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1. ABSTRACT

Global Navigation Satellite System Reflectometry (GNSS-R) is a new approach for earth observation using signals of opportu-
nity in a bistatic configuration [1]. The GPS system is presently used for experimental applications related to the ocean surface
scatterometry and indirect retrieval of ocean surface parameters [2, 3]. These new features are due to the availability of a long
Pseudo Noise (PN) sequence transmitted by the satellites of the GPS constellation. The transmitted signal is reflected by the
ocean surface and received at a different site (airborne or spaceborne). A deeper insight into the time-frequency structure of the
signal, would reveal that it resembles a superposition of many small contributions having different delay and Doppler shifts.
This structure is due to both the system geometry and the surface properties: the interest is to draw out the surface contribution
as clearly as possible. At the current state of the research, the received signal is used to generate a Delay—Doppler (DD) map
by correlating the received signal with a frequency shifted replica of the transmitted signal.

The time—frequency resolution of the DD map is entangled with the structure of the transmitted signal and with the processing
strategy. It is well known, in fact, that the correlation method allows to separate only those relative delays that are greater than
the duration of the sequence chip. Improving the resolution in the delay domain may produce more accurate maps and finer
information on the ocean surface.

The aim of this work is to provide a new processing framework for producing DD maps with improved delay resolution. We
will show that this is possible at the cost of a moderate increase in the computational complexity [4].

We present here a brief sketch of the theory behind the concept of superresolution delay profile.

The signal trasmitted from a GPS can be stated in the form

s(t) = [e(t) @ p(t)]e? G ot+eo)

where ¢(t) is the C/A code, p(t) is the navigation code, fy and ¢ are the carrier frequency and phase, respectively, and @®
denotes modulo-2 sum. The C/A code is a 10-bits pseudo-noise periodic sequence that, for usual GPS systems, is repeted every
T =1ms with a chip duration 7. of about 0.97us. The scattered signal is a superposition of many effective contributions from
specular facets; each contribution undergoes an attenuation Ay, a delay 7, and a frequency shift fj. It can be represented as

D

y(t) = Y Aps(t — 7)e!”™ ! 4 n(t)
k=1

where D is the number of effective scatterers and n(¢) is the additive white gaussian noise. The received signal is correlated with
a replica of the transmitted one and a delay profile z(t) is generated. This is the usual matched filter processing. We proceed
now by applying the subspace approach, that is, by performing an eigendecomposition of the Toeplitz matrix R = E[zz'],
where z = [2(t1), 2(t2), . .., z(tn)] is obtained by sampling the delay profile z(¢) with a period that is a small fraction of the
chip rate and (-) denotes conjugate transpose. The set of D eigenvectors corresponding to the largest eigenvalues spans the
signal subspace, whereas the remaining set of N — D eigenvectors spans the noise subspace. It can be shown that the noise

subspace is ortogonal to the so called steering vector vrs(7) = [rs(t1 — 7),rs(t2 — 7),...,rs(txy — 7)|, that is the sampled
autocorrelation function of the PN sequence, when it is evaluated at the true delays |71, 72, ..., 7p] produced by the effective
scatterers.

The Superresolution Delay Profile (SDP) is a measure of the ortogonality of the vector of samples to the noise subspace. It is

defined as . .
SDP(r) = e (DBa (1)
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where R, is the noise autocorrelation matrix and e;, ¢ = 1,... NV is the set of eigenvectors arranged in descending order. Thus
the S D P exhibits marked peaks in the presence of scattered energy.

Figure 1 shows the normalized delay profiles given by the classical method and the SDP. At the left and right hand figures we
have used 10 and 20 samples per—chip respectively. The solid line plot shows the superresolution delay profile and the dot line
plot represents the delay profile. For both cases two delays have been introduced at the instants 7 = 2.427, and 7o = 2.507,.
The close delays are not resolved by the correlation method that shows a peak situated at an incorrect delay value but it is,
instead, apparent that the SDP, for the case of 20 samples per chip, exhibits two marked peaks at the correct delay values. It is
also evident that, for the other case, the SDP samples are too widely separated and the achievable resolution is not sufficient to
show two separate peaks.

The method is under check with a simulator of DD returns from the ocean surface. It is also under consideration a design study
for the optimum value of the sampling frequency in an optimized satellite receiver.
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Fig. 1. Normalized delay profiles using different signal samplings: left: 10 samples per chip, right: 20 samples per chip.

2. REFERENCES

[1] M. Martin-Neira, C. Mavrocordatos, and E. Colzi, “Study of a constellation of bistatic radar altimeters for mesoscale ocean
applications,” IEEE Transactions on Geoscience and Remote Sensing, vol. 36, pp. 1898—1904, November 1998.

[2] S. Gleason, S. Hodgart, Y. Sun, C. Gommenginger, S. Mackin, M. Adjrad, and M. Unwin, ‘“Detection and processing of
bistatically reflected gps signals from low earth orbit for the purpose of ocean remore sensing,” IEEE Transactions on
Geoscience and Remote Sensing, vol. 43, pp. 1229-1241, June 2005.

[3] M. P. Clarizia, C. Gommenginger, S. Gleason, C. Galdi, and M. Unwin, “Global navigation satellite system-reflectometry
(gnss-r) from the uk-dmc satellite for remote sensing of the ocean surface,” Proceedings of IGARSS 08, July 2008.

[4] F. Bouchereau, D. Brady, and C. Lanzl, “Multipath delay estimation using a superresolution pn-correlation method,” IEEE
Transactions on Signal Processing, vol. 49, pp. 938-949, May 2001.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Acro8.recommended.6Dec2006_FontEmb'] Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


