraf
by measuring the phase of the correlation function defined in
(10), it is possible to estimate the Doppler centroid asfed:

foo(k) = 5arg{Rs, (V). (1)

where arg is the phase extraction operator. A Maximum

Likelihood estimation OffD.c Can. be _achleved as in [13]'_ A Fig. 2: Block diagram of DPEA processor. The dashed arrows repréken

robust and accurate centroid estimation, close to the Maxim possibility to iterate the estimation procedures.

Likelihood estimation derivable when the observed scene is

described by a withe Gaussian process can be achievedfioyn data generated by a generic radar system, it could be

settingk = 1 in (11). a classical pulsed radar or Frequency Modulate Continuous
Wave (FMCW) radar. The target selection module in Figure 2,

B. Doppler Rate Estimation also known as cropping, is necessary for extraction of tha da
relative to the target of interest, which is typically presto-

The algorithm for the estimation of the Doppler rate tai.(ege‘ether with clutter and other targets. After the croppinghef

inspirgtion from a _previous alggrithm developed for foc‘.‘!ﬁ' data, as illustrated in Figure 2, the DPEA first of all estiesat

fS'ﬁR |_mag:_es acqwred_ by. saielllte ienbsotrs [14]ﬁ1lt elg(pldntls Lthe Doppler centroid by exploiting the procedure described
fo owing meardrl”lhapplmg.{_d ~ f’?ﬁ s t('a welen ftﬁ Opt%e;in the Section IlI-A and then operates its compensation. It
requencyfy and the slow-time, . The rationale of the metho is worth noting that this compensation is carried out in the

is that for fpr # 0 two sub looks corresponding to diﬁeremrange frequency domain in order to also accommodate the

doppler. windows provide, acpordmg 0 Imegr mappitfg:= so called range walk (linear component of the target range

fprts, images centered at different. To estimate the slope migration). In order to improve the estimation, the process

of this linear mapping, the proposed algorithm exploits tn‘f:‘e iterated (see the dashed line) until the di,fference Ewe

cross correlation between images generated by at least two iterations is below a pre-set threshold: convergenc

Eub-apertures. Wedassumelthat (tjh_e Dr(?ppler c_entroidt;[erm cally requires very few iterations. The algorithm perhs
een compensated as explained in the previous sub-sect L .

and, therefore we next refer to the sigril(z.) defined in sequently the Doppler rate estimation by exploiting the

¢ la.(8). It be sh that th lation fiomct procedure described in the Section IlI-B. The estimatedeval
ormula (8). It can be shown that the cross correfation is used to compensate, again in the range frequency domain,
between two sub-looks§; and S, can be written as:

the whole range migration. Similarly to the centroid compen

C. Overall Processing Procedure

R, s, (v) = FT{Rr, (n)RFO(—n)e*ﬂ’ffDR%nA?(%)} = sation, the rate estimation and compensation steps aageiter
A |:(V_fDRT/2)i| . Iterations are typically very limited. Finally, the algtmn
T performs the “Final focusing” block for generating the Rang

(12) . : .
where A() is the classical triangular function. A thoroughDOppler ISAR image with the estimated parameters.

mathematical derivation of the above formula is provided in

the supplementary file [15]. From (12), it is seen thhts IV. EXPERIMENTAL RESULTS

defined as the FT of Rr, () Rr,(—n)A%(#%)}: the latter is a  This section aims at demonstrating the effectiveness of the
real, even and positive function. Therefore, reasoningndlse proposed technique with tests on both simulated data ard dat
previous subsection, it can be concluded tHaachieves its acquired by operational systems: All sensors, including th
maximum value in the origin. In the simplified case of a singlsimulated one, operate at X-Band (with a carrier frequericy o
scatteretRr, (n) is a constant function and therefofereduces 9.6GHz) with 0.5m of slant range resolution (the transmitted
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Fig. 4: First case study with data acquired by the CMRE operatiopstesn: comparison between DPEA and ICBT.

— pointed out that the application of optimization procedure
h powe generally carried out in ICBT was not possible because of
2. «§ the presence of local maxima in the image contrast function

s z corresponding to cases of low SNR. Accordingly, the ICBT
was run with an exhaustive brute force search which is

extremely time consuming.
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(a) RMSE velocity. (b) RMSE acceleration. B. Data vaUi red by operational systems
In order to validate and test the proposed technique inrdiffe
Fig. 3: Root Mean Square error comparison analysis between DPEA an@nt operative conditions and in the presence of differartte
ICBT in the case of AWGN. scenarios, the DPEA has been tested with two independent
X-band radar systems. The results obtained by using DPEA
fave been again compared with those generated by ICBT. The

bandwidth is300 MHz). Results achieved by the propose i . : .
WI 'S 2) Suts eV y Propos nparison analysis between the two different algorithass h

technique have then been compared with those obtained b od b idering the following f .
state of art MoCo parametric technique for accurate and f gen carried out by considering the following features:gma

ISAR imaging, namely: the Image-Contrast Based Techniq\d@ual quality, image cont.rast, gntropy of the imgge intgns
(ICBT) autofocusing algorithm [9]. peak value of the image intensity and computational load.

1) First Case Sudy: In the first case study, the DPEA has
] been tested with a maritime X-band radar system data-set
A. Smulated Data owned by Centre for Maritime Research & Experimentation
The first test is carried out on a simulated data-set. A poif@MRE) in the Gulf of La Spezia (Italy). The CIT is in this
target simulator has been developed, and, data corresgpndiase3.349s and the PRF i811, 546Hz typical operative range
to a ship target supposed to be moving with a rectilinesalues are between 1 and 5 Km. We have considered the
trajectory with uniformly accelerated motion with a comdta problem of focusing the moving ship showed in Figure 4(a).
radial velocity of 5m/s and a radial acceleration 6f5m/s As is evident from Figure 4(a) the target image is affected
have been generated. The CIT ls and the Pulse Repeti- by considerable de-focusing, in fact, the range-Doppleyeia
tion Frequency (PRF) i$50Hz. The simulations have beenimage shows a significant blurring and thus it is not posdible
exploited for comparing the estimation performances of thiéentify the shape of the vessel. The images obtained byusin
DPEA and ICBT methods in the presence of noise; to thike DPEA and ICBT autofocusing techniques are shown in
end the data has been corrupted by additive white Gaussiagures 4(b) and 4(c): dB scales with respect to the maximum
noise. Monte Carlo simulations have been run to quantify tvalues have been adopted; the horizontal axis corresponds t
estimation performances for each motion component: adbtalthe (slant) range from the first pixel before cropping, the
500 trials have been processed for each SNR value with thertical axis to the Doppler. The scaling from Doppler to
aforementioned simulated ISAR system. From the statlstic@oss-range requires the estimation of the magnitude of the
analysis shown in Figure 3, it is seen that the proposed DPE#Hective rotation vector [1]. From the visual point of view
method performs with better accuracy than the ICBT methdath algorithms have achieved satisfactory image focusing
both in the radial velocity and radial acceleration. This e contours of the ship are much more delineated than in the
related to the fact that the DPEA is based on the measuremeriginal image. The results in terms of image contrast,ogytr
and optimization of quantities related to the Doppler phasad peak reflect the visual inspection results. Such reatdts
history which is a key feature in the imaging mechanisnshown in Table I. As shown in Table I, ICBT achieves a slight
With reference to the radial velocity, ICBT performs bettehigher contrast but a higher value of entropy and a lower peak
for very low SNR: This is probably due to the high contrastalue. DPEA is however more than three times faster than
characteristics of the simulated scene. The flathess of i@BT.
DPEA curve indicates a very high robustness of the proposed) Second Case Sudy: The testing data-set is relative to
Doppler rate estimation procedure to achieve high accuramytest of a system carried out within the experiments of
levels. Finally, as for the computational costs, it shoudd the NATO SET-196 Task Group on “Multichannel/Multistatic
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Fig. 5. Second case study with data acquired by the HABITAT opematisystem:
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comparison between DPEA and ICBT.

TABLE |: Comparison Parameters for first case study

being able to achieve, with the same final image quality,

Parameters Raw Data DPEA ICBT
Contrast 2.563 3.963 3.959
Entropy 8.806 6.082 6.056

Peak 5.310 x 10% | 3.486 x 107 | 3.775 x 107
Computational load, § 0.528 1.756

TABLE II: Comparison Parameters for second case study

Parameters Raw Data DPEA ICBT
Contrast 1.484 1.589 1,591
Entropy 7.400 6.475 6.333

Peak 3.218 x 10% | 8.718 x 10° | 1.007 x 107
Computational load 0.253 s 0,647 s

robustness and a computational time gain.
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(1]

Radar Imaging of Non-Cooperative Targets” in Livorno (fjal [2]
in 2014 by using the HABITAT radar system. The Figure[s]
5(a) shows the cropping of a moving ship, in the range-
Doppler. The CIT is in this case of.5s and the PRF is
again611,546Hz. As can be seen, the range-Doppler image
of the target, also in this case, is affected by a rather largél
defocusing involving blurring effects: The different pbstat-
terers representative of the ship are not easily distimgiite.
Figures 5(b) and 5(c) show the Range-Doppler images @6l
target refocused with the DPEA and the ICBT techniques,
respectively. From a visual inspection, both methods aehie [7]
satisfactory results. In fact, also in this case the cormtour
of the ship are much more delineated than in the original
image and the point spread function of a dominant scatterer ]
well concentrated. What was previously stated by the visual
inspection, is also confirmed by evaluating the quality imgg [9
parameters described in Table Il. The DPEA achieves, albeit
very slightly, a higher entropy, a lower contrast and a Iower
peak. However, the visual inspection of the images in 5(
appears to be in favor of the DPEA: The contours of the ship in
Figure 5(b) look more delineated than in the ICBT result, i.e
Figure 5(c). The computational load analysis again confir
the advantages of DPEA whose processing time is more than
halved with respect to ICBT. [12]

[13]
V. CONCLUSION

This work has described a simple, fast and accurate ISARI
focusing algorithm that exploits the Doppler characterisof [15]
the radar signal. The effectiveness of the proposed algorit
has been proven by testing it on simulated data and on two
different data-sets acquired by operative radar systentesl
been shown that it is a valid alternative to classical meshod
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