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Improvement of SAR/ISAR simulation in MOCEM V4.5 by computation of the ship's Bow wave
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In DGA tool MOCEM, ship signature of a moving ship takes into account several coupling effects such as the dihedral effect between the sea and the hull or the kelvin wakes. But in airborne SAR/ISAR images, we can sometime observe a Doppler spreading that generates a defocusing phenomenon at the bow of the ship that is associated to the bow wave. Here we present the improvements done on the simulation to reproduce this effect.

I. INTRODUCTION

The DGA -Delegate for Armament of French MoD -has been developing for many years ( [START_REF]Christian Cochin -SOURSAR -«operational polarimetric scene generator[END_REF], [START_REF] Christian Cochin | Delhommeau 'simulator of ocean scenes observed by polarimetric sar[END_REF]) a simulator named SIROS -Simulation toolset for Imagery Radar and Ocean Surveillance. This paper presents and illustrates the components of this simulator used for simulation of complex maritime scenes, taking into account a ship, the sea surface and a bow wave, resulting of interactions between the moving ship and the sea surface.

In a first step, we will focus on the main components of the EM modeling considering the interest and the expected use of the simulation. We focus here on the following tools: MOCEM and PHYSIQ. These applications have been developed under DGA contracts by SCALIAN, a French company.

II. SAR IMAGE SIMULATION WITH MOCEM & PHYSIQ

A. MOCEM

MOCEM, with its original principles, has been presented in many publications ( [START_REF] Christian Cochin | MOCEM -'all in one' tool to simulate SAR image[END_REF], [START_REF] Cochin | MOCEM -fast generator of 3D scatterers for radar simulation[END_REF], [START_REF] Ødegaard | Comparison of real and simulated SAR imagery of ships for use in ATR[END_REF], [START_REF] Le Barbu | Validation of SAR/ISAR imagery radar processing using simulated raw data shozing realistic ship motions[END_REF], [START_REF] Cochin | MOCEM V4 -radar simulation of ship at sea for SAR and ISAR applications[END_REF], [START_REF] Atle O Knapskog | Target Recognition of Ships in Harbour Based on Simulated SAR Images Produced with MOCEM Software[END_REF], [START_REF] Cochin | Nina ØDegaard -Radar simulation of ship at sea using MOCEM V4 and comparison to acquisitions -RADAR[END_REF]). It is a tool dedicated to the computation of EM signature of complex objects including moving ship, infrastructures of vehicles. One of the core modelling principles of MOCEM is based on an innovative approach consisting of building, from an analysis of the target's geometry, a 3D EM scattering model. This approach has many advantages, such as an accurate localization of points in 3D and a very fast computation time. From a rough geometry (internet provider) and some improvements in CAD model, we can build a 3D EM model. As we consider several types of effects, the 3D model is not made of isotropic scatterers but of points associated to a level and a directivity function, corresponding to the nature of the EM effect. A collection of different effects are implemented in the simulator, such as plate, dihedral or trihedral. We thus obtain a very compact 3D EM scattering model, and it is possible to take into account rough surfaces (missing from the CAD model), using a "dielectric and roughness coefficient" to reduce specular effects and enlarge visibility of contributors. We can also easily take into account a diffuse effect of surface in order to generate on complex surfaces, not detailed in CAD model, a skin level with a spatial distribution. From this model, it is easy to localize contributors in range and Doppler according to the relative motions between ship and radar.

Once the 3D EM scattering model has been calculated by MOCEM, considering many angles of observation, its offers internally, two main ways to produce either images or raw data:

-Computation of a "source image" using a slant projection and then applying radar transfer function taking into account radial and transverse speed of each scatterer.

-Computation of the raw data considering motions of scatterers, waveform and antenna pattern. It the case of maritime scene, the ship is computed by MOCEM while the signal of the sea clutter is computed by another tool called PHYSIQ.

This offers to generate SAR image or ISAR films of the ship. 

B. PHYSIQ PHYSIQ ([10], [12]

) is the software that computes radar raw data from a dynamic sea model. This computation needs a large sea surface in order to cover the radar antenna beam and a sufficiently accurate sampling step to correctly hold the gravity wave spectrum. For capillarity waves, we take into account the slopes, resulting of dynamic sea, to modulate the 5  patch where Bragg's effects are computed. For low sea states (SS <4) and except in very grazing angles, the sigma0 variation is quite similar to GIT [START_REF] Fiche | Combinaison of empirical/asymptotic models to characterize sea clutter at intermediate angles[END_REF] and GOSSA model [START_REF] Angelliaume | the GO-SSA extended model for all incidence sea clutter modeling[END_REF]. We can also observe that the Doppler spectrum of the sea clutter is well represented as well as we can observe a K distribution, similar to measurements ( [START_REF] Rosenberg | Stephen Bocquet -Application of the K+Rayleigh Distribution to High Grazing Angle Sea-clutter -RADAR[END_REF], [START_REF] Fiche | Ali Khenchaf -Statistical Analysis of Low Grazing Angle High Resolution X-band SAR Sea Clutter RADAR[END_REF], [START_REF] Ward | Sea clutter: Scattering, the K distribution and Radar Performance[END_REF]). The Doppler shift and its spreading are also rendered [START_REF] Atle O Knapskog | Target Recognition of Ships in Harbour Based on Simulated SAR Images Produced with MOCEM Software[END_REF]. It remains therefore difficult to validate these points considering the relatively scarce data available for uncertainties on the ground truth associated to available measurements.

PHYSIQ also takes into account breaking waves that enforce the Bragg contribution, and creates discrete events in the signal called "spikes" [START_REF] Corretja | Simon Watts -Sea-Spike Analysis in High Range and Doppler Resolution Radar Data RADAR[END_REF]. PHYSIQ implements a sophisticated crest detector in order to locate and characterize the breaking phenomenon when it appears. Spike signatures are then added to the signal with Doppler properties associated to the local properties of the surface.

C. MOCEM and PHYSIQ software integration

In recent developing works, ordered by a new DGA contract, common simulation architecture has been developed.

Motion of the ship is now shared with the dynamic 3D model of the sea surface used in PHYSIQ software.

As these softwares are now tightly integrated, opportunities are provided to extend MOCEM in its 4.5 version to take into account the following phenomena:

 Shadowing effects on the ship by the sea surface under the floating line, but also from higher waves, especially when a swell is present and in particular at low-grazing angles.  EM coupling with some approximations between the ship and the sea surface.  Influence of the ship itself on the surface with its wake (kelvin and narrow V).  And now, a new bow wave model.

III. BOW WAVE MODEL

A. Geometric modelling

In the new version 4.5 of MOCEM software, we chose to base the bow wave model on a parametric approach, described in [START_REF] Noblesse | Simple analytical relations for ship bow waves[END_REF], [START_REF] Noblesse | Analytical bow waves for fine ship bows with rake and flare[END_REF], [START_REF] Noblesse | Ship bow waves[END_REF] and [START_REF] Noblesse | An elementary analytical theory of overturning ship bow waves[END_REF].

The implementation impacts the computation of the signature of the ship and especially the sea target coupling and also the computation of the sea surface altered by the bow wake that creates in some case a strong signal presenting and a Doppler spreading Hereafter, we describes analytic equations we used, to compute a bow wave envelope surface (that can be converted to a height map), and the corresponding speed, for each element of the map. Based on these considerations, we implemented a bow wave generator taking as input these parameters and the resolution of the generated map. As a result, we can get a height map taking into account the hull geometry and boat speed. We also get from the model a map with the velocity (3D speed) of each surface element of the bow wave. 

C. PHYSIQ improvements for radar raw data computation

During the raw data computation in PHYSIQ, the velocity of bow wave scattering can be taken in account so that the raw data contains the bow wake Doppler, which is visible on the focused image.

On top of the geometry model and the velocity model of the bow wave, the electromagnetic model of the bow wave is more difficult to build, as the bow wave is an inhomogeneous air and water mixing. Our dynamic EM sea clutter model is not sufficient in this case. In real images, the level of the bow wave backscattering is higher than that would be expected only with the dynamic EM sea clutter model. For the moment, the reflectivity level of the bow wave part can be adjusted empirically. In that way, thanks to our new geometry and velocity models, the localization and the Doppler spreading of the bow wave as well as the corresponding reflectivity can be properly simulated, as it will be discussed in the next section.

IV. ANALYSIS AND COMPARISON WITH SAR MEASUREMENTS

A measurement SAR image will be used here to compare the simulated SAR image containing the bow wave and the effect observed in the measurement at the front of the ship. An example of simulated SAR image is depicted in Fig. 6, and an example of a moving ship SAR image measured with the system RAMSES of ONERA is depicted in Fig. 7. For the comparison we use five main criteria:

 The amplitude level of the effect associated to the bow wave. The backscattering level of the bow wave is a key factor to estimate the validity of the numerical model. The level can be compared to the backscattering level of the bow of the ship.

 The total azimuth spreading of the bow wave.

The total azimuth spreading depends on the radial velocity of the ship comparatively to the measurement platform direction.

 The spreading of the wave in the positive direction. This effect is due to the fact that some parts of the wave move faster than the ship itself. We can observe that this spreading is about 10% of the total azimuth spreading of the wave.

 The spreading of the wave in the negative azimuth direction. The wave spread s also from the ship position in the image to the "true" position of the ship which is the localization where the same ship mothing velocity would have been focalized in the SAR image.

 The defocalization of the backscattering in the range direction depending on the azimuth position of the wave part. The tail that appear in the image tends to enlarge for the lower Doppler part of the bow wave tail shape.

The proposed model is very efficient in terms of computation time and rendering in the final SAR image. From the comparison data, the model accuracy will be evaluated and some improvement solutions will be proposed in the final paper.
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Fig. 1 .

 1 Fig. 1. Display of Doppler associated to the range profile while considering complex motion of the ship (roll computed by MOCEM using the behavior of ship above the dynamic sea).

Fig. 2 .

 2 Fig. 2. Bow description parameters for model (draft D, rake angle β, and entrance angles 2α and 2α' of top and bottom waterlines) -Taken from [2].
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 3 Fig. 3. Height map and along track speed map (boat speed 5m/s, draught 7.3m)
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 45 Fig. 4. 3D visualization of the bow wave of the moving ship

Fig. 6 :

 6 Fig. 6: Example SAR image simulated using MOCEM and PHYSIQ. The bow wave Doppler spreading appears on the right side of the image. Note that simulated and measured ships (following) are not the same.

Fig. 7 :

 7 Fig. 7: Example SAR image of a ship moving toward the receiver measured with the DGA RAMSES radar operated by ONERA