Hubert M J Cantalloube 
  
Philippe Martineau 
  
Joseph Martinot-Lagarde 
  
Nicolas Castet 
  
  
  
  
  
  
Maritime circular SAR processing issues: Antenna pattern verification, sea-clutter analysis & ship image autofocus

During two SAR acquisition campaigns in 2015 and 2017, several circular SAR acquisitions have been performed on sea surface and ships. The 2015 set is full polarimetric acquisition at both X & L band (8 channels with 300 & 150 MHz bandwidth each). The 2017 set is vertical polarisation at X band (two channels with 2 GHz bandwidth each). Several processing issues had to be addressed with these experiments: -Simultaneous antenna pattern & sea clutter backscatter table evaluation was required because of antenna pattern compensation abnomalies at X band. -The autofocus used above ground was useless on the moving sea surface, hence the ships images required autofocus with tiepoints on the ship itself to compensate her own motion. During the 2017 campaign, low resolution images were synthesised on board to assess correct target acquisition during flight.

Context

In 2015, ONERA participated in an oil-spill detection experiment in Norway [START_REF] Viallefont-Robinet | Hyperspectral and radar airborne imagery over controlled release of oil at sea[END_REF], for which it performed stripmap polarimetric SAR acquisitions at X and L band. During that experiment (and especially its preparation test-flight) several circular acquisitions have been performed. The motive for these, was both science (study of the evolution of backscatter with incident angle & heading angle w.r.t. the wind), and helping to improve incorrect antenna pattern compensation at X-band (as sea is a very uniform landscape). Antenna pattern determination from acquisition signal have been done in 2001 for the P-band antenna, because the pattern measured in an-echoic chamber was significantly altered by the surrounding aircraft cell. Acquisitions on an extended forested area [START_REF] Pastoré | Imagerie radar par synthèse d'ouverture en basse fréquence[END_REF] was used for that purpose assuming a Lambertian behaviour of forest at this wavelength. However, The method needed adapting to the highly varying and unknown sea surface RCS (backscattering) namely, the sea surface RCS increases at low incidence angle and around the upwind/downwind heading. In 2017, a spare flight in campaign of high resolution imaging, was used for testing both the system on maritime targets and the onboard processing. The campaign was aimed at 2 GHz bandwidth acquisition of ground targets. Our system has the capacity of covering the full (8 to 12 GHz) X-band, with two channels spanning upper and lower X-band (8-10 Ghz & 10-12 GHz resp.) with three interleaved 720 MHz pulses (there is a 50 MHz overlap between adjacent pulses in order to fine tune clock drifts between local oscillators and/or between the two channels). Technically, the lower channel is downmodulated using the higher side band, while the upper channel is down-modulated using the lower side band (thus its signal is conjugated w.r.t. the signal of the lower channel). Since the required 2 GHz bandwidth corresponded to one pulse of the lower channel & two pulses of the upper channel we needed to digitise both channels see [START_REF] Du | Ramses-ng x-band uhr capability[END_REF] for details on the current RAMSES system capabilities).

simultaneous antenna pattern and sea surface back-scatter curve evaluation

The principle of simultaneous antenna pattern and sea surface back scattering coefficient evaluation is to start from a serie of SAR images in range Doppler coordinates each obtained from a fixed aperture as Figure 1 illustrate. In order to differentiate from stripmap SAR images (for which the aperture drifts from image row to image row), these images are further denoted flashlook SAR images. Such an image geometry is used for each burst during satellite SAR-SCAN processing (and the burst for the same range span are later seamed), and is also sometimes used for spotlight SAR acquisitions. Circular SAR images are generally computed in this geometry (though section 4 is a counterexample) since the stripmap geometry is not sound for imaging with a swath extending both near and far side of the trajectory centre (the successive image row would progress in the aircraft flight direction in the near range and in the opposite direction beyond the centre!).

Assuming short aperture hence no significant attitude changes during integration, illumination of each image is close to the illumination at the middle of the aperture.

Hence if we map each image to the antenna axes, assuming a "flat" ocean surface (as in Figure 2), we have an image sequence of a moving sea surface shaded by a fixed antenna pattern. If the imaged landscape were an homogeneous perfectly Lambertian surface, compensating the cosine of the incidence angle would directly provide a measure of the antenna pattern. Tropical rain forest provides extended areas which are very close to this ideal case, but (unlike SAR satellites) most aircraft SAR systems do not have frequent access to such areas, while sea or great lakes surfaces are more easily accessible. However, water surface is far from Lambertian: though quite homogeneous, its RCS increases dramatically at low incidence angle, and the anisotropy of waves induces two RCS peaks in heading at the downwind and upwind directions. (In case of wave reflections close to the shore, or in case of recent change in wind directions, more secondary RCS peaks in heading could be observed).

Since the antenna pattern is by definition constant in the antenna coordinates, the fluctuations in image level at a given pixel correlated with the incident angle (& heading) fluctuations provides a measure of the derivatives of the back-scattering curve at a given incidence (& heading) angle. This derivative can be integrated yielding a back scattering curve (Figure 3). Note, this curve, obtained by integration, is offset by an arbitrary constant.

Of course, for our purpose, the antenna beam should not be steered, hence aircraft roll & yaw fluctuations induce changes in incidence (& optionally heading) at any pixel location in the mapped sequence. Once the back scattering curve is known, the incidence angle variation can be compensated for in the sequence, and the average of all images in the sequence after incidence angle compensation gives an estimate of the antenna pattern (again offset by an arbitrary constant Figure 4). On this figure, we observe a bias in elevation of reconstructed the antenna pattern with respect to the anechoic chamber measures. Further inquiries have shown that a rotary sensor of the antenna was mis-aligned during the 2015 campaign due to vibrations inducing a systematic error in the antenna elevation, and introduction of this bias in the antenna pattern compensation significantly improved the antenna pattern compensation quality.

The same approach also helped in detecting a mecanical damage to one of the parabola during expedition of the X-band component for the 2017 campaign. This method could be used on linear acquisitions (as a matter of fact in [START_REF] Pastoré | Imagerie radar par synthèse d'ouverture en basse fréquence[END_REF] linear acquisitions on a conifer forest was used for antenna pattern retrieval) provided aircraft attitude fluctuation are significant, but the heading dependency of the RCS (much more significant for sea surface than for forests) makes the method less robust than with circular acquisition (the technical reason is that the heading is correlated with the left-right position in the antenna coordinates in linear case, and not on circular case). The drawback of circular acquisition is that the RCS variation of sea surface should be estimated for both incidence and heading angles.

ship autofocusing

Ships are focused using the algorithm described in [START_REF] Cantalloube | Sar retrieval of a ship vertical profile from her roll and pitch motion[END_REF] which is derived from an autofocus technique described in [START_REF] Hubert | Multiscale local map-drift-driven multilateration sar autofocus using fast polar format image synthesis[END_REF] but with tie-points on the moving target. In order to have an image resolved enough to isolate at least three tie-points, the mean velocity of the ship (if running) is evaluated e.g. by contrast optimisation autofocus Once the sensor trajectory relative to the ship frame is determined, the focused ship images can be synthesised. Note that the relative trajectory is non linear even in the case of a linear acquisition (in fact, figure 7 and 8 are from [START_REF] Cantalloube | Sar retrieval of a ship vertical profile from her roll and pitch motion[END_REF] and acquired in a previous campaign along a linear trajectory. In the definitive version of the paper, it will be replaced by images obtained on the circular acquisition illustrating next section). The strong non-linearity caused by ship roll & pitch and to a lesser extend by aircraft trajectory circle curvature may impose to use 3D processing to mitigate the focus dependency to height above sea surface [START_REF] Cantalloube | Three-dimensional processing for (circular) high resolution sar imaging of non planar targets[END_REF]. 

onboard processing

For the 2017 campaign, as the radar hardware was redesigned, room and electrical power become available to accommodate a third operator seat with computer workstation equipped with a Kepler GPU, linked to the signal recorder by an optical fibre, and recording the inertial navigation unit (INU) messages from the CAN bus.

Between the acquisitions, the processing computer reads back part of the signal from the recorder and synthesise images. It is possible to read back the full bandwidth (2 channels × 3 pulses of 720 MHz) in principle. However, the GPU is just powerfull enough to process two the subbandwidths (1.4 GHz bandwidth) and furthermore, the real-time trajectory obtained from the INU is not accurate enough to yield 10 cm resolution in azimuth. Since the autofocus application was not paralleled in June 2017 (and has not yet been ported to GPU to date) it was too slow to use in the small time slot between two successive acquisitions. Hence, we only processed one pulse of one channel (thus a 720 MHz bandwidth) yielding images with 20 cm resolution in a few tens of seconds after the signal is read back (Figure 9). On the ground, signal transfer to the processor (limited to 1/6 of the bandwidth) during acquisition was tested but not experimented in flight. The transfer rate to the processor is limited to 25% of that of the recorder because the link with the recorder is just one optical fibre, while the link between radar backend and the recorder uses four fibers in parallel.

Only the stripmap processing is ported to GPU (it implements an ω -κ frequency domain algorithm with space varying motion compensation). As mentioned above, offline processing of circular acquisitions is generally done using the flash-look processor (a two stage factored back-projection time-domain algorithm) or sometimes with polar format algorithm (a frequency domain processor limited in image size). None of these algorithm are ported to GPU yet, hence for processing circular acquisition onboard, we process a small arc of the circular acquisition as a linear acquisition with a curved trajectory (motion compensation can manage it as long as the arc is short, but for 20 cm resolution the integration is 4 • , hence an arc of 10 • gives a decent image). Figure 10 and 11 show images thus obtained for a ship not running and a running ship (that of Figure 5). The ship velocity is estimated and compensated for using the interactive tool illustrated on Figure 5 right (which applies a simple refocusing on a small part of the image, such as altitude, velocity, nearrange error).

Perspective

On board processing capabilities are demonstrated here, however, true real time processing (i.e. processing starting before the end of acquisition) with simultaneous recording of the raw signal remains to be proven on flight. Further work could be to transmit the processor station screen to the other operators and to the ground using a RF datalink. With a datalink and a remote control protocol such as VNC, it could be even envision to have the processing operator on the ground that can zoom to details on the computed image (transmitting the full images at native resolution would require an prohibitory data rate).
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 1 Figure 1: Flashlook image (Vv at X-band component) during a 2015 circular acquisition. Images in "ground" coordinates. Illumination is upwind (from top right corner).

Figure 2 :

 2 Figure 2: Flashlook image in antenna coordinates. Antenna pattern is fixed in this frame. This geometry is similar to what would see an optical camera tied to the antenna.

Figure 3 :

 3 Figure3: Sea RCS as a function of incident angle (left) and heading (right). The downwind RCS peak is higher and narrower than the upwind peak. The asymmetry of both peak is possibly due to a change in direction between the gust and steady winds.

Figure 4 :

 4 Figure 4: Resulting antenna pattern in antenna coordinates (left). Comparison of the azimuth (middle) and elevation (right) slice of the result and anechoic chamber measures.

Fig- ure 5 .

 5 Note on this figure, the focus blur on the ship due to the along track component of its velocity (it is visible, though only 300 MHz of the bandwidth is processed on this quick-look image), and the cross-range position aberration (the ship appears offset to the right of her wake). The red box on the full image on the background indicates the true position of the ship, the lower foreground window shows the refocused ship image (by adjusting the across range velocity component). On this image, the velocity vector is overlaid in red (and this vector is aligned to the hull axis by adjusting the along range velocity component, the alignment of the true target position with her wake further confirms this velocity component).
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 5 Figure 5: Raw flashlook quick-look image (no pattern compensation) with a running ship (left). Coarse estimation of the ship velocity and heading (right).

Figure 6 :

 6 Figure 6: Raw flashlook images after coarse ship velocity compensation at the beginning of the circular acquisition (left) and after 20 s course (right).

Figure 7 :

 7 Figure 7: Unfocused ship image with the 4 details focused and tracked to refine sensor trajectory relative to ship hull.

Figure 8 :

 8 Figure 8: Refocused ship image (colour indicates the focusing height above see surface).

Figure 9 :

 9 Figure 9: Stripmap SAR image with 20 cm resolution obtained from a linear acquisition on the airport just after takeoff in the aircraft.

Figure 10 :

 10 Figure10: Circular SAR image of a ship not running (adrift). The image was also computed with the GPU version of the stripmap processor, by feeding it with the signal from a small arc of the full circle.