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ABSTRACT

Ships moving on the ocean surface experience forcing frotin the propulsion system and the dynamics of the
ocean surface. To fully categorize the vessel motion, ieisagsary to estimate the motion of a ship in both the
horizontal plane (track made good) and the vertical (hedirelction. Over the period of illumination with an
airborne (and perhaps spaceborne) SAR, both horizontalamidal motions of a ship can be observed. Reliable
estimates of vessel velocity require that heave motion lvewtted for over the radar observation period to
compensate for the most significant acceleration termsdumage formation.

This paper presents a methodology for the extraction of éieamtion from vessels at sea and describes the
contribution of this motion to radar measurements of shipaity. The extracted, time varying heave motion is
shown to be a necessary contributor to matched filter alyostused to focus SAR images of moving vessels.
Heave is, thus, shown to be needed for robust estimates séleslocity components parallel to the SAR
direction of travel. To demonstrate the impact of ship heaav& AR GMTI performance, a heave extraction and
compensation methodology is described and applied to Mesen two different experiment trials conducted
using the C-Band Along-Track Interferometric SAR on board Environment Canada CV-580 aircraft with
different vessels and sea states. The results show thagtiselwelocity is well modelled at least for larger ships
and low to moderate sea states.
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1 INTRODUCTION

Modelling the motion of targets on the ocean surface diftistinctly from the terrestrial case. With a ship
we can assume a narrow range of horizontal (along and aaaxds tmotions but we must also assume that a
dynamic vertical component of motion due to the ocean sarfagresent. This paper will present a physical
parametrization of vessel motion that accounts for the éeawstion of the vessel. The heave motion of the
vessel is derived from a time-frequency decomposition &ed used to define a matched filter that enables the
calculation of along and across track velocities. The patamation also provides better focussing of the SAR
imagery. Achieving a verifiable model for the observationsbfp dynamics is of interest in applications for
search and rescue, where the dynamics of a vessel may iadiwasafety of the people on board, and in ocean
monitoring, where the motion of a vessel makes ship detectiore complicated.

SAR systems are exceptionally good tools to determine tanggion ([1], for instance). There has been a
good deal of excellent work accomplished in the use of tinregiency methods ([2], [3], and [4]) and matched
filter bank methods ([5] and [6]) to explain the effects ofaaty and acceleration in the imaging of moving
targets. These methods have either considered the téatesse where an object has been assumed to be moving
without a vertical velocity component or they have assunmadl the motion of a target can be modelled with a
polynomial approximation ([7]). While the latter is cortethe derivation presented here provides a more physical
description of the phenomena of radar imaging of a moving.shi

In the case of a large vessel in transit on the ocean surfaeeaw assume that the motion in the horizontal
plane is due primarily to the propulsion forces (propellansids, and currents) and that the main accelerations are
due to course changes. Motion in the vertical direction kealldue to the encounter of waves on the ocean surface
as filtered by the vessel inertia. Dynamic stabilizatioreofier vessels is normally used to reduce the components
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of roll and yaw motion such that it may be safe to
ignore these components. Consequently propulsion
and vertical motion acting over the length of the vessel
should account for most of the movement of a larger
vessel imaged by a radar.

R -

A parametrization of a model for ship motion ob- oemen s
served by SAR is presented in Section 2. The ap-
plication of the model to data is discussed in Sec-
tion 3 with ground truth data discussed in Section 4.
The experiments used to validate the model were pefyure 1. The M/V Green Guatemala. (Image courtesy of
formed using the C-Band Along-Track Interferometsreen Chartering AS.)
ric (ATl) SAR on the Environment Canada Convair-

580 research aircraft [8]. Data taken, of the M/V Green Guiatie (see Figure 1), a 131m long refrigeration ship,
on 12 June 2006 offshore Newfoundland, Canada are usedstrdite the discussion in the following sections.

2 BACKSCATTER FROM A MOVING SHIP

The return signal from a point target may be modelled as
s(t) = A(t) exp(—ik2R(t)), @

whereA(t) is the time varying magnitude of the returns; the phase di¢pen the radar wavenumbér,and the
(two-way) path distance to the targetiR(t).

An important characteristic of the signal backscatteredfa vessel at sea is the time duration of the usable
returns. The magnitude of the returns from a ship are mugretahan the returns from the ocean surface. The
duration of the signal, for whicli(¢) is large, is typically longer than the -3dB beamwidth of tiaear. The
ATl SAR imagery used in this analysis provided a signal daraéqual to approximately a -12 dB beamwidth
— even at this beamwidth, the returns examined are from thie lobe. The side lobe suppression in the radar
system used is strong ([8]). The length of the return sigmgddcts on two aspects of the analysis: 1) range
walk compensation, and 2) the ability to extract the targetoy. A shorter time series makes the calculation
of frequency components from the target history incredgidgficult. These components can still be used to
aid in the focussing of the target signature (see for ingdfy), but the geophysical parameters to which they
are attributed would be masked by the short duration. Indéisse, the concepts developed here can be applied
more easily to an airborne SAR — where the target illumimatime is long enough. Any steerable SAR system,
whether airborne or spaceborne, would exhibit an incretezget dwell time and hence we can expect to be able
to more fully exploit the signature of a vessel with such eys.

Range walk compensation is clearly important in a systernekploits a -12 dB beamwidth. A number of
algorithms are available for range walk compensation. Eiative strength of the ship return compared to the
ocean, makes the isolation of the ship target returns velgteasy in the range compressed data. By considering
the shape of the target returns in the range compressediti&gyossible to perform range walk correction
using a sinc function (as described in [10]). The extent efrtinge walk has been estimated by fitting a quadratic
expression to the peak returns. The radar range resolwtiothé order of 4 m) is large enough in the airborne case
that we do not need to consider higher order contributiotisésange curvature. Other methods of identifying the
range walk (without reference to external data sourcesg baen published recently with particular application
to identifying the Doppler ambiguity (e.g., [11] and [12]).

Figure 2 shows the azimuth uncompressed returns follonamge walk compensation for the M/V Green
Guatemala. Itis clear that at least two main scatteringresrare responsible for the returns from the ship. The
M/V Green Guatemala (see Figure 1) has cranes and lattieesiikictures that explain the existence of areas of
relatively high return power.

By considering the imaging geometry described by Figure &,can derive an expression for the distance
between the ship and the radar sensor. The beam centre orothgs assumed to be travelling with a constant
velocity, v, in the positiver direction. The ship is modelled with linear acceleratiomghiex andy directions
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and a sinusoidally varying motion in the direction of thaxis. The time varying distance between the radar and
the ship target can be expressed as

R(t)= \/((UQ—UI)H %t2)2+ (yo—f—vyt—i— %p)ﬁ (ZO+Z acos(at+¢7))2, )

where the position of the ship &t0 is (0, yo, 20), the constant along and across track velocitiesvar@andv,,
respectively, the accelerations of the shipriandy are given as, anda,, and, finally, the sinusoidal variations
in height are given as the sum of the components of a wave witlliaudesd, frequencies of encountes, and
phases of encountay,

From this formulation, the Maclaurin series can be deriwesow the relative importance of each term. By
neglecting terms on the order &f(¢)~3 and smaller, the series can be written:

YouyHzo+C0) o - 2(va—v2)* 207 +2ay Y0+ 2066 +(Ch) > ol .2
Ro 4Ry ’
where, for convenience; is substituted for the ex-

pressiony . @ cos(Gt +1) in (2) and R, is the range
distance evaluated at= 0. The relative contributions

to the range distance from across track and vertical
velocities and accelerations are very large compared
to the along track velocity. It is clear from (3) that
the strength of the variations in the direction are
strong enough to have a discernible effect on the range
to target. The effects of velocity and acceleration on
the matched filter processing of a point target moving
along the ground has been described in [5].

Standard range-Doppler algorithms (see, for in-

stance [10]) assyme a matched fllter_ process'E%ure 2. Range compressed, azimuth uncompressed returns

based on ) a St[at'onary target. In this case tlﬂ%m the M/V Green Guatemala after range walk compensa-

matched filter is based on the phase return ofijgn The response shows two strong scattering centres sepa

signal with the target motion in (2) set to zeroated by approximately 50 m (and corresponding to bright re-
Comparing the convolution of the signad(t), flectors on the superstructure).

with a matched filteg(¢) = exp(ik2R(t)), illustrates t+7 Mx

the problem. Inclusion of across track velocity in the

signal, but not the matched filter, causes the matched

filter result to be azimuth shifted ([1]). If across and

along track velocities are included in the signal then t=

the result is both smeared and shifted in azimuth (as )

shown by the green line in Figure 4). Adding heave R

to the signal results in further complication. This is \

shown as the red line, in Figure 4, where the effects \

of quickly varying accelerations deform from the re- \

sponse shown by the green line. In each case, the mag- p p(r)

nitude of the target response is diminished from the >

stationary case with the addition of motion character- Y

istics — which provides the motivation to consider a

more _detal,led analySISf of the backscattered SIgnal’lf?‘aure 3. The geometry assumed for the imaging of a moving
described in the following. ship located at the pointwhen the aircraft is at time=0.
The Doppler frequency of the signal backscattered

R(t) = Ry +

®)

(iR sy
A

Slant Range (m) from 14821m

Azimuth (s)

from a target contains information about its motion. Doplequency is given agp(t) = ;—i%—‘f where¢ is
the phase given in (1). Taking(¢) from (2) results in the expression:
k -
fp(t) =~ —W [((va— UI)2+v§+y0ay) t+yovy — 20 Zcﬁ&'sin(cﬁt—kw) . 4)
focanSAR:
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Because the Doppler frequency is defined in terms
of the phase of the return signal, it is more sensitive °
(than say the range walk) to small variations in target
motion. From (4), it is clear that the constant horizon-
tal velocities are represented by a straight line, in the
plot of frequency as a function of time, and that the
vertical motions can be considered as a superimposed
periodic function. The across track acceleration also
figures prominently in the Doppler rate obtained by
taking the derivative with respect to time.

Magnitude (dB)
IR
5
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Using a high resolution technique, such as the Wignefigure 4. The effects of target motion on a standard range-
Ville time-frequency decomposition, we are able tDoppler processing algorithm. The blue line shows the filter
extract the Doppler history of the backscattered signakponse from a stationary target. The green line shows the
(see, for example, [2], [4], or [13]). Other methods foocussing of a target with 1 ms velocity in both thez and
|dent|fy|ng the instantaneous frequency are also ava"directions. The red line shows the effect of addlng a heave
able ([3] and [7]), however, the Wigner-Ville decomcomponent_ from a 8 s (100 m) wave with qmplitude of 10 cm
position works well for this application. The lineaf® the moving target, when the target motion follows the sea
component of the Doppler history is removed usingsé'rface'

robust linear least squares fit to a straight line and the

remaining (periodic) signature can be extracted using

a high resolution spectral estimator. The fast orthogoeaich (FOS) algorithm described by [14] and [15] works
well for this purpose. The fitted line may be used to estimatandv,; however, this method is not as sensitive
to changes im, as we may desire: clearly a small across track acceleratibafiect these estimates.

Following from our assumptions, the fitted periodic partloé Doppler history provides the encounter fre-
guency and phase for the wave field as well as a measure of thgl&drequency shift due to heave amplitude
at a particular scattering centre. Phase variations of thefunction estimated from the backscatter of a cross
track travelling vessel confirm wave field coupling to thesedsmotion. Estimating the heave component, as

¢(t), from the time-frequency decomposition is an efficient ngeainquantifying the nonlinear accelerations in
the target response. These motions can then be accouniedfatched filter processing of the target signal.

Frequency (Hz)
Doppler Frequency (Hz)

Slow Time (s) Slow Time (s)

Figure 5. Wigner-Ville time-frequency decomposition of the retuigral from the M/V Green Guatemala taken on 12 June
2006 (left). The graph on the right shows the heave signdtured by isolating the linear components of the observed
Doppler frequency.
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Figure 6. Two dimensional matched filter mapping for a matched filterdaith heave (left) and without vessel heave (right)
included in the baseline matched filter.

To provide estimates of the velocity of the ship target, aamed filter bank may be defined based on a
range of estimators, andd, with é(t) obtained from the time-frequency decomposition. The neddilter
bank approach for finding the along track velocity is desaifor example, in [6]. This approach uses a two
dimensional matched filter bank,(andv, are estimated jointly) and the nonlinear accelerationsac@unted
for by the “heave” function. The map, of the outputs of the chad filters for varying horizontal velocities, is
thus defined as: R R

M (vg,v,,¢) = max|s(t) @ g(t, va, vy, €)]. (5)

In this case, for each af,, v, the reference function is convolved with the signal alonge bf constant slant
range. The magnitude of the response provides a measure fifdhs achieved with each of the test paire pf

andwv, with the knowné. The maximum response of the peak values of the matchedrfilipping can then be
chosen as the estimate of the along and across track vekitiandw,, respectively.

Figure 6 shows the application of a matched filter bank witthbbg andv,, defined on the range [-15, 15]
ms~! with Av =.2 ms' . The plot on the left hand side of this figure shows the reswits Q included.
The right hand plot shows the results without considerirggdhcelerations extracted from the time-frequency
representation. The broad nature of the mapping withoutdnehows that accelerations present in the signal
are not accounted for in the matched filter. The sharper foétise mapping on the left indicates that théas
accounted for much of the acceleration in the signal data.

4 VERIFICATION

The methodology has been confirmed by experimental datatirandifferent field trials. Maritime trials of the
ATl SAR were conducted offshore Nova Scotia in March, 200d mrore recently on the Grand Banks, offshore
Newfoundland, during June, 2006.

During the 2004 experiment, two cooperating vessels fratanadian Coast Guard were instrumented with
Global Positioning System (GPS) receivers to record pos#ind velocity. The vessels, a 16 m cutter and a 68 m
patrol vessel, were in relatively calm waters (approxirtyatem significant wave height) for the duration of the
imaging. Taking the GPS record as ground truth, the root nseaare error (rmse) in velocity estimation is 1.0
ms~! for the heave compensated estimates versus an rmse of 2!8farghe matched filter bank without heave
compensation.

The 2006 experiment offshore Newfoundland employed shipspportunity and relied on the Automatic
Information System (AIS) reporting of vessel position areloeity. The M/V Green Guatemala was imaged
in seas recorded as growing from 2.0 to 2.6 m significant waight during the aircraft flight on 12 June
(approximately a 4 hour window close to the imaging time).pAgation of the model to this vessel provided
estimates of along and across track velocities that werginvims ! of the velocities reported by the AIS. In
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this case, the AIS reported a velocity of 6.6 Thgalong track) and 6.97 ms (across track): The algorithm
estimatedy, = 6.76 ms! andv, = 6.97 ms' . This result is for a large vessel in low to moderate seas and
may not be completely representative. The rmse estimategfocity from the March 2004 trial may be more
representative (where an rmse of 1.0rhdetween ground truth and estimated along track velocityfaasd).
Validation efforts are on-going and a ship trial to captiure behaviour of a vessel in high sea states is planned.

— NoHeave
— Heave

Heave was estimated for the M/V Green
Guatemala by an inversion of (4) with the across track
acceleration assumed to be negligible. The compo-
nents estimated provided heave amplitudes of 1, 0.8,
0.1, and 0.5 m with wavelengths of encounter of 83,
291, 24, and 517 m. These estimates are probable for
the observed sea conditions: waves above 2 m sig-
nificant with multimodal seas and winds close to 20
knots. Validation of the heave extraction will require
an experiment with a vessel instrumented to record
vessel motion. Confirmation of the heave signature : o
could have implications for studying the ocean surface Azmuth (m)

wave reglmethrothan understanding of the eXpeCtl?lg]ure 7. The improvement in focus of the M/V Green
vessel dynamics.

Guatemala with heave compensation. The green line shows
The improvement in focus resulting from the ina 3 dB improvement in target return strength and a reduction i

clusion of the heave trace in the matched filter proceggmuth smearing of 1/2.

is shown in Figure 7. The graphic shows a 3dB in-

crease in magnitude and the response width reduced by a fafcfoin azimuth. The inclusion of the heave

function does not provide a perfectly focused target butethe a definite improvement in focus from the case

where heave is ignored.

Response (dB)

50 100 150

200

Figure 8 shows the results of the azimuth compression wiglvd@eft) and for the best filter response without
considering heave (right). The inclusion of the heave eamm in the final application of an azimuth matched
filter, provides sharper focus and the correct azimuth sitg of the target response. The best filter response
without heave (produced using (5) with thidunction set to zero) occurred at 19.5 Msand -4.9 ms! in the
along and across track directions, respectively.

5 CONCLUSION

The focussing of ship targets by identifying the contribatof heave motion in the Doppler frequency signature
has been described. The use of a matched filter which inclestésation of heave provides an improvement

v =-B5v =-68v included v =188v =-48nov,
% v 2 % v =

i

il

Slant Range (km)
Slant Range (km)

oy

600 400 200 0 200 400 600 600 400 200 0 200 400 600
Azimuth (m) Azimuth (m)

Figure 8. Azimuth compressed imagery of the M/V Green Guatemala wivk included(left) and best estimate without
heave compensation (right).
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in the accuracy of the estimation of along track velocity azimuth focussing of a vessel. While a follow-

on experiment would be necessary to confirm the estimatidmeafe, the methodology does point to a clear
means of observing the dynamics of a ship at sea using a SArrieing efficient processing methodologies
to automatically extract heave and then focus target sigestfor surveillance applications is the subject of
continuing research at Defence R&D Canada — Ottawa.
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