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Resolution enhancement of polarimetric images using a high resolution mono-channel image

Polarimetric SAR images provide information about the scattering mechanisms that increases the capacity of urban areas analysis. However, due to technological constraint, their resolution is often coarser than the resolution of single channel SAR images. To overcome this, we propose a resolution enhancement algorithm for polarimetric images using a mono-channel SAR image acquired in interferometric condition. This algorithm is based on the spectral properties of point-like scatterers. It is tested on airborne and spaceborne data. The point-like scatterers are well focused and their polarimetric and interferometric behaviours are preserved.

Introduction

In the context of rapid global urbanization, urban environments are among the most dynamic regions on earth. The current increase in population has resulted in widespread spatial changes, particularly rapid development of built-up areas. Due to these rapid changes, up-to-date spatial information is requisite for the effective management and mitigation of the effects of built-up dynamics. Thus, the new generation of civil spaceborne SAR systems with short revisit times can serve as valuable instruments. Promising approaches towards the classification of urban areas include the analysis of multipolarized image analysis. Unfortunately, due to technological constraints, SAR sensors using the polarimetric mode often have coarser resolution. For example, single polarimetric TerraSAR-X stripmap images resolution along azimuth and range is 2mx2m, whereas it becomes 6mx2m for Quad-Pol images. However, to ensure detailed mapping of urban structures, high ground resolution is needed. Therefore, the emergence and recognition of urban remote sensing appear to be linked to the continuous improvement of the spatial resolution offered by generation sensors. Thus this paper proposes the enrichment of a high-resolution image by a polarimetric image with a coarser resolution in interferometric conditions. The goal of this algorithm is to provide polarimetric images with focalized point-like scatterers (PLS) at the best available resolution, while keeping the same speckle polarimetric covariance matrix properties. This method is based on the combination of the high resolution and polarimetric spectral information. In section 2, we will describe the SAR signal, the model of PLS and the probability distribution associated to the speckle. Preprocessing of the spectrum that includes its localization, is presented in section 3. Then, in section 4, the core of the resolution enhancement process will be described. Finally the results are shown and analysed in section 5.

SAR signal and spectrum

Let I be a SAR image whose pixels k ∈ C M where M is the number of polarimetric channels. In homogeneous areas, k follows a zero-mean complex Gaussian distribution of covariance matrix C. If PLS {p i } are present in the resolution cell, their contribution will be added to the speckle contribution s. Thermal noise due to the sensor electronics is also added to the response of the scene:

k = s + i p i + n . (1) 
Resolution The resolution is directly linked to the spectral extension. In azimuth, the spectral extension is proportional to the integration length L s and to the transmitted bandwidth B w in range. In polarimetric mode, L s can be shortened or B w can be reduced, leading to a coarser azimuth or range resolution. In this article, we assume that the spectrum of the coarser resolution image is included in the high resolution one. The centers of these spectra are not necessarily the same.

Polarisation The useful part of the spectrum of PLS has a constant level and its phase depends on their position in the image. The spectra in the different polarizations of the same PLS are thus proportional to a complex coefficient depending on the ratio between its response in the different polarimetric channels.

Spectrum preprocessing

The spectrum is preprocessed according to the following steps:

• Centering A centered spectrum is not compulsory to apply the method, but its implementation becomes easier if the spectrum is not wrapped. The center is found in each direction separately by the correlation between the 1D-Fourier transform and a sine with one oscillation.

• Location A mask of the spectrum is obtained by thresholding it according to the energy of the pixels. The remaining holes are filled by mathematical morphology. Once the window size has been selected, the location of the spectrum in the window can be deduced from the mask.

• Unweighting Using the mask of the spectrum and the auxiliary data provided with the images, the weighting function can be remove. 4.1 Center point method In order to retrieved the polarimetic properties of the PLS in high resolution, the spectrum V Ref is multiplied by the complex c l,q to become V Ref l . This complex is estimated from the spectra V Ref and V QP l . Its modulus |c l,q | and its phase ∠c l,q are computed separately:
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where Once the whole image is computed, the usefull part of S QP is included in the spectrum of the result image S Res . This method is not robust to points that have a different behavior in high and coarse resolution: when small windows are used, the high resolution information is not kept as we can see in To overcome the limitations of the center point method, we can take into account the redundancy provided by the sliding window: the pixels are reconstructed between 1 and N times. We thus have N e ∈ [1 N ] observations { kl } l∈[1 Ne] of the pixel k as represented in figure 3. This method has already been presented in [START_REF] Weissgerber | Spectral method for bright scatterers resolution enhancement[END_REF]. The response of these pixels can then be estimated in the 

∠
where h l corresponds to the hamming window H weighting.

The point-like scatterers are now well focused even in low SCR environment or for close point-like scatterers. But the speckle can be much more correlated. The speckle properties are better preserved by the center point method as we can see in table 1.

Finalization

To keep both the focused point-like scatterers and the properties of the speckle the closest possible to the low resolution image, we combine the results of these two algorithms. The PLS and bright lines are detected using a mean ratio such as described in [START_REF] Nezry | Detection of Structural and Textural Features for SAR Images Filtering[END_REF]. There are afterward computed using the sum method while all the pixels that correspond to speckle are reconstructed with the center point method.

Results

The resulting images can be found in figures 5(d) and 8. The polarimetric behaviour is globally preserved. To look more deeply in the result, we zoom on one PLS and extract an azimuth profile for the Amsterdam image that can be found in figure 6. We can see that the resolution is increased by our algorithm: the main lobe is narrower and side lobes are retrieved. By combining on the two methods, the coherence matrix of the speckle can be kept close to the initial one as we can see in table 1. The coherence matrix Γ is defined from the covariance matrix Γ according to the following equation:

Γl,k = Γ l,k Γ l,l Γ k,k (4) 

ĈQP =

  1 0.05e -i1.30 0.57e i2.97 0.05e i1. 03 1 0.08e -i1.31 0.57e -i1.97 0.08e 

Conclusion

Our algorithm enhances the resolution of a Quad-Pol image using a high resolution image. It is based on the white and isotropic properties of point-like scatterers. These properties enable to extract information on the spectrum of the high resolution image and to include it in the quad-pol spectrum. Before processing, the spectra are centered, localized and unweighted. This preprocessing of the spectrum allows to process spaceborne or airborne stripmap images with various sensor properties. Two variants of the algorithm are proposed. The first one is robust to the speckle and to the presence of multiple point like scatterers in the processing window but the correlation of the speckle becomes nearly close to 1. The other is less robust but permits to keep a lower correlation between the polarimetric channels on homogeneous areas. In order to combine these algorithms, a point-like scatterer detection is performed. The detection is based on bright points and bright lines detection by a ratio of means.

The overall algorithm enables to enhance the resolution of point like scatterers while keeping their polarimetric behaviour. The polarimetric properties of the speckle are mostly preserved even if the correlation between the polarimetric channels can increase. The detection of point-like scatterers could also be done by coherent scatterer detection [START_REF] Schneider | Polarimetric and Interferometric Characterization of Coherent Scatterers in Urban Areas[END_REF]. The resolution of this detection would be lower but the spectral properties of CS are closer to the spectral properties of the theoretical point-like scatterers. 
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 1 Figure 1: Spectrum before and after preprocessing. First line, TerraSAR-X. Second line, RAMSES 4 Resolution Enhancement The inputs of resolution enhancement algorithm are a high resolution image I Ref and a Quad-Polarization image I QP . The polarization of I Ref is noted q. Each polarization channel Quad-Pol image is processed separately. The channel under process is denoted l with q,l ∈ {HH, HV, VV}.
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 2 Figure 2: Description of the Center Point algorithm The resolution enhancement algorithm works on a local scale since the polarimetric properties of the spectrum of

  denotes the phase operator. The pixels v Ref and v QP are pixels from the spectra V Ref and V QP l respectively. The number of pixels in the useful part of V QP and V Ref are noted N QP and N Ref . The resulting spectrum V Res is obtained by inclusion of the useful part of V QP l in V Ref l to preserve the initial polarimetric information. The final window W Res is computed by inverse Fourier transform of V Res . The point in the center of W Res becomes the pixel at the coordinate (x, y) in the output image I Res .
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 3 Figure 3: Thanks to the sliding window, PLS are reconstructed several times
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 42 Figure 4: Amplitude profile of one Salon de Provence PLS HH, VV, √ 2 HV. Window size: 11x11 following way:
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Figure 5 :

 5 Figure 5: Result on Amsterdam. Quad-Pol image and result image are represented in the Pauli basis: HH+VV, HH-VV, 2 HV

Figure 6 :

 6 Figure 6: Zoom on one PLS of the Amsterdam image and azimuth profile of the energy of the signal HH, VV, √ 2 HV. Window size: 11x11. Images have been zero-padded by a factor 3 in azimuth and in rangeThe phase of the correlation between the HR image and the resulting image is shown in figure7. The phase is well preserved by the complex coefficient computation. Our algorithm acts as a denoising algorithm for the phase: it increases the degree of coherence by taking information in the HR spectrum.
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 7 Figure 7: Interferograms. The phase codes the hue, the saturation is coded by the degree of coherence, image intensity codes the value

Figure 8 :

 8 Figure 8: Results on Salon de Provence. The resolution of the mono-channel image is 10cm in azimuth and in range and becomes 15cm in range for the Quad-Pol image. Result image is represented in the Pauli basis: HH+VV, HH-VV, 2 HV

Table 1 :

 1 Covariance matrices computed over the lawn on Salon de Provence image

									
									i1.31 1	
						1	0.16e -i2.38 0.90e i2.89	
	ĈSum	=	 0.90e -i2.89 0.20e i1.06 0.16e i2.38 1	0.20e -i1.06 1	
								1	0.07e -i1.93 0.65e i2.94	
	ĈCP	=	ĈRes	=	 0.65e -i2.94 0.07e i1.93	1 0.1e i1.07	0.1e -i1.07 1	
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