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Abstract

We consider the context of marine surveillance andan

imaging with bistatic radar. Since these systenesrat yet
mainstream and somewhat costly, not much experibase
been accumulated yet in the literature and thedfulisess is
still under debate. We propose an approach todotdntially

interesting bistatic configurations that could beed in the
future to monitor the ocean, and especially shigesaFirst,

we review the important acquisition parameters faowd their

choice might influence the final image. These cdesitions
are then validated through simulation for frequeacabove
1 GHz.

1 Introduction

Increasingly, bistatic and multistatic configuraiso are
brought forward as an alternative to the traditionanostatic
configuration. The first purported advantage of sthe
configurations is the possible use of transmittarb
opportunity, while the receiver is always passivaug
stealthy). Secondly, the higher number of degrédiberty is
often seen as a way to have a better visibilitytlon target
amid the clutter. However, multistatic configuraiso are
more delicate to use than monostatic systems andbea
more costly in some cases. Since those systemaoarget
mainstream, not much experience has been accum@atef
today and the benefits of bistatic radar versus ostatic
systems are still under debate.

In our case, we consider bistatic radar in the exnof
marine surveillance and ocean imaging. We arerfstance
interested in the imaging of ship wakes, since wagk®vide
useful information on a ship’s heading,
dimensions. A way to gain a better insight on thter is to
use simulation tools to determine, priori, how to use
bistatic systems and evaluate their pros and ceregpposed
to monostatic systems. For this reason, we at HSIETA

developed a Marine Radar Simulator (MaRS) that lexsato

simulate raw radar signals for a great deal ofakistand
polarimetric configurations.

The presentation of the MaRS tool and of its impdatation
will not be the subject of this paper, since weeadly
presented it more thoroughly elsewhere [1,2,3], luat
summarize its main properties in part 2 of the pap¢ée

khenchal } @nsieta. fr

devote section 3 to a few theoretical consideration the
parameters that matter when imaging the sea, anat wh
requirements on, for instance, resolution or pe&idn, are
needed to satisfactorily observe waves or ship sakiote
that we did not model the ship itself and leave fhafuture
work. Section 4 exhibits some results we obtainéith wut
simulator. To the best of our knowledge, some ds¢h
images have not been simulated nor experimentedrégef
which make them valuable for potential experimenter
Recommendations on future work close the paper.

2 Overview of the simulation tool

The key components of the radar acquisition chauh their
interaction as simulated are presented in fig. 1.
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Figure 1: overview of the main elements of the &sitjan
chain and the environment (1: only partially sinteth 2: not
simulated yet). The green boxes are the input petens) the
yellow boxes are the modelled phenomena, and the
arrows show the dependencies.
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2.1 Representation of the sea

speed, and

The sea is represented using a two-scales forronlalihe
large-scale features (gravity waves) are repredeate a
digital elevation map (DEM) generated using comnsea
spectra (Pierson-Moskowitz, Fung & Lee, Elfouhailyhis
elevation map evolves with time according to thesast
waves dispersion relation. Small-scale featuregil{aay
waves) are represented statistically through spdctrum.

2.2 Ship wakes

The elevation of the Kelvin waves induced by thip $tull is
obtained by assuming that the Mitchell thin-shipedty



holds, using the SWPE model as proposed by Tucknjee
that we used a much cruder model in [1]). This nhadlews
for using a 3D representation of a ship obtainedugh a
CAD program (as in figure 2). Then, we deduce thadvid
waves elevations at each point of the sea surfaeefanction
of the ship velocity. We also have a first appraadion of the
turbulent wake left by the ship: we locate the pwithat lie
within the turbulent wake on the DEM and reduce strall-
scale roughness spectrum. The location of thosatgas
obtained using an empirical relationship [5], whigkies the
breadth of the turbulent wake at a given distamoenfthe
ship as a function of the ship’s length and beam.

Figure 2: the DTMB 5415 hull used in the simulato
provided in this paper

2.3 Transmitter, receiver and signal

The transmitter (X) and the receiver (R) are thesitpned
within the scene. Various antenna gain patternsbeansed
(rectangular & elliptic apertures, or custom gaiatt@rn
loaded by the user). The modulation is also ledefto the
user, even if we only used linear chirps so far.

2.4 Computing thereceived signal

For each transmitted pulse, the position of X andvBlves
freely with time. The trajectory can be eventualbjisy to see
how this influences SAR focusing. The contributmieach
facet of the DEM as given by the polarimetric anstdiic
radar equation is then computed using a raytrasaigeme.
The contribution of specular points is computedngsihe
Kirchhoff Approximation and the diffuse componerg i
obtained using the Small Perturbations model in lteal
frame associated to a tile. The models work fegtfiencies
above 1 GHz and assumes incoherent diffusion @eepbut
a short correlation (in time).

The outputs of MaRS are twofold. First and foremastaw
temporal signal is delivered, which can then be tfeghost-
processing tools such as a synthetic aperture gsoceThis
raw signal is obtained by adding the elementaryrnst of
each facet, with the adequate Doppler shift, atiéon, and a
random de-phasing which comes from the fact thieatdn

on each facet is incoherent. However, the simulesor also
output reflectivity maps of the surface, which gvan

interesting indication on the potential visibiligf specific

features.

3 Apriori theoretical considerations

The size of the variable space influencing thelfieaeived

image is extremely high (see figure 1 for a revigfwthese

variables). Therefore, it would be hard to perfaanbrutal

series of tests with variables such as the frequenacying

one by one. We first begin by selecting a few agunfations

that might be interesting frora priori considerations. The
following outlines what parameters are important dow

their choice can influence on the final image gyali

3.1 Radar design choices

There are design choices than will have a direftiénce on
the visibility of desirable features on the imagach as the
carrier frequency, the polarization, the requiredotution,
etc. Those are often fixed beforehand when therragitem
is conceived. When imaging the sea, the abilitymeasure
variations of heights is of much less importancanthhe
ability to distinguish waves by using shadows andfoe
difference of contrast between one side and theroffhese
shadows or variations of intensity allow for refiieg the
spatial frequency of the waves, which in turn iskéid to
environmental parameters such as the wind speed and
direction, as well as the depth of the water zoménd
considered. Therefore, we feel the contrast is fingt
parameter that should be optimized.

Polarization: Some polarizations are known to be better than
others for sea imaging. For monostatic radars,irfstance,
HH polarization is considered to be better than VV
polarization, since it yields a better contrastwastn steep
and moderate slopes. This helps to see the wahéscdmes
from the fact that specular returns will tend to be
comparatively higher than diffuse returns. Croskzation

is still not used very often, even if it has beeguad that
cross-polarized radars could yield a better contmasbserve
ship wakes, since they allow for a better contmastverage
incident angles. Our simulator indeed confirms ¢helaims

_for monostatic radars and suggests that they aretale in

the bistatic case in most of the viewing configionas.

in

Frequency: X band is the most often used frequency
marine radar; on the other hand L band has beenmrstmbe
an interesting choice since it makes some featfré&lvin
wakes visible. This comes from the fact that some
wavelengths of the Kelvin wake can enter into Bragg
resonance at those frequencies, which will then be
responsible for well-documented bright lines forgim cone

of about a dozen degrees centred on the main dxikeo
wake. Besides, this band is also used by GPS alitt@Ga
systems, although the expected resolution thabeaattained
with GPS is much lower since the modulation is donea
smaller band than dedicated radar systems. Lower
frequencies also yield lower reflectivities in tliffuse zone.
This has the combined advantage of both maximizing
contrast and yielding a lesser developed speckle.
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Figure 4: shape factoxsof the speckle in our simulated monostatic SARgesas a function of the wind directiol
degrees, assuming it follows a K distribution, &89° incidence (top row) and a 60° incidence @nottow).

Resolution requirements. depending on what is to be
observed, these requirements are not the same. Wi
resolutions currently available with radar satedlit(about
30 m, since multilook imaging is used), the darkbtlent
wake is commonly visible, as is the border of thelvin
wake cone, which appears as a bright line. Distsigng the
actual wave system of the Kelvin wake is much hardie
see it, two factors have to be considered. Fiks, ground
resolution must be compatible with the wavelengththe
Kelvin waves. For instance, a ship goinglat= 10 knots
generates transverse waves in the ship directiai @i
wavelength equal to ®%g = 17.2 m, thus the ground
resolution must be at least in the 8.5 to 9 m raffige the
image to be sampled at the Nyquist rate). 0
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3.2 Operational choices
Figure 3: real-world measures of the clutter shiapeorv

Operational choices really concern the viewing @umation a5 4 function of the wind direction (degrees) asagra K
(that is, the position of both the transmitter ahel receiver, gistribution, quoted from [6]. Incidence 55-65°b¥nd.

the incidence angle, etc), so as to maximize tisébility ) ] _ ] ]
expectation of some desirable features. estimated in the best possible way. Again, this saggest
the use of low grazing angles to maximize shadows.

Resolution: The distance resolution on the ground

Argincreases with the incidence andfe ) ) ) )
Clutter and observation configuration: The last concern is

_ Ar about clutter mitigation. Our simulations as wel eeal
Arg = Q) ) X
sind experimental data show a strong dependency betiyabe

where Ar is the resolution on the distance axis. This suggedncidence angle anig) the clutter type and the angle between

the use of large incidence angles to maximize ¢iselution. the boresight direction of the radar and the wiirddion. If

Also, the slope of the waves mostly influencesréiflectivity  the clutter is, for instance, K-distributed, the amered

of the swell and the wake. This slope varies with wind amplitudea will have the following probability distribution:

speed and direction (for the swell), the ship vigjoand the 2b (ba)”

hull shape (for the wake), and also with the vigwin p(a)=———| K,,(ba) (2

configuration. As seen earlier, it is desirablehtove a good r(v\ 2

contrast for the waves, so that their spatial feeqy can be whereb is a scale factory a shape factor] the Gamma
function andK, a modified Bessel function of the third kind



of orderv (the higherv, the more Rayleigh-like the clutler
Figures 3 and 4 exhibit this dependency. Figureh8ws

at the same point; also, aircraft do not have a7 24/
disponibility (but this is also true for monostat8AR as

experimental measures obtained using the Ingara SAwIl).

platform [6] at 10 GHz for incidences going from &5 65

degrees. The/wind direction dependency is correlated to th

relation between the reflectivity of the sea aneé thind
direction, that is, the reflectivity is highest whiooking in
the upwind direction (see fig. 5) and the cluttpikst in
that direction. In our simulations (figure 4), thleape factor
is sometimes overrated as compared to those of af@]

indeed, whernv was too large, the Weibull-distribution was

better suited than the K-distribution. Notice alsbe
dependence of the shape factor to the incideneespleckle
becomes more Rayleigh or Weibull-like as the inowe
angle becomes smaller or the wind speed higher.
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Figure 5: evolution of the NRCS of the sea as atfon of
the wind aspect angle. Comparison between MaRS
experimental measurements quoted after [7] at 14.GH
measures show a similar trend.
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4 Towardsa useful bistatic configuration: some
selected results

The broad principles coming from the consideratistaged
above suggest using large incidence angles, if ilgless
Coastal radars can do that; yet monostatic coesdalrs have
poor azimuthal resolutions at large distances; idensfor
instance the case of a radar with a 0.5° apertthe;
resolution at 10 nm is 162 meters; this could tagcally be
increased by the use of an hybrid coastal/airbdriséatic
configuration, so that synthetic aperture radar ldtobe
performed and better resolutions attained.

To give an idea of the kind of images we obtain pnesent a
set of images simulated in a classic, SAR configfoma
(figure 6), as well as the hybrid coastal/airbocnafiguration
mentioned before (figure 7). The parameters arenzanzed
in table 1. In the second configuration, the casitia the one
attained with coastal radar due to the high grazingle of
the transmitter, but on the other hand, the remoluis the
one obtained with synthetic aperture systems anghush
higher. On the other hand, a drawback of this cumétion is
the difficulty to put it into operational use sintee coastal
radar must be servoed to the aircraft so that tikenaas aim

a

o Par ameter Value
Frequency 10 GHz
PRF 222 Hz
Modulation 60 MHz
Pulse length 0.3 us
Wind speed 10 m/s
Wind direction 30°
Ship speed 4.5m/s

Table 1: parameters used in the simulation

5 Conclusions and futur e prospects

It is early to categorically reject or argue in dawof one
particular configuration, since too many parameters
involved. This paper is by no means an exhaustitelague

of all possible configurations. However, some basic
principles can be stated, which could help to iasesthe
quality of the images. In the context of ocean ahigp wake
imaging, it is interesting to maximize the contraftthe
image so that waves are more visible. This suggesitsy
configurations where at least one antenna aims avismall
grazing angle. If possible, the looking directiomogld be
perpendicular to the wind direction in order to ued
speckle. This can also be achieved by choosing the
appropriate polarization (HH or cross-polarized)d ahy
loyering the frequency. The choice of a particular
£ nfiguration should ideally be validated through
experiments but since those are costly and unwieldy
simulation is an alternate way to investigate the of radars
for marine imaging. Finally, there is hope that giation
could be used to investigate the influence of emrinental
and observation parameters on the shape of speckle.
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