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ABSTRACT 

The focus of this paper is on optimum time selection and 
angular motion estimation for ship ISAR imaging. The aim 
is to select proper imaging intervals and to estimate ship 
angular motion in order to obtain high quality top-view or 
side-view ship images suitable for processing by classifica-
tion/identification procedures. To this purpose a slope-
based ISAR algorithm is proposed, able to estimate the time 
instants better suited for top or side-view image formation 
and the rotation motion vertical/horizontal components for 
image scaling. The performance of the proposed ISAR tech-
nique is  investigated against simulated data under different 
ship model, ship motion, acquisition geometry and back-
ground conditions. Results obtained by applying the pro-
posed technique to live ISAR data proves the effectiveness of 
the proposed approach. 

1. INTRODUCTION 

This paper deals with the problem of Inverse Synthetic 
Aperture Radar (ISAR) imaging of multi-scatterer ship targets.  
Medium/high resolution (about 1 meter or less) target images 
can be obtained by using the ISAR technique [1]: a wide 
bandwidth waveform is transmitted to achieve fine range reso-
lution; coherently processing the echoes returned from the 
target at different aspect angles gives fine cross-range resolu-
tion. In ISAR the angular aperture under which the target is 
viewed by the radar is due to the motion of the target itself.  

Particularly, for ship targets, the ship angular motion 
around its centre of gravity is dominant with respect to transla-
tion motion and usually larger than needed to achieve the de-
sired cross-range resolution.  Thus ship images are obtained by 
properly using this ship angular motion. In order to get well-
focused images the instantaneous radar-target distance, and 
therefore the target motion, must be exactly known. Moreover, 
the orientation of the Image Projection Plane (IPP) depends 
itself on the target motion, [2], being the IPP normal to the 
effective rotation rate vector (the rotation rate component nor-
mal to the Line Of Sight, LOS). High quality images can be 
obtained when the rotation axis is almost fixed during time 
aperture. In particular, top-view images arise from ship targets 
rotating around a vertical axis (the effective rotation vector has 

only a vertical component), while side-views from ship targets 
rotating around an horizontal axis (the effective rotation vector 
has only an horizontal component). Therefore the knowledge 
of the ship rotation motion, decoupled in horizontal and verti-
cal components, allows us to know the orientation of the IPP 
and, more specifically, to select proper imaging intervals in 
order to achieve high quality scaled images on a proper IPP as 
top-view or side-view images (the most useful for classifica-
tion/ identification, [3]). Since the ship navigation data are 
usually unknown,  the information relevant to time selection 
and image focus/scale must be estimated directly from the 
received radar signal. The estimation of ship angular motion 
directly from radar data is therefore of great importance for 
both non-cooperative targets classification/ identification and 
vessel traffic management, allowing a complete real-time con-
trol, surveillance and traffic management in wide sea areas. 
In the present paper we focus on the problem of selecting 
proper imaging intervals and estimating the ship rotation 
motion and we propose a new technique in order to select the 
suitable imaging times and to estimate both the vertical and 
horizontal rotation motion components. 

2. TARGET MODEL 

The ship target model used in this paper is the one pro-
posed in [5]: the main concepts are here briefly summarized. 

The operative condition is given by a radar system 
transmitting a wide bandwidth pulsed waveform and by a 
ship target undergoing a rotation about its centre of mass 
(target fulcrum). We assume already compensated any trans-
lation motion between the radar antenna and the ship refer-
ence point. Usually the rotation motion is taken into account 
by introducing the yaw, pitch and roll rotation motions defined 
as the rotation around respectively the ship vertical axis, the 
ship width and the ship length.  

In our target model different reference systems are con-
sidered. The body reference system (O’,Xb,Yb,Zb) has origin 
on the ship reference point and is assumed integral with the 
target: in particular the Xb, Yb and Zb axes represent respec-
tively the ship length, width and height. The (O’,R,H,V) ref-
erence system is centred on the ship fulcrum, with R axis 
(r unitary vector) representing the LOS direction, H axis 
given by the unitary vector h  normal to  and belonging to 
ˆ

ˆ r̂
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the (Xb-Yb) plane and finally the V axis given by the unitary 
vector  normal to the (R,H) plane. v̂
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We assume the ship characterized by N dominant scatter-
ers, each with complex reflectivity constant during the time 
aperture and fixed coordinates, [ ]nbn

b
n
b zyx  for n-th scatterer, in 

the (O’,Xb,Yb,Zb) reference system. As shown in [5], around a 
generic time t0 we can assume the scatterer with coordinates 
[ ]nn vhr 00 ,  rotating around H and V axes (rotation around 

R axis is not considered since the radar is not sensitive to 
rotations around its LOS, [2]). If  is the angle, changing 

with time, swept around V axis and ) is the angle, 

changing with time, swept around H axis, around t
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where ψ is the grazing angle and ξ is the target aspect angle, 
i.e. the angle between LOS and Xb axis. Eqs. (1-2) show 
that, in general, both 

0v
ω and 

0h
ω contribute to the scatterer 

phase/frequency. Nevertheless it is apparent that scatterers 
belonging to the deck will be more affected by 

0v
ω  

( ) while scatterers from superstructures will be 

more affected by 

nnv 00 <<

0h
ω  (v ), [3].  nh0

n
0 >>

3. SLOPE-BASED TECHNIQUE 

We assume the radar echoes backscattered by the ship ac-
quired from time t=0 to a generic time t=Tmax and refer to radar 
signal after range compression. The acquired radar signal is 
processed by successive time batches, separated or partially 
overlapped (Tb batch length).  
In order to select proper imaging intervals the technique pro-
posed in this paper works as follows: on a batch by batch basis 
1) the acquired radar signal is pre-processed to obtain a 
pseudo-segmented image of the ship with the ship segment 
defined as the polygon containing all the detected ship scatter-
ers; 2) several linear features (including ship centerline, deck 
line and mainmast axis) of the ship image are estimated to 
evaluate the portion of the ship segment due to the side-view 
projection and the portion due to the top projection; 3) the es-
timated slope (Hz/m) of the ship centreline and of the main-
mast axis in the slant-range/Doppler-frequency plane are then 
used to estimate the vertical and horizontal motion compo-
nents. It is apparent that results of step 2 are used to select the 
optimum imaging time while results of step 3 are used to cor-
rectly scale the ship image. 
Details of the above processing steps are given below. 

 

1) Pre-processing 
In order to obtain the pseudo-segmented image the pre-

processing consists of the following steps: (a) obtain the 
weighted and oversampled ship image in the slant-
range/Doppler-frequency domain via FFT (Fast Fourier Trans-
form); (b) clear the image from disturbance spikes in order to 
localize the ship scatterers; (c) select the polygon which in-
cludes all the ship scatterers; (d) detect the ship segment edges. 
Obviously the ISAR technique proposed in this paper can also 
be applied to the segmented image obtained by using more 
complex and accurate segmentation procedures as in [4]. 
 

2) Top and side-view components estimation 
The estimate of  the top and side-view components of the 

segmented image is obtained by means of the following steps: 
(a) estimate the ship centreline axis, [4], defined as the line 
through bow and stern; (b) as the centreline divides the ship 
segment into two parts, distinguish the superstructure portion 
containing the side-view projection (i.e. the projection of the 
superstructure) from the body portion containing the deck; (c) 
find the first deck-line defined as the line parallel to the ship 
centreline and tangent to the body portion and take as the sec-
ond deck-line that line belonging to the superstructure portion 
and specular to the first deck-line w.r.t. the ship centreline; (d) 
evaluate the top component as the portion of the ship segment 
between the two deck-lines; (e) evaluate the side view compo-
nent as the portion complementary to the top component.  
 

3) Vertical/horizontal rotation components estimation 
The estimation of the slopes (Hz/m) of the ship centreline 

and of the mainmast axis (both estimates in the range-Doppler 
plane based on the Radon transform) can be used to estimate 
the vertical and horizontal components of the rotation motion.  
Based on the target model in Section 2 it could be shown that 
the ship centreline slope (Hz/m) in the slant-range/Doppler 
frequency plane at any t0 is given approximately by 
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while for the mainmast axis slope we have 
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The following observations apply: (i) when ψ≈0 m// depends 

only on 0v
ω

and m⊥→∞ therefore it is possible to estimate 

0v
ω

but not 0h
ω

: in this case we achieve scaled top-views and 
unscaled side-views; (ii) when ψ is not negligible (for example 

at short range) both 0v
ω

and 0h
ω

can be evaluated from the 
estimated slopes by using eqs. (3-4): in this case it is possible 
to scale both top and side-views. 

4. PERFORMANCE ANALYSIS 

The performance of the slope-based ISAR technique is 
tested first against simulated radar data. In particular a multi-
scatterer ship model is considered with length of about 120 m, 
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width of about 16 m, mainmast height 35 m above the deck 
level and with more than 200 interfering scatterers. The as-
sumed ship model could be representative of a large and com-
plicated ship such for example a frigate. 

 The transmitted bandwidth is set to 100-300 MHz (in order 
to achieve 1.5-0.5 m slant-range resolution), λ=0.03 m and the 
PRF is set to 1 KHz. Concerning the acquisition geometry we 
consider both cases of negligible grazing  (ψ=0°) and not neg-
ligible grazing (ψ=10°) while the aspect angle ξ0 is set to 45°. 
Different motion conditions have been considered: sinusoidal 
yaw (yaw: with amplitude Ay=1° and frequency fy=0.21 Hz), 
sinusoidal pitch&roll (pitch with Ap=1° and fp=0.178 Hz and 
roll with Ar=5° and fr=0.091 Hz) and finally yaw&pitch&roll. 
The proposed algorithm has been applied on a batch-by-batch 
basis with Tb=0.256 sec and 50% overlap between consecutive 
batches. Both noise-free (SNR=∞) and noisy (SNR=25 dB in 
the image domain, for white Gaussian background) conditions 
have been considered. It is to be noticed that disturbance-free 
conditions are of interest because, even in absence of a back-
ground contribution, the performance can be highly degraded 
by the interference among the different ship scatterers. 

As an example Fig.1 shows the original ISAR image of the 
ship under consideration, the detected scatterers, the peaks of 
the detected scatterers and the pseudo-segmented image at a 
given batch.   

 Fig. 2 shows the results of the top and side projection com-
ponents estimation for the case of sinusoidal yaw, pitch and 
roll, resolution 1.5 m and ψ=0°: as apparent from the figure 
optimum imaging times providing top or side views are clearly 
localized. Similar results could be shown for the cases of sinu-
soidal yaw motion only and sinusoidal pitch and roll as well as 
for the case ψ=10°. Fig. 3 shows the results of the estimate of 
the vertical component of the motion for the case resolution 
1.5 m, ψ=10° and yaw only (top) and yaw&pitch&roll (bot-
tom). In all the considered cases the proposed centreline slope 
based technique is able to estimate ωv with a mean normalized 
error (averaged over all the batches) less than about 13%: ob-
viously in the yaw&pitch&roll the performance is worst if 
compared with the yaw case due to the influence of horizontal 
component. In particular in the yaw&pitch&roll case we have 
for ψ=10° a normalised mean error of about 13% whereas for 
ψ=0° we have about 6%; in the yaw only case, regardless the 
grazing value, the mean error is less than 5%. 
Figs. 4-5 show the results of the estimate of the horizontal 
component of the motion for both resolutions 0.5 m and 1.5 m, 
ψ=10° and pitch only (Fig.4) and yaw&pitch&roll (Fig.5). As 
stated in the previous section the estimate of ωh can be ob-
tained only in presence of a not negligible grazing angle (short 
range): in this case obviously the best performance is obtained 
in the pitch&roll case and by using high range resolution 
which allows to better resolve in the range direction the main-
mast and the different element of the superstructure. In particu-
lar the mean normalized error is about 20% in the 
yaw&pitch&roll case while it decreases to about 10% in pres-
ence of pitch&roll only. 

The above results show that the proposed technique allows 
to select the proper imaging times and to scale the selected 
images with a small percentage  error thanks to the good per-

formance of the motion estimation techniques. As an example 
by selecting the batches at about 2.2 and 3.5 seconds the ship 
images in Fig. 6a-b are obtained which are also scaled accord-
ingly to the estimated values of the rotation rate components.  

 

 

Table 1: Normalized estimation errors analysis for SNR = 25 dB. 

The proposed estimation technique is also very robust to the 
presence of a background provided that the ship segment is 
acceptably recognized since the technique works in the image 
domain (after azimuth integration) without requesting Doppler 
tracking or phase estimation of ship scatterers. Fig. 7 shows 
the mean top and side projection components estimated for the 
case of sinusoidal yaw, pitch and roll, resolution 1.5 m and 
ψ=0° with a SNR=25 dB: the results are obtained by averaging 
over 100 different background realizations. As apparent the 
results obtained in the noisy conditions closely follows the 
behaviour in noise free conditions. The normalized mean er-
rors obtained in the same conditions are shown in Table 1. 
These results are obtained by averaging over all the batches 
and over 100 different realizations of the background noise. As 
evident the performance obtained in the noisy case are of the 
same order of the values obtained in noise free conditions thus 
showing the effectiveness of the proposed approach. 

5. APPLICATION TO LIVE ISAR DATA 

The above-described technique has been applied to an ex-
tensive amount of live data acquired by more than 10 flights 
from February to December 2002 against co-operative and 
non-cooperative ship targets. Fig. 8 depicts the system em-
ployed for the flight trials (Aircraft: Sabreliner T39-A and 
Radar: X-Band Coherent Pulse Doppler Radar). Validation of 
presented ISAR algorithm through live data, demonstrates that 
estimation of ship centreline slope and Doppler spread repre-
sent the keys for target motion estimation and best imaging 
time selection. 
Fig. 9 reports the top and side projection components, the cen-
treline slope, the Doppler spread as estimated by applying the 
proposed technique to radar data of a non co-operative com-
mercial ship acquired by the above radar system over a time 
interval of about 18 seconds. For the considered radar data set 
the transmitted bandwidth is 200 MHz (0.75 m slant-range 
resolution). The ship was located at about 30 Km from the 
radar and observed with grazing angle 3.30 degrees and initial 
aspect angle 15.5 degrees. Note that the small centreline slope 
values are basically due to the low aspect angle while the low 
Doppler spread values indicates a relatively calm sea state. The 
behaviour of the estimated centreline slope in Fig. 9 indicates 
the presence of a small vertical component. Best time instants 
for side-view imaging are selected by choosing time instants 
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with a high Doppler spread and a close to zero vertical com-
ponent: Fig. 10 shows the ship side-view image, not scaled, 
obtained at time ≈15.8 sec with synthetic aperture 2 sec. The 
agreement of the results obtained for real and simulated data 
indicates that the performance prediction shown in the previ-
ous Section is representative of the performance achievable in 
a practical application of the new proposed ISAR algorithm.  
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Figure 1 - Example of batch processing results. 

 

Figure 2 - Top and side projection vs. slow time                               
for the case yaw&pitch&roll, ψ= 0°, ξ0= 45°. 

 
 

 

WHITE: Side component 

GREY: Top component 

Figure 3 - True and estimated ωv component vs. slow time for the 
case ξ0= 45° and ψ= 10°, yaw (top) and yaw&pitch&roll (bottom). 

 

Figure 4 - True and estimated ωh component vs. slow time              
for the case pitch&roll, case ξ0= 45° and ψ= 10°. 
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Figure 5 - True and estimated ωh component vs. slow time             
for the case yaw&pitch&roll, ξ0= 45° and ψ= 10°. 

 
 

 
 

Figure 6 - Ship ISAR images at the selected time instants. 

 

 

Figure 7 - Top and side projection vs. slow time                                 
for the case yaw&pitch&roll, ψ= 0°, ξ0= 45°, SNR = 25 dB. 

 

Figure 8 - System employed for live data acquisition 
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