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Abstract

The development of Radar Polarimetry and Radar Interferometry is advancing rapidly, and these novel
radar technologies are revamping “Synthetic Aperture Radar Imaging” decisively. In this exposition the
successive advancements are sketched; beginning with the fundamental formulations and high-lighting
the salient points of these diverse remote sensing techniques. Whereas with radar polarimetry the textural
fine-structure, target-orientation and shape, symmetries and material constituents can be recovered with
considerable improvements above that of standard ’amplitude-only Polarization Radar’; with radar
interferometry the spatial (in depth) structure can be explored. In ‘Polarimetric-Interferometric Synthetic
Aperture Radar (POL-IN-SAR) Imaging’ it is possible to recover such co-registered textural plus spatial
properties simultaneously. This includes the extraction of ‘Digital Elevation Maps (DEM)’ from either
‘fully Polarimetric (scattering matrix)’ or ‘Interferometric (dual antenna) SAR image data takes’ with the
additional benefit of obtaining co-registered three-dimensional ‘POL-IN-DEM’ information. Extra-Wide-
Band POL-IN-SAR Imaging - when applied to ‘Repeat-Pass Image Overlay Interferometry’ - provides
differential background validation and measurement, stress assessment, and environmental stress-change
monitoring capabilities with hitherto unattained accuracy, which are essential tools for improved global
biomass estimation. More recently, by applying multiple parallel repeat-pass EWB-POL-D(RP)-IN-SAR
imaging along stacked (altitudinal) or displaced (horizontal) flight-lines will result in ‘Tomographic
(Multi-Interferometric) Polarimetric SAR Stereo-Imaging’, including foliage and ground penetrating
capabilities. It is shown that the accelerated advancement of these modern ‘EWB-POL-D(RP)-IN-SAR’
imaging techniques is of direct relevance and of paramount priority to wide-area dynamic homeland
security surveillance and local-to-global environmental ground-truth measurement and validation, stress
assessment, and stress-change monitoring of the terrestrial and planetary covers.

In addition, various closely related topics of (i) acquiring additional and protecting existing spectral
windows of the “Natural Electromagnetic Spectrum (NES)” pertinent to Remote Sensing; (ii) mitigating
against common “Radio Frequency Interference (RFI)” and intentional “Directive Jamming of Airborne
& Space borne POL-IN-SAR Imaging Platforms” are appraised.

Keywords: Polarimetry, Interferometry, Polarimetric Interferometry, Synthetic Aperture Radar
(SAR), Polarimetric SAR (POL-SAR), Interferometric SAR (IN-SAR), Polarimetric-Interferometric
SAR (POL-IN-SAR), Extra-Wide-Band (EWB) Polarimetric Differential (Repeat-Pass)
Interferometric SAR (EWB-POL-D(RP)-IN-SAR), Remote Sensing, POL-IN-SAR Ground-truth
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Measurements and Validation, POL-D(RP)-IN-SAR Environmental Stress Assessment and Stress-
Change Monitoring, Airborne Multi-modal SAR Platform Design, Remote Sensing Frequency
Allocation and Protection, RFI Mitigation and RF Jamming Counter-Counter-Measures, Multi-modal
Sensor Platform Design.

Synopsis: Radar Polarimetry is a rather difficult and complex multi-disciplinary subject, and it is mired
by the fact that the IEEE Standards on Antenna Measurements [104] contain an ill-conceived, if not
incorrect definition for the formulation of the polarization descriptors [127, 154]. Many radar engineers
try to hold on - at times not aware of the dilemma and more often for not finding a better and correct
formulation [24]. Therefore, it was found necessary to expend considerably more efforts on re-assessing
the foundations of radar polarimetry, resulting in the finding that there exist several new books, which are
using plainly incorrect alternative formulations, which add to the misery. On top of it, there exist five
rather different conceptual approaches to radar and optical polarimetry: (1) the standard Polarization
Vector formulation [4], preferred by most radar engineers as followed in Mott [174] and Yang [299, 300];
(2) an algebraic Directive Jones Vector approach, first introduced by Graves [92] and further developed
by Liineburg [153], providing a considerable improvement over the standard method; (3) a Group-
theoretic Polarization vector Approach, developed by Pottier [196]; (4) a Spinorial Approach initiated in
quantum-optical analyses, which is more general [170] but not yet fully developed for radar polarimetry
as persued by Bebbington [7]; and, (5) a Quaternion Approach persued in ellipsometry by Pellat-Finet
[138, 139], which is currently being extended by Czyz [55] to radar polarimetry with the aid of the
Inversion Point method, derived first by Kennaugh [116, 117] for the Poincaré polarization sphere [194].
Of specific relevance to the latter two approaches is the Clifford CI (3) algebra which is based on a
covariant formulation of electrodynamics in terms of paravectors in the Pauli algebra [6]. All of these
closely interrelated and some mixed descriptions are being further pursued in collaboration with
Liineburg, Pellat-Finet, Pottier, Bebbington, Mott, Yang, Czyz and others [24]. The following
comprehensive review is based on the “standard polarization vector formulation”, and reference will be
made to alternate formulations when ever the need arises.

1. Introduction with Historical Background

Polarimetry deals with the full vector nature of polarized (vector) electromagnetic waves throughout the
frequency spectrum from Ultra-Low-Frequencies (ULF) to above the Far-Ultra-Violet (FUV) [13, 17, 21,
24, 57]. Where there are abrupt or gradual changes in the index of refraction (or permittivity, magnetic
permeability, and conductivity), the polarization state of a narrow-band (single-frequency) wave is
transformed, and the electromagnetic “vector wave” is re-polarized. When the wave passes through a
medium of changing index of refraction, or when it strikes an object such as a radar target and/or a
scattering surface and it is reflected; then, characteristic information about the reflectivity, shape and
orientation of the reflecting body can be obtained by implementing ‘polarization control’ [116, 103, 192,
193, 86, 35, 24]. The time-dependent behavior of the electric field vector, in general describing an
ellipse, in a plane transverse to propagation, plays an essential role in the interaction of electromagnetic
‘vector’ waves with material bodies, and the propagation medium [28, 248, 4, 8]. Whereas, this
polarization transformation behavior, expressed in terms of the “polarization ellipse” is named
“Ellipsometry” in Optical Sensing and Imaging [4, 28, 29, 37-39, 194, 250]; it is denoted as
“Polarimetry” in Radar, Lidar/Ladar and SAR Sensing and Imaging [235, 116, 209, 13, 17, 41, 48, 24,
211] - using the ancient Greek meaning of “measuring orientation and object shape”. Thus, ellipsometry
and polarimetry are concerned with the control f the coherent polarization properties of the optical and
radio waves, respectively [140, 116, 151, 192, 193], where in ellipsaometry mainly the “Forward
Scatterin Alignment (FSA)” and in polarimetry the “Back Scattering Alignment (BSA)” coordinate
systems are respectively used, which were rigorously defined by van Zyl and Ulaby [271] in Chapter 2 of
Elachi and Ulaby [65] as summarized in [24, 173-175].
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Origins of Polarimetric Matrix Formulations: With the advent of optical and radar polarization
phase control devices, ellipsometry advanced rapidly during the Forties (Mueller and Land) [250] with the
associated development of mathematical ellipsometry, i.e., the introduction of ‘the 2 x 2 coherent Jones
forward scattering (propagation) T [114] and the associated 4 x 4 average power density Mueller
(Stokes) propagation M [4] matrices - formulated strictly in a “Forward Scttering Alignment (FSA)”
coordinate system [155, 271, 31, 24] . Polarimetry was developed independently in the late Forties with
the introduction of dual polarized antenna technology (Sinclair [235], Kennaugh, et al. [116, 53, 13, 209,
211]) at the Ohio State University, Electro-Science (Antenna) Laboratory, and the sub-sequent
formulation of ‘the 2 x 2 coherent Sinclair radar back-scattering matrix S and the associated 4 x 4
Kennaugh radar back-scattering power density matrix K - formulated strictly in the “Back Scattering
Alignment (BSA)” coordinate system [271, 174, 154]°, as summarized in detail in Boerner et. al. [24, 56,
173-175]. Since then, ellipsometry and polarimetry have enjoyed steep advances; and, a mathematically
coherent polarization matrix formalism is in the process of being solidified - - in which the lexicographic
and the Pauli-based polarimetric phase preserving covariance matrix C presentations [44, 45, 150, 179,
258, 259, 37-39, 48] for any polarization basis {A,B} play an equally important role in ellipsometry as
well as polarimetry [37-39, 48, 196].

Kennaugh’s Optimal Polarization States: Based on Kennaugh’s original pioneering work [116] on
introducing the “characteristic polarization states” of the coherent 2x2 Sinclair scattering matrix S [235]
together with the “spinorial polarization fork” expressed in terms of the canoncical ‘co-polarization null
state pair’ , Huynen [103, 104] attempted to develop a “Phenomenological Approach to Radar
Polarimetry”. This basis invariant theory [9,10, 12] had a subtle impact on the steady advancement of
polarimetry [13, 17, 209, 173, 175, 24] as well as ellipsometry by proposing the “orthogonal (group
theoretic) target scattering matrix decomposition” [116, 103, 104, 40-45, 52, 125, 179, 197, 249, 269]
and his own “characteristic optimal polarization state concept” together with the Huynen parameters
lead to the formulation of the ‘Huynen Polarization Fork’ in ‘Radar Polarimetry’ [102, 103, 15, 16, 290,
18, 19, 24]. Here, we emphasize that the ‘Polarimetric Power Density Plots’ for the reciprocal media
symmetric matrix case — more often denoted as the ‘van Zyl power density signatures [266, 267] - derive
directly from the Kennaugh target matrix optimal polarization states [116, 63, 13] and the associated
spinorial polarization fork as was shown by Agrawal [1], in Agrawal and Boerner [2], in Xi and Boerner
[290] and more recently in Yang [299, 300]. Kennaugh’s original studies [116, 117] on “the
characteristic polarization states and its associated polarization fork” turn out to be the fundamental
canonical axioms of both ellipsometry and polarimetry from which other canonical ellipsometric and
polarimetric descriptors may be derived — provided the fully polarimetric complex Jones 7 [114] and
Sinclair S [235] scattering matrices are measured most accurately. This can now be achieved in real time
also in ellipsometry with the implementation of the “Chipman Instantaneous Multi-spectral Stokes
Parameter Measurement Cube” allowing eight simultaneous spectral line recordings of each set of the
sixteen Stokes parameters [38, 60, 151, 190], i. e. fully polarimetric imagery in any basis {A, B} can now
be achieved also in optics across the entire optical spectrum by direct convertion of the Mueller M into the
Jones T'matrix [4, 24, 31, 151, 224], which presents a “quantum leap” in ellipsometric metrology.

Polarimetric Contrast Optimization: Next to defining the “Optimal Polarization State Concept”, as
expressed in terms of the “Spinorial Polarization Fork” [7] - first introduced by Kennaugh [116, 117] in
terms of the “Co-polarization Null Pair” and the associated “Polarization Power Density Signatures” [1,
2; 266, 267], another set of important polarimetric radar descriptors are the “Optimal Polarimetric
Contrast Enhancement Coefficients (opcec)” [16, 19]. For the Sinclair S matrix [235] these were first
derived by Kozlov [131], and for the Kennaugh K matrix by loannidis and Hammers [113], and the
complete set of opcec for the three basic radar scattering matrices and the covariance matrices [249] were
derived by Boerner, Mott, et al [16, 17, 19, 129, 130, 173, 175, 251, 298] in closed form solution for any
general polarization basis {4, B}. Whereas the optimal polarization states are basis invariant [290, 15], the
opce coefficients are not [128, 250]. This is desirable in order for comparing critical texture boundaries
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within POL-SAR images which need to be presented in different polarization bases [15, 16] depending on
the most suitable basis for optimization. These opce algorithms have been applied most successfully to
both polarimetric radar for target versus clutter separation [17, 209], and in POL-SAR imaging for target
detection, recognition and identification (DRI) in dynamic background clutter [249, 294]. However, the
resulting covariance matrix opcec — like all other POL-SAR image processing algorithms [14, 20, 129,
130] - suffer from speckle and noise reduction [140-148, 253-257], which must first be removed by
implementing the pertinent polarimetric Lee-Wishart speckle and noise reduction filters [71-76, 140,
142]. When applied to different polarization bases, the opce coefficients may reveal specific target
features otherwise not readily distinguishable from interfering background clutter, and especially in the
case of high resolution polarimetric radar and SAR applications [249].

Matrix Decompositions: In ellipsometry, the Jones and Mueller matrix decompositions rely on a
product decomposition of relevant optical measurement/transformation quantities such as di-attenuation,
retardance, depolarization, bi-refringence, etc., [37-39, 87, 151] measured in a ‘chain matrix arrangement
[226], i.e., multiplicatively placing one optical decomposition device after the other’. This behavior can
most elegantly be desribed by a quaternion formulation as shown by Pellat-Finet [188, 189] owing to the
ellipsometric Stokes parameter measurement arrangement. The ongoing perfection of Chipman’s
“Instantaneous Multi-spectral Stokes Parameter Measurement Cube” [38, 60, 151, 190] may soon
replace the cumbersome time-consuming ‘classical ellipsometric metrology’ [4, 28, 31, 37-39, 151, 250]
so that various algorithms derived in radar polarimetry can directly be applied. In polarimetry, the
Sinclair, the Kennaugh, as well as the covariance matrix decompositions [40-45, 52, 16, 177, 196-198,
258, 259, 227, 308] are based on a group-theoretic series expansion in terms of the principal orthogonal
radar calibration targets [40-52, 125, 178, 179, 196-198, 253, 257] such as the sphere or flat plate, the
linear dipole and/or circular helical scatterers, the dihedral and tri-hedral corner reflectors - - observed in
a linearly superimposed aggregate measurement arrangements of the associated scattering matrices [135-
137, 291]; leading to various canonical target feature mapping [32, 33, 135-137, 42-52, 81] and sorting as
well as scatter-characteristic decomposition theories [52, 196-198]. In addition, polarization-dependent
speckle and noise reduction play an important role in both ellipsometry and polarimetry [140-148. 253-
257, 291]. The implementation of all of these novel methods will fail unless one is given fully calibrated
scattering matrix information which applies to each of the complex elements of the Jones and Sinclair
matrices. This places stringent requirements on the calibration [79, 80, 217, 218, 284, 285, 274] of the
polarimetric radar data takes inferring that the highest possible dynamic range — at the order of “about 0.1
dB in amplitude” and “1° in polarimetric phase” - must be accepted [3, 66-70, 124]. In addition, it is most
desirable to develop POL-IN-SAR Imaging systems with sufficient resolution (1m? achievable) in order
to discern the finer scattering structure of complex scattering scenarios [11, 12], in which case
polarimetry attains even higher relevance and cannot be disregarded, which applies to every radar-band
not excluding the X-Band [24].

Supervised and Unsupervised SAR Feature Sorting: Very remarkable improvements above
classical [209] “non-polarimetric” radar target detection, recognition and discrimination, and
identification were made [13, 17, 32, 33, 173, 175, 24] especially with the introduction of the covariance
matrix optimization procedures of Tragl [258, 259], van Zyl et al. [269-279, 208, 122, 123], Novak et al.
[125, 178, 130, 234, 249], Liineburg [152, 261, 308], Cloude [42-43], and of Cloude and Pottier [44, 45,
52, 196-198]. Special attention must however be placed on the nature of the polarimetric distribution
functions, when reducing the four-dimensional to the three-dimensional covariance matrices for the
reciprocal symmetric scattering matrix S case [91, 199], which must be normal multi-variate distribution
functions [89, 90]. Very remarkable is the Cloude-Pottier “Polarimetric Entropy (H), Anisotropy (A),
Feature-Angle (a) Parametric Decomposition” [44, 45, 52, 196-198] because it allows for unsupervised
target feature interpretation [196-198, 146, 52] as shown for the multiband case by Ferro-Famil et al [71-
76]. Using various classifiers obtained from fully polarimetric (scattering matrix S) target feature
synthesis [44, 45, 52, 71-76, 196-198, 253-257], polarization contrast optimization, [16, 18, 131, 113,
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251, 126, 128] and polarimetric entropy/anisotropy classification [196-198, 71-76] very considerable
progress was made in interpreting and analyzing POL-SAR image features [24]. This includes the
reconstruction of ‘Digital Elevation Maps (DEMs)’ directly from ‘POL-SAR Covariance-Matrix Image
Data Takes’ [228-230, 143, 148] next to the familiar method of DEM reconstruction from cross-track and
along-track IN-SAR Image data takes [24]. In all of these techniques, it must be strongly re-emphasized
that well calibrated polarimetric scattering matrix data takes of high dynamic range are becoming an
essential pre-requisite without which little can be achieved [3, 66-70].

Scattering Matrix Format and Speckle plus Noise Reduction: In most cases the ‘Multi-look
SAR Image Data Take Formatting’ [61] suffices also for completely polarized SAR image algorithm
implementation [61, 65, 268, 270, 305]. However, in the sub-aperture polarimetric studies [76, 139], in
‘Polarimetric SAR Image Data Take Calibration’, and in ‘POL-IN-SAR Imaging’, the ‘SLC (Single Look
Complex) SAR Image Data Take Formatting’ becomes an absolute ‘MUST’ [24]. Of course, for SLC-
formatted Image data, in particular, speckle filtering must be applied always [140-148, 253-257].
Implementation of the ‘Lee Filter’ for speckle reduction in polarimetric SAR image reconstruction [140],
and of the Wishart distribution [287, 241, 89, 90] for improving image feature characterization have
further contributed toward enhancing the interpretation and display of high quality SAR Imagery [140-
148, 71-76], again requiring fully calibrated SLC formatted POL-IN-SAR Image data takes. This
distinguishes the limited use of a ‘Multi-Amplitude-Polarization SAR’ - like the ENVISAT [3, 70] or of
the currently planned TERRA-SAR [70] - - from a ‘Fully Polarimetric, Well-calibrated Scattering-Matrix-
SAR System with exceedingly high dynamic range’, - - like RADARSAT-2 [3, 242] or of JERS-2 (ALOS)
[66-70]. Using poorly or badly calibrated POL/IN-SAR Image data takes with poor dynamic range - like
those of the early quasi-polarimetric SAR imaging platforms - is also not sufficient and strongly detracts
from recognizing the truly superior performance capabilities of ‘fully polarimetric POL-IN-SAR Imaging
[24, 140-148, 40-52, 253-257, 71-76, 106].

2. EWB-Hyper-Spectral (Spectrometric) Optical Imaging

Thus, whereas ‘hyper-spectral optical radiometry’ will provide high resolution characterization of
scattering surface parameters - subject to the skin depth - with appreciable penetration only for a rather
limited number of transparent media [87, 212, 236, 237, 240]; it lacks manageable coherent phase
information and strongly depends on the heterogeneous and dispersive propagation medium such as non-
transparent meteorological scatter, smog, smoke and other atmospheric pollution. So, it provides [2212,
240, 236, 237, 282] very useful direct ‘hyper-spectral’ indicators of the vegetative cover and of surface
chemical pollutants [240]. However, ‘hyper-spectrally extended optical (FIR-VIS-FUV) sensing’ does
not increase the received radiance, but it just divides the overall observation band in order to collect
specific wavelength-dependent spectroscopic information in each of the “hyperfine sub-bands” [37, 107-
112, 240] — being desirable mainly for vegetation canopy assessment.

Whereas, hitherto in most of the hyper-spectral optical remote sensing techniques polarization effects
were in general totally neglected [240], it needs to be strongly emphasized that ‘Hyper-spectral Optical
Radiometry’, and especially ‘LIDAR/LADAR’, is subjected to the ‘Arago Sphere’ axioms of light
scattering [28, 38, 126, 173, 283] in dependence of relative sensor versus scatterer versus source (sun)
position. This very early discovery of ellipsometry by Arago [126, 173, 283] seems to have been either
forgotten or been disregarded altogether [126, 215, 24, 37-39]. An environmemtal effect similar to the
‘Arago Sphere’ dependence also applies throughout the optical (FUV-VIS-FIR) down to the millimeter
wavelength region within which atmospheric particle scattering is effective [212, 30, 58, 96]. As regards
microwave polarimetric remote sensing similar phenomena hold true in that leaves, buds and flowers as
well as branches of most vegetation species are re-orienting themselves in a phylo-taxic sensitive manner
towards the illuminating sun location; resulting in an Arago-type behavior. This very important aspect of
the “diurnally and hourly changing relative observer — sun — foot print constellation” has been
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disregarded hitherto in most microwave polarimetric radar and SAR measurement analyses [24].
Complete polarimetric sensor and transceiver technology must henceforth be incorporated into future
designs [37-39, 60, 85, 190] of both optical and microwave passive and active imaging systems.

Therefore, any non-polarimetric ‘Scalar (amplitude only) Hyper-spectral Radiometric Imagery’ must be
interpreted with great caution; and, some of the highly overrated attributes for the exclusive use of EO
scalar (non-polarimetric) hyper-spectral information are at their best rather misplaced [24, 107-113, 95]
unless fully polarimetric sensor design [288, 289, 37-39, 60, 85, 190] is being rapidly developed also for
the extended optical spectral regime for both active and passive remote sensing. This implies the
instantaneous acquisition - not the consecutive time-consuming classical ellipsometric measurements - of
the Stokes parameters [37-39, 60, 85, 190, 246] for the instantaneous reconstruction of the ‘Stokes
Reflection (defined in the FSA coordinate system [271, 153-155, 173-175]) or the ‘Kennaugh Back-
scattering matrix (defined in the BSA coordinate system)’ [271, 65, 264, 305, 24], which has now been
accomplished in principle also in ellipsometry by Chipman et al. [37-39, 60, 151, 190].

And, “all-weather, day and night” sensing and imaging is a capability which only 7adar’ can provide
[245, 24, 30, 58, 191] and not “Hyper-spectral FIR-VIS-FUV Radiometric Imagery” [96]; hence, full
attention is paid in the following to ‘EWB (HF-VHF-UHF-SHF-EHF) POL-IN/TOMO-SAR’ sensing and
imaging [24-27, 175, 66-70]. However, we need to re-emphasize that for obtaing the hitherto best
estimates on biomass parameters requires acquisition of fully polarimetric and polarimetric-
interferometric extra-wideband imagery across the entire electromagnetic spectrum within which
vegetation is responsive [66-70, 107-112, 95], i. e., from the FUV to the HF spectral bands. These multi-
band imaging data sets require to be fused across the entire pertinent electromagnetic spectrum [107-112,
120] within which the pertinent remote sensing observing spectral windows need to be protected and
safeguarded [27].

3. HF - EHF Radar and SAR Polarimetry and Interferometry

With increasing wavelength from the EHF (sub-millimeter) via UHF (cm/m) to HF (deca-meter) regimes,
the radar imaging process becomes less dependent on the meteorological propagation parameters [30, 58,
150] but more so on parametric target orientation/fine structure/resonance effects [116, 102, 103, 12, 13,
41, 1, 2, 266, 135, 196, 184, 72, 207, 93, 244]; and it possesses increasing polarization dependent
penetration capabilities into semi-transparent volumetric under-burden with associated decreasing image
resolution [34, 96, 107-113, 95, 304]. With the recent advances made in modern radar electronics device
and systems technology, not only the design of ‘Scalar (amplitude only) Multi-Polarization Synthetic
Aperture Radar (SAR)’ [105, 263, 264, 276] but of more sophisticated coherent and fully polarimetric
(scattering matrix) POL-SAR [24] as well as fully coherent cross-track and along-track Interferometric
(dual coherent sensor pair) IN-SAR (or IF-SAR) systems have become feasible [5, 88, 157, 158, 162,
163, 172, 303, 307]. From ever increasing accumulating experience, it is safe to conjecture that ‘Non-
polarimetric and Non-interferometric SAR Imaging’ is ever so steadily on its way out, and that the
IN-SAR Systems also need to become fully polarimetric POL-IN-SAR Imaging Systems [46-51, 183-
185, 24). This “quantum leap towards complete physical realizability” must and will be achieved during
this decade — similar to progressing from “Classical X-Ray-Shadow-graphy” toward “functional
Magnetic Resonant Imaging (fMRI) .

Classical Amplitude-Only Radar & SAR, and “Scalar” IN-SAR Imaging: In classical radar, i.e.
“amplitude-only radar” [245, 209], mainly the energy of the returned pulse is utilized; and in basic
imaging radar, it is the Doppler phase information in addition [187]. Interferometric SAR (IN-SAR)
exploits fully the phase and Doppler information [5, 29, 158, 172, 212, 303-307], but not the polarization
information of the “electromagnetic vector wave - scatterer interrogation process” [8, 11-14, 172]; and
especially the coherent phase difference of at least two complex-valued SAR images - acquired from two
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different flight-pass/orbit positions and/or at different times - are utilized [184, 207, 244]. Distinction
needs to be made between cross-track and along-track interferometry [5, 158, 172], and there exist now
several airborne multi-modal SAR Imaging platforms that support both systems — such as the NASA-JPL
AIR/TOP-SAR [106, 121, 122], the DLR E-SAR [223], the ONERA RAMSES SAR [70], and we refer to
pertinent papers presented at recent expert meetings for additional details [66-70]. Provided that coherent
two-dimensional complex-valued phase-unwrapping can fully be achieved [5, 158, 172, 200-204], the IN-
SAR information, derived from such interferometric complex image data sets [121, 122, 277, 278], can
be used to measure several geophysical quantities such as topography, tectonic surface deformation,
bulging and subsidence (earthquakes, volcanoes, geo-thermal fields and artesian irrigation, ice fields),
glacial flows, snow avalanches and mud flows with single platform cross-track interferometers [5, 158,
172, 160-163, 210, 303, 306, 307]; ocean currents with single platform along-track interferometers [5,
106, 141]; and by implementing repeat-pass polarimetric SAR Interferometers it is possible to determine
vegetative growth patterns and environmental stress assessment, etc. [96, 107-112, 95, 280, 307]. Thus,
the amplitude and coherent phase but not its intrinsic polarization information that electromagnetic wave
interrogation can recover, is fully utilized in IN-SAR imaging, and here we refer to the wide body of
technical reviews on various aspects [5, 158, 172, 200-204, 307].

Polarimetric Doppler Radar Meteorology: Here, we need to refer to the decisive advances made in
“Polarimetric Radar Meteorology” during the past two decades as reviewed for example in Mueller and
Chandra [176], McCormick and Hendry [168, 169], Doviak and Zrnic [58], also in Boerner et al. [13];
and more recently in “Polarimetric Doppler Radar Meteorology” for the assessment of global as well as
dynamic micro-cloud meteorological structures in Bringi and Chandrasekar [30]. Of specific interest are
the polarimetric weather radar techniques, which were initiated during the early 1980ies [1,2],
subsequently advanced with the UIUC/CSU-CHILL Meteorological Polarimetric Doppler Radar facility
[176, 30], and then by Ryzhkov [213, 214, 247], Zrnic [309], Doviak [58, 59] and others [247, 281] at
NOAA-ETL-NSSL in Norman, OK; by Matrosov and Kropfli [164-166] at NOAA-ETL, and by Wheeler,
Vivekananden et al. [281] at NCAR in Boulder; at DLR in Oberpfaffenhofen [119, 227], and more
recently elsewhere [100]. Ground-based Polarimatric Doppler Radar technology was rapidly advanced at
Norman, OK so that the forthcoming generation of NEXRAD weather radars will become fully
polarimetric (scattering matrix) Doppler radar systems — preferably at the S-Band [59] — so that severe
storms, down-bursts, tornadoes and also cyclones may be more accurately assessed and predicted. This in
itself represents a true “quantum leap” in the advancement of radar polarimetry, which is complemented
by the dramatic recent advances of “Passive Polarimetric Microwave Clouud Radiometry” — covering the
upper microwave to sub-millimeter wave bands [123] — accomplished at NOAA-ETL in Boulder [150,
83, 84].

However, the existing SAR signal compression techniques do not lend themselves readily for
implementation to airborne and/or space borne imaging of dynamic weather phenomena — whether for
standard amplitude-only or fully polarimetric SAR imaging systems [30, 58]. Yet, several MTI-imaging
signal processing techniques could possibly be extended for the imaging and micro-cloud analysis of
dynamically moving hydrometeoric cells and structures, which may eventually lead to applicable hybrid
Polarimetric MTI-SAR Imaging from air and space of local to global weather phenomena [203]. There is
still a lot to be accomplished during the next decades before these technologies [118, 134, 202-205] can
be implemented as to be shown next.

SAR Polarimetry versus SAR Interferometry: Whereas with ‘Radar Polarimetry’ textural fine-
structure, target orientation, symmetries, and material constituents can be recovered with considerable
improvement above that of standard ‘Amplitude-Only Radar’ [245, 263]; with standard (scalar) ‘Radar
Interferometry’ [5, 158, 171, 200, 201] the spatial (range/in depth) structure may be resolved, from which
‘Digital Elevation Maps’ can be reconstructed [5, 87, 88, 158, 172, 307]. However, neither method is
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complete in that POL-SAR by itself does not provide information on where in elevation the scattering
processes take place; and non-polarimetric IN-SAR or military (non-polarimetric) air-borne imaging radar
cannot infer the elevation from which the scatter comes [260, 261] — irrespective of driving up the
resolution — and therefore not providing the desired information about the vertical structure of vegetation
and underburden. Here, we emphasize that with increasing resolution, polarization dependence becomes
all the more pertinent; and that there exists a threshold level above which polarimetric IN-SAR becomes
absolutely necessary and prevalent. Although, IN-SAR enables the recovery of ’Digital Elevation Maps
(DEMs)’, without polarimetry [5, 156-158, 172, 210, 306, 307] it will be difficult to discern - in most
cases - the source orientation/location of the scattering mechanisms [46-51, 184, 185, 205-207, 243, 244].
Without the full implementation of POL-IN/TOMO-SAR imagery [205-207], it will be difficult or close
to impossible to discern the tree-top canopy from that of the understore, thicket under-burden or of the
layered soil and sub-surface under-burden, i. e. discern the vertical structure of vegetation and semi-
transparent underburden [260, 261]. Many more additional studies of the kind executed by Imhoff,
Smith, Treuhaft, Cloude, et al., as reported in [3, 66-70], are required to establish fully the capabilities of
one method as compared to the other, and to their integral POL-IN-SAR implementations. However, in
order to be able to fully interpret scattering mechanisms of vegetationin areas with non-planar
topography, the distinct topography must be known a priori, in that subtle changes in the polarimetric
response are introduced by the local slopes [273], an effect which is exploited directly by the POL-DEM
reconstruction method of Schuler, Lee et al. [228-230, 143, 148].

So, speaking strictly in terms of Maxwell’s equations, ‘amplitude-only SAR’ and ‘Scalar IN-SAR’ can
only apply either to TM (magnetic field parallel to surface) or TE (electric field parallel to surface)
incidence on a perfectly conducting two-dimensional surface, by also neglecting the inherent TE-TM
hybrid shadowing and front-porching (fore-shortening or overlaying) effects [24]. In order to satisfy the
correct implementation of Maxwell’s equations fully [8, 11-13], it is necessary - in all cases - to
incorporate fully coherent polarimetric (scattering matrix) POL-SAR [116, 117, 102, 103, 24, 215] and
especially ‘Polarimetric-Interferometric Synthetic Aperture Radar (POL-IN-SAR)’ imaging methods [46-
51, 184, 185, 205-207].

4. Polarimetric Multiple Baseline SAR Operations

During the past decade several diverse multiple baseline SAR operations were developed for both
airborne and space borne platform implementation — for single [184] and multiple passes [207, 244].
Here, the most essential ones — not addressing multi-sensor data fusion of existing commercial or defense
imaging platforms - are summarized:

Polarimetric SAR Interferometry: In POL-IN-SAR imaging, it is then possible to associate
textural/orientational finestructure directly and simultaneously with spatial information; and to extract the
interrelation via the application of novel ‘Polarimetric-Interferometric Phase Optimization’ procedures
introduced first by Cloude and Papathanassiou [46-51, 184, 185]. This novel optimization procedure
requires the acquisition of highly accurate, well calibrated, fully polarimetric (scattering matrix), SLC-
formatted POL-IN-SAR image data sets collected with systems of high dynamic range. In addition,
several different complementing DEM extraction methods can be developed, which make possible the
precise determination of the source-location of the pertinent scattering centers. Thus, in addition to the
standard interferometric “scalar” DEM [5, 158, 172, 303, 307] - derived from IN-SAR - it is possible to
generate two DEMSs [228-230] directly from the 3x3 covariance matrices of the two separate fully
polarimetric sensor data sets as well as various additional ones from the 6x6 POL-IN-SAR correlation
matrix optimization procedure [184] for the reciprocal 3x3 symmetric scattering matrix cases. Even
better so, from multi-band POL-IN-SAR imaging systems, one can extract directly and simultaneously
‘Polarimetric + Interferometric SAR’ information by implementing the Cloude-Papathanassiou ‘POL-IN-
SAR Optimization’ procedure developed for a fully polarimetric twin-SAR-interferometer [46, 47, 49,
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106, 203]. This provides the additional benefit of obtaining ‘co-registered textural/orvientational +
spatial three-dimensional POL-IN-DEM information’. Most recently Cloude and Papathanassiou [51]
extended this technique for extracting vertical vegetation distribution together with vegetation height and
non-planar ground topology by implementation of multiple polarization interferegrams [273, 51] obtained
either from multi-pass overflights and/or simultaneous multi-band POLINSAR imaging — which presents
definitely a “quantum leap” forward in multimodal POL-IN/TOMO-SAR technology.

Another approach was recently developed by Yamada and Yamaguchi, which is based on the ESPRIT
algorithm [292, 293], which made possible the comparison of various partially versus fully polarimetric
approaches in various different polarization bases. Stebler recently investigated multi-band and multiple
repeat-pass fully polarimetric SAR image data sets, and further analyzed above cited methods [243, 244].
Applying this POL-IN-SAR mode of operation to ‘Repeat-Pass Image Overlay Interferometry’ makes
possible the ‘Differential Environmental Background Validation, Stress Assessment and Stress-Change
Monitoring’ with hitherto unknown accuracy and repeatability [24, 108-110, 112]. The full verification
and testing of these highly promising imaging technologies requires - first of all - that well-calibrated,
fully polarimetric EWB-POL-IN/TOMO-SAR Imaging data takes of highest possible dynamic range
become available; and its development has only just begun [205, 223, 243]. This basic requirement
cannot be re-emphasized sufficiently often and strong enough.

There exists a wide range of hitherto unforeseen surveillance and environmental monitoring applications,
which require extensive additional analytical investigations next to the acquisition of the well calibrated
and ground-truth validated EWB-POL-D-IN-SAR Image data takes [205, 223]. For example, more in-
depth analyses are required to assess whether non-polarimetric IN-SAR alone could in some, but may not
in all cases, separate ground scattering mechanisms from those of volumetric scattering layers [49, 260,
261, 107, 112] by utilizing simultaneously the ‘canopy-gap scaling method’, first introduced in Optical
Hyper-spectral Mapping [236, 237]. Indeed, multi-band ‘POL-SAR Interferometry’ opened a huge
treasure chest of novel modeling methods for an unforeseen large number of hitherto un-approachable
problems of environmental stress-change measurement and interpretation. [12, 13, 24, 41-52, 140-148,
184, 205-207].

Polarimetric SAR Tomography: Because the ‘twin-antenna-interferometer POL-D-IN-SAR
optimization method ‘[106, 47, 184] at narrow band operation allows formally the delineation only of
three spatially - in vertical extent - separated scattering layers, characterized by polarimetrically unique
scattering mechanisms [260, 261], it is of high priority to accelerate the development of not only twin-
antenna-interferometers but of multi-antenna-interferometers - all being completely coherent POL-IN-
SAR Imaging systems. Furthermore, by stacking the polarimeters on top of one another (cross-range) or
in series next to each other (along-track and cross-track) resulted in a “Polarimetric Tomographic SAR”
Imaging system with “Moving Target Imaging (MTIm)” capabilities. This was demonstrated with the
DLR E-SAR so that a ‘POL-TOMO-SAR’ imaging system was synthesized [205-207, 243, 244]. These
Moving Target Imaging capabilities might also be used for ocean current environmental monitoring and
assessment [238].

In addition, using extra-wide-band multiple repeat-pass over-flight operations, at precisely stacked
differential altitudes and/or vertically displaced flight-lines, will result - - in the limit - - into a
‘Polarimetric Holographic SAR’ imaging system, a ‘POL-HOLO-SAR’ imaging system. This will allow
the separation not only of layered but also of isolated closed (“point”) scattering structures, occluded
within heterogeneous layers below the clutter canopies; and embedded in inhomogeneous layered under-
burden. This represents a good example on what we can definitely not achieve merely by implementing
‘EO-Hyper-spectral Imagery — whether scalar or polarimetric.
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Extension to Polarimetric SAR Holography: The extension from ‘narrow-band to wide-band
POL-IN-SAR to POL-TOMO-SAR to POL-HOLO-SAR imaging systems’ is feasible, and will then enable
the realization of true ‘Wide-band Vector-Electromagnetic Inverse Scattering’ [11-18, 231], i.e., the full
recovery of three-dimensional closed bodies embedded in heterogeneous, multi-layered scattering
scenarios [205-207]. This implies that fully polarimetric multi-baseline interferometry and tomography
may obviate the need for introducing constraining assumptions on the models used for estimating
polarimetric scattering parameters [260, 261].  Full polarimetric multi-baseline, multi-sensor
interferometry (POL-IN/TOMO-SAR) - which can now be synthesized by air-borne multi-altitudinal
polarimetric interferometry [205-207] - will result in improved accuracy. It will allow the treatment of
more complicated realistic inverse scattering models than the fundamentally “stripped-down” analytic
models, which must currently be implemented for non-polarimetric and also for most of single-band
POL-SAR twin-interferometric sensing and imaging [24]. The development of these modes of high
resolution, fine-structure stress-change imaging and three-dimensional DEM mapping techniques are of
direct and immediate relevance to wide-area, dynamic battle-space and ‘homeland security’ surveillance
as well as to local-to-global environmental background measurement and validation, stress assessment,
and stress-change monitoring of the terrestrial covers [24-26, 260]. The price to be paid is high in that:

(1) the POL-IN-SAR systems must satisfy stringent performance standards (40 dB channel isolation,
high side-lobe suppression of about 35 dB) with calibration sensitivity of 0.1 dB in amplitude and 1°
in polarimetric phase; must possess a very high dynamic range;

(i1) they must become extra-wide-band, covering the HF to EHF frequency regime, and they must be
fully coherent ‘Polarimetric (coherent scattering matrix) SAR Multi-Interferometers’, which in the
limit approach the tomo/holo-graphic imaging capabilities.

Yet, in retrospect, the exorbitant costs are justifiable because of the immense gains made. Similar to the
early negative predictions of the MRI (Magnetic Resonance Imaging) technology in radiology because of
its initially exuberantly high costs and exceedingly high technical demands on its operators, the cost per
Imaging Platform will steadily decrease yet requiring well educated radar physcisist as operators -
opening up never anticipated additional fields of applications. For example, with the ongoing rapid
development it will enable the provision - for every flying platform (helicopter, aircraft, UAV, missile,
etc.) - of such a holistic sensor facility operable in real time.

Design of Mission-Oriented Multi-Sensor Imaging Platforms: However, in order to realize the
implementation of such highly demanding multi-sensor technologies [29, 30, 24, 58, 203] , it will at the
same time be necessary to develop a strategy for the design and manufacture of air-borne sensor platforms
which are mission-oriented specifically for the joint ‘Extended Radio-Frequency EWB-POL-D-
IN/TOMO-SAR’ plus ‘Extended Optical Hyper-Spectral FIR-VIS-FUV’ Repeat-Pass modes of operation.
Also, considering that there exist currently efforts to perfect Forward-Looking POL-IN-SAR technology,
it is necessary to design platforms with minimal structural interference obstructions, so that the entire
frequency regime from at least VHF, if not even HF, up to EHF plus the extended Optical (FIR-VIS-
FUV) Regime can be accommodated — desirable on one and the same sensor platform. Considering that
there was no truly mission-oriented new ‘Multi-purpose SAR IMAGING AIRCRAFT PLATFORM’
designed [132] since that of the P-3 Orion sub-marine hunting platforms of the late Fifties, it is a timely
and highly justifiable request to our forward looking, visionary Planning Offices of DOD, NASA (HQT.-
JPL), DOC (USGS+NOAA), NATO, ESA, NASDA, etc., to place top priority on this long overdue
demand of having access to the ‘ideal imaging platforms’ required to execute both the military wide area
‘homeland security surveillance’ as well as the environmental background validation, environmental
stress-assessment and stress-change monitoring missions - world-wide [16, 20-27]. Just to make use of
existing air-borne platforms of opportunity; e.g., the B-707 for the non-polarimetric AWACS, the carrier-
based clumsy E-2C Hawkeye for the non-polarimetric APS-145, the P-3 Orion for the NAWC UWB-
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POL-IN-SAR [231], the DC-8 for the AIR/TOP-SAR [106], etc. [223], is no longer sufficient; because
EWB/UWB fully polarimetric POL-SAR Multi-SAR-Interferometers cannot tolerate any platform
generated multi-path scattering obstructions unavoidably encountered with all of these “polarimetrically
clumsy”, venerated platform designs. Platforms that could utilize such improvements are among others,
also future JSTARS class platforms, plus Predator (UAV), and Global Hawk (UAV) types of aircraft and
UAVs, etc.

For one thing, the utilization of UAVs is not the most cost saving approach for the development of novel
multi-modal, multi-band POL-IN-SAR imaging sensor systems; whereas, they indeed may provide the
desired modicum of operation for routine environmental remote sensing and ‘homeland security’
monitoring tasks in desolate regions. Thus, instead of expending any more dead-end efforts on the
elimination of platform interference effects of existing imaging platforms for the purpose of developing
hyper-fine image processing algorithms in the high-resolution imaging and target detection programs;
why not directly and without any further ado aggressively attack the planning and design of the “Ultimate
POL-IN/TOMO-SAR Platforms”, varying in size according to application and mission performance,
required already now, and immediately! Specifically, we require to developing the ideal set of
low/medium/high-altitude versus small/medium/large-sized imaging platforms also for satisfying the
urgent and realistic needs of ‘homeland security surveillance’.

5. Polarimetric Implementation Scenario for Multi-static Space IN-SAR Micro-Satellites

One of the most challenging new ideas in the field of radar remote sensing in the last years was the
implementation of passive and/or active SAR test systems on board of micro-satellites [159-163]. Its
realization will provide a more flexile and significantly more cost-efficient generation of radar remote
sensing sensors in space. However, apart from the financial incentive and flexibility in terms of imaging
geometry, resolution, and timing, such sensor configurations allow also the extension of the possible
observation vector, and consequently the information content of the acquired data to be substantially
enlarged. From this point of view, the most promising - and complementary - approaches to extend the
observation vector at a single frequency is by introducing interferometric baseline and polarization
diversity.

Multi-static Interferometric Considerations: There are several proposed scenarios for the position
and movement of the micro-satellites relative to each other on an elliptical mini-orbit regarding the
acquisition of multiple baselines, allowing at the same time along and across-track interferometry. Last
but not least, the availability of a sufficient large number of micro-satellites (or clusters of them) will
open the door for multi-static interferometry, leading towards tomographic data acquisition, providing
direct imaging of the penetrated distributed volume including occluded targets [133]. However, the
second promising way to extend the observation vector is by introducing polarization diversity.
Regarding high resolution sensors operating at higher frequencies, point scatterers are characterized by a
strongly polarization-dependent behavior. This vital — hitherto often poorly appreciated information an
electromagnetic vector wave always provides - can be utilized for identification and evaluated for an
accurate classification of the scatterer as well as for extracting physical information about it. Our
“Collaboratorium Terra Digitalis Polarimetrici et Interferometrici” [22, 23] has decisively contributed
towards the rapid advancement of these intrinsic information capabilities inherent in electromagnetic
vector (polarization) wave target interrogation.

Polarimetric Considerations: There are different possibilities regarding the implementation of a
polarimetric operational mode in a micro-satellite based multi-static remote sensing concept. The
attractive advantage is the fact that not all micro-satellites have to be equipped with polarimetric
transmitter and receiver paths. For example, one of the micro-satellites within a cluster can be used as a
transmitter of two orthogonal polarizations while the rest of the micro-satellites in the cluster can be
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passive, receiving - in synchronization with the transmitter - in the two orthogonal polarizations. Such an
operational scenario allows for the acquisition of coherent multi-static scattering matrix S data without
having a fully polarimetric system, and combines the advantages of passive reception operation with
significantly increased information content. Depending now on the relative positioning of the receiver
satellites to each other, alternatively multi-static polarimetry, polarimetric interferometry and / or
polarimetric super-resolution acquisition modes can be achieved and operated in a flexible way.
Opportune off-the-shelf hardware and straight-forward instrument steering design can initially avoid a
critical increase of the hardware, weight and volume as well as an expansion of the mission costs;
although ideally an entirely new class of navigational devices need to be developed rapidly with rigor,
which makes use of EO down-sizing [64, 262] wherever possible.

The European Cart-wheel Passive Receiving (SAR) Satellite Cluster (3 to 6) System Design
is for example laid out as to be able to join up with existing or shortly to be launched multi-band active
SAR satellite systems; for example the RADARSAT-2 with fully polarimetric C-Band SAR; the
ALOSAR (JERS-2) with fully polarimetric L-Band SAR; the ENVISAT (ERS-3) with partially
polarimetric (unfortunately with poorly polarimetric correlated channels) C-Band SAR; the TERRASAT
with both fully polarimetric L-Band and partially, but well correlated polarimetric X-Band SAR [70]. The
question on which band is suited for what kind of geo-environmental imaging & monitoring mission
depends on the application, but the proper choice can now be well substantiated. This differs quite a lot
from the rather restricted US HighTechSAR21 [159] configuration of active mono-(non)-polarimetric
high resolution SAR satellites operating at X-Band.

6. Optimal Utilization and Protection of the Electromagnetic Spectrum in Remote Sensing

The demands on additional frequency bands for radar and SAR remote sensing is steadly increasing [27],
resulting in various collisions of the remote sensing with other user communities of the electromagnetic
spectrum [180]. Because the safeguarding against such collisions is absolutely pertinent to the
development of POL-IN/TOMO-SAR technology, these aspects need to be addressed here.

Need for EWB (Hyper-Band) POL-IN-SAR Imaging in Environmental Monitoring:
Depending on the dispersive material and structural properties of the scattering surface, the vegetative
over-burden and/or geological under-burden, a careful choice of the appropriate frequency bands -
matched to each specific environmental scenario - must be made [24, 34, 95, 107-112, 149, 182]. This is
strictly required in order to recover - next to material bio-mass parameters - canopy versus sub-canopy
versus understore, ground-surface versus sub-surface DEM + STRUCTURE information. With increasing
complexity of the environmental multi-layered scattering scenario, the implementation of increasing
numbers of scenario-matched frequency bands - in the limit - contiguous EWB (HYPER-BAND and
ULTRA-WIDE-BAND) POL-IN-SAR across 10 (100) MHz to 100 (10) GHz becomes all the more
necessary and essential [25]. For example, in order to assess - as accurately as ever possible - the bio-
mass of specific types of forested regions - - such as boreal tundra shrubbery, versus boreal taiga, versus
temperate-zone rain-forests, versus sparsely vegetated savannahs, versus dense sub-tropical to equatorial
jungle-forests - - requires in each case a different choice of multiple-to-wide-band POL-IN-SAR imaging
platforms, not necessarily operated at one and the same band and at one fixed altitude, for optimal
performance within the HF/VHF{(10)100 MHz} to EHF (100 GHz) regime [24]. Similarly, for more
accurate and verifiable estimation of soil moisture and roughness [62, 82, 93, 94, 167, 181], and of snow
water equivalence [232, 233, 296, 294] such multi-band and multi-altitudinal POL-IN/TOMO-SAR
implementations become essential. Here, we emphasize the need for the rapid advancement of these
integrated POL-IN-SAR Imaging techniques in order for advancing the still overall poorly performing
bio-mass estimation algorithms, which still lack such vital capabilities [95, 120, 107-112, 263].
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Indeed, the ideal operational altitudes also differ from one scenario to the other. For most semi-dense to
dense forests of the temperate zones, the EWB VHF/UHF/SHF (600 - 5000 MHz) regime may be optimal
[107-112]. Whereas, for a dense virgin equatorial rain forest with huge trees of highly conductive hard-
wood, the UWB (10 - 1000 MHz) regime is required, etc. [109, 110]. Thus, the current choice of
frequency bands for bio-mass determination is indeed very limited and insufficient in that the L/S/C/X-
Bands all lie well above the upper saturation curve; and, the nominal P-Band (420 MHz) well below the
lower saturation curve of the bio-mass hysteresis - - for most types of forested regions within the
temperate climatic zones [212, 263, 264].

Similarly, in order to recover the three-dimensional sub-surface image information of dry to wet soils
including its soil moisture properties, the optimal EWB HF/VHF-regime lies below the nominal P-Band
(420 MHz) to well below 10 MHz. Thus, adaptive EWB-POL-IN/TOMO-SAR modes of operation
become a stringent requirement for three-dimensional environmental background wvalidation, stress
assessment, and stress-change monitoring. In addition, next to the UHF/SHF (300 MHz - 30 GHz)
regime, the EHF (30 - 300 GHz) spectral regime becomes important for the detection of man-made
structures - - such as telephone and electric power-lines [24, 216] - - embedded in forests, shrubbery,
thickets, grasslands [110]; and - in addition - for vegetative canopy plus rugged terrain as well as for
atmospheric scatter analyses [30, 58, 83, 84, 123].

Therefore, every possible effort must be made to expand and to extend but not to give up the existing,
highly insufficient availability of free scientific ‘remote sensing spectral windows’, which must
absolutely be spread with ‘deca-logarithmic periodicity’ throughout the pertinent frequency bands of
about 1 (10) MHz to 300 (100) GHz, and beyond. In addition, for a reliable and more accurate estimation
of biomass parameters, it is definitely necessary to add and include polarimetric hyper-spectral EO
wideband FIR-VIS-FUV imagery [107-112].

Joint Radio Frequency & Optical Repeat-Pass SAR Operations: Furthermore, whereas most
‘Hyper-spectral Optical Radiometers’ and “Microwave Multi-band Radio-altimeters” operate in a down-
look Nadir mode, and the ‘UWB-POL-IN/TOMO-SAR Imaging Sensors’ in left/right-side-looking
operation, inducing shadowing and ‘front-porching (fore-shortening or overlay)’, the simultaneous
implementation and operation of three laterally displaced imaging platforms - - flying side-by-side, and
being fully equipped with Microwave Multi-band (polarimetric) Radio-altimeters and Hyper-spectral
Optical plus UWB-POL-IN/TOMO-SAR systems - - is strictly required [205-207, 243, 244]. For
example, for the environmental stress-change monitoring within the Baikal Lake Basin, Siberia or of the
multitude of pertinent Pacific Rim (PACRIM) regions, monitored by the SIR-C/X-SAR Mission-2 [22,
23, 184, 207, 244] as well as the PACRIM-AIRSAR-1/2 measurement campaigns [294, 219, 221, 297],
such simultaneous triple platform imaging modes of operation are warranted. By implementing
Differential GPS, the three platforms could be flown side-by-side with perfectly overlapping foot prints,
and by executing contiguously spaced, parallel repeat-pass flight operations so that the complete wide-
band microwave radio-altimeters plus hyper-spectral optical down-look image information can properly
be overlaid on top of the strip images produced by the two left/right side-looking UWB-POL-IN/TOMO-
SAR platforms.

In addition, it is most desirable and necessary for testing newly to be developed ‘EWB-POL-D (RP) -IN-
SAR Image Processing Algorithms’ to execute with highest possible precision, ‘Square-Loop - parallel
(0°), orthogonal (90°), anti-parallel (180°), and cross-orthogonal (270°) Flight-Line Repeat-Pass
Operations’ over carefully selected, most diverse geo-environmental calibration test and ground-truth
validation sites. The execution of such demanding flight operations has - in principle - been realized, is no
longer a distant dream, and can be implemented now and immediately thanks to the accelerated
advancement of Differential High Precision GPS electronic real-time navigation [139, 186]. In addition,
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due to the rapidly developing “Terra Digitalis” - - which is to preserve detailed environmental mapping

information even of the most distant, hidden, corners of our terrestrial and also planetary covers for
posterity - - we should be able to collect a long-lasting complete geo-environmental data base which can
be updated continuously [22, 23].

The frequency-dependence of the averaged spectral characteristics over a wide frequency band of natural
electromagnetic emissions within the Earth’s covers and its surface are not well known — especially not
toward the lower end of the spectrum [78, 138]. Its determination becomes ever more hopeless with an
increasing civilization unless isolated “electromagnetic quiet zones (sites)” are being identified and are
being sanctioned as such to becoming permanent ‘World Natural Heritage Electromagnetic Ground-
truthing Quiet Sites’ by the United Nations. Aeronomists have sought for and identified a few isolated
“electromagnetically quiet sites” such as the “Arrival-Heights of Hut-Point-Peninsula on Ross Island,
Antarctica”, and other similar sites for establishing the ‘Average Amplitude/Power-Spectra’, especially
for the ULF/ELF/VLF spectral bands. Similarly, one of radio astronomy’s prime goals is to determine the
‘virgin radio signatures’ before modern civilization was perturbing it. For technological applications it is
essential to know as precisely as ever possible the average characteristics together with reproducible
lower and upper (peak-power) bounds within which man-made systems must operate; and within which
we need to discover the passive and active environmental remote sensing signatures.

Allocation of Additional SAR Imaging Frequency Bands: In order to secure the required frequency
windows within the ELF (HF/VHF) to (UHF-SHF) EHF regime for environmental remote sensing, we
must place our requests - at once - to the ‘World Radio Frequency Conference (WHO-WRC’03,
Sept./Oct., Geneva, Switzerland)’ via the pertinent National Research Councils (NRC), Committees on
Radio Frequencies (CoRF) in a unified, concerted effort [101, 180, 310]. The pertinent frequency bands
between HF to EHF are already over-crowded; but with the rapidly accelerating conversion to digital
communications and worldwide digital video transfer, etc.; we had better wake up! The “Remote Sensing
Community” must relentlessly request that the rights to operate in periodically spaced “deca-logarithmic
(octave) windows”, extending from below the HF to beyond the EHF bands [83, 84, 123], be granted
because very little revenue can be collected from remote sensing allocated frequency bands (which are
however of utmost priority for securing successful environmental stress change monitoring), the proposal
of “levying a user’s tax for commercial and profit utilization” of the electromagnetic spectrum needs to be
supported strongly. The user’s tax so collected need to be applied directly to supporting basic remote
sensing needs across the entire electromagnetic spectrum; and for sustaining natural electromagnetic quiet
sites for monitoring the un-perturbed natural planetary and galactic background noise against which the
user needs to provide natural radio frequency interference reduction methods.

This trend of reducing the available electromagnetic frequency bands for surveillance and remote sensing
indeed represents a very serious, major problem for all of military surveillance and environmental stress-
change monitoring [27]. It is one of the most pressing issues that could reach catastrophic proportions
within the near future unless we act immediately. The commercial ‘Mobile Radio Communications,
Telephone and Video Transmission’ industry has already initiated a fierce battle for acquiring various
frequency bands hitherto allocated exclusively for military radar, and for radar sensing and imaging. The
“natural resource of the electromagnetic spectrum” is ‘densely over-packing’ the “commercially
appropriated frequency windows” plus ‘encroaching into neighboring scientific bands’.

We must follow the successful example of the ‘International Radio Astronomic Research Community’
[54, 187], who had to address a similar problem a few decades ago - - in the early Fifties - - in order to
ensure that far-distant Radio-Stars could be detected without interference by radio communications clutter
- - for then a still relatively “sparsely occupied” VHF, UHF, SHF frequency region. Now, with the
imminent threat of the ever accelerating “Digital Communications Frequency Band Cluttering , Mobile
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Communications Pollution, and ‘www’ Propagation Space Contamination”, we - - ‘the International
Remote Sensing Research Community’ - - are called to duty; and, we must take the helm - once held by
the ‘Radio Astronomic Research Community’ - in forcing a visionary solution on behalf of future
generations to ensure that environmental background validation, stress assessment and stress-change
monitoring of the terrestrial and planetary covers - - under the relentless onslaught of an un-abating
population explosion and with it the quest for higher standards of living and quality of life - - can be
carried out also in the future.

User Collision of the “Natural Electromagnetic Spectrum (NES)”: The user community of the
electromagnetic frequency bands within the ULF-band to the FUV-band is rapidly increasing; and the
natural electromagnetic spectrum (NES) — one of the most fundamental Resources - is being overtaxed
in providing the required frequency band allocations. This has lead to direct confrontations between the
active and the passive user groups [27]. The active user group includes the entire terrestrial-space &
mobile tele/video-communications industry, tele-navigation including the US GPS (Global Positioning
System), the RF GLONASS (GLObal NAvigation Satellite System), and the EU GNSS (Global
Navigation Satellite System) [115], the defense, in future the homeland security and other active remote
sensing communities, whose interests among themselves are colliding with increasing frequency because
the available spectral bands are not sufficient for satisfying all needs. The passive user group consisting of
aeronomy, radio-astronomy and of passive near-field sounding & far-field remote sensing are also
colliding because radio-astronomy and in great parts acronomy are directed outward toward the planetary
and galactic space, whereas airborne and shuttle/satellite multi-modal passive and active remote sensing is
looking down close-to-nadir on the terrestrial covers, which tends to add to the interference by the active
user groups. Furthermore, the rapid increase of expanding narrow-band to ultra-wide-band mobile
communication is creating havoc and an unavoidable impasse. Therefore, the entire issue of frequency
allocation and radio spectral-band sharing coupled with modern advanced digital techniques, such as
digital antenna bean forming, digital coding and correlation plus digital radio frequency interference
reduction must be re-addressed.

Although hitherto remote sensing utilization of the electromagnetic spectrum was absolutely not an
economically viable and may remain a less profitable venture for a long time to come; we request that an
entirely new approach to revenue sharing be adopted. This could mean to levy a surcharge for the use of
“NES” from the commercial users for maintaining and operating the passive and active remote sensing
and monitoring bands, which must be considered a justified measure in order to be able to monitor on a
permanent un-interrupted time-scale the health of planet Earth; and even the “Modern
Telecommunications Complex” cannot deny that it relies on the availability of a clean and clear “NES™.
We, the passive & active remote sensing community, we must consider ourselves to be therefore given
the astute “Professional Status” with the innate responsibility of functioning as the “Pathologists and
Radiologists of the Terrestrial and also Planetary Environments”, and be entrusted to keep a watchful
eye on the misuse of the “Natural Electromagnetic Spectrum (/VES)”, which is indeed to be sanctified
as one of the most “sacred treasures and resources of Planet Earth”, our planetary system and the
universe. However, propagation space pollution of “NES” is not irreversible; and still today measures can
be taken to reverse the trend by implementing more efficient spectrum utilization based on advances in
digital communications and novel RF interference reduction techniques [27].

Every effort must be made to guarantee that mankind is protecting the “Natural unperturbed-by-man
Electromagnetic Spectrum” as a “Natural Treasure”, which must be safeguarded against the greedy
misuse of the “International Communication Complex” In order to fulfill this request, a finite set of
isolated “World Heritage Natural Electromagnetic Quiet Sites” needs to be identified, so designated,
licensed by UNESCO and protected by the UNITED NATIONS. Passive & Active Remote Sensing must
be given MUCH HIGHER PRIORITY; anything not requiring the open propagation space must be
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removed, and should be subjected to the existing well developed but highly underused EO fiber
communication links. The Telecommunications Complex must be forced to work hard in reducing their
reliance on the increase of designated spectral bands for their commercial use, in fact must be
enticed/forced to reduce their electromagnetic spectral real-estate by many factors with the focused
implementation of efficient digital techniques of spectral bandwidth reduction.

The passive & active Remote Sensing community must adopt the high professional stature of being the
pathologists and radiologists of the terrestrial and also the planetary environment, and nothing less.
Much improved RFI reduction and mitigation methods must rapidly be advanced because of the
increasing needs of an expanding civilization. This implies introduction of standardized signal coding
techniques and time-sharing for the use of identical spectral bands. In every respect, the general public
ought to be educated about the serious state of pollution of the natural electromagnetic spectrum, and
especially our educational systems K12 to Post-Doctoral levels — all inclusive — about reducing the
undesirable propagation litter! The “International Remote Sensing Community” ought to request that the
commercial users be levied with a - say 10% to 15% or even higher surcharge — solely to be applied to
safeguarding the purity — as far as is physically required - of the “Natural Electromagnetic Spectrum” by
providing funds for developing the pertinent “Remote Sensing & Monitoring Ground-based, Air/Space-
borne Sensor Systems”, including the establishment of “World Natural Electromagnetic Quiet Sites”. In
other words there has to be a fair distribution of the revenues gained from using “NES”, similar to
levying toll-charges and gasoline tax for designing, building and maintaining clean motorways, etc.; there
should be charges introduced for utilizing the “National and International Information Highways”. In
fact, any misuse of the sacred “Natural Electromagnetic Spectrum (VES)” ought to be punished by
stiff fines; and the intentional and/or careless generation of propagation litter along the “International
Information Highway” ought to be dealt with similar to fining the ruthless production of refuse litter
along our National, State and Local Highways in the US, and elsewhere [27].

Radio Frequency Interference Reduction and RFI Security Threat Mitigation: Next to the
“User Collision of NES”, another equally serious radio interference and jamming problem is threatening
not only military plus homeland security surveillance and environmental monitoring from ground [83, 84,
220], in air and space [97], but also environmental stress change monitoring from air and space [69, 70].
The RF sensors affected include polarimetric, interferometric and polarimetric-interferometric antenna
arrays, multi-arm spiral and Butler matrix antennas, wideband polarimetric receivers as well as adaptive
processing, and so on [252, 286]. Current mitigation techniques for determinig the temporal and spatial
plus differential temporal and spatial geo-location of one or more - including sparsely and densely
distributed clusters of emmiting sources — at ground, in air and space — is known as “Vector Position
Finding”. A large body of methods were developed in Electronic Signal Warfare [195] — such as the
“Angle-of-Arrival (AOA)” or the “Line of Bearing/Position (LOB/LOP)” of the incoming interfering
signal relative to “true astronomical north”, and “magnetic north” (in case of Faraday rotation correction
requirements at radio frequencies at the order of 3MHz and below [302]). In general, this requires several
optimally spaced and separated vector receiver locations for computing the exact time and space varying
emitter locations via “Time of Arrival (TOA)”, “Differential Time of Arrival (TDOA)”, and “Frequency
of Arrival (FOA)” or “Differential Doppler (DF)” methods [36, 98, 99] as reviewed most recently in
Poisel [195]. Of specific interest is the “Multiple Signal Classification (MUSIC)” technique introduced
by R. O. Schmidt [225], which is based on an eigenvector/eigenvalue decomposition technique applied to
the complex geo-location system transfer matrix, which can also be formulated and computed for the
polarimetric, the interferometric and the polarimetric-interferometric radar and SAR cases [99, 225]. This
MUSIC algorithm was applied successfully in telecommunications satellite technology for TOA, TDOA,
FDOA and several other algorithms derived from DF methods including the formulation of error bounds
and cross-ambiguity functions, etc. as reviewed most comprehensively in Poisel [195].
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Of specific interest are airborne and space borne RF emitter detection, recognition, identification and
differential temporal and spatial geo-location algorithms for stationary and moving RFI and jammer
sources [97-99]. In these cases the baselines of the distributed receivers are extremely small and they
require adaptive optimization algorithms — over a rather wide frequency band, which in turn requires the
development of compact minimum-weight packaging technology [64, 262]. Of interest are hybrid EO-RF
conversion as well as EO laser sensor array techniques, which make possible such compact denser
packaging. Similar observations also hold for EO-Laser imaging and telecommunication techniques, for
which the recently developed “Optical real time Phase Registration Devices” will enable to cover the
wideband RF and EO wavelength regime while maintaining the desired sensitivity and false alarm
rejection requirements for implementing the optimal geolocation algorithms [34, 64, 222, 262].

Therefore, the entire issues of frequency allocation and radio spectral-band sharing - coupled with modern
advanced digital techniques, such as digital antenna beam forming, digital coding and correlation - plus
digital radio frequency interference reduction as well as RFI threat mitigation must be re-addressed totally
and immediately — especially as regards the unavoidable implementation of POL-IN/TOMO-SAR
surveillance and remote sensing technology.

7. Conclusions

A succinct summary on the current state of development of Polarimetric and Interferometric Synthetic
Aperture Radar theory, technology and applications is provided with a view towards the expected rapid
developments of fully integrated “Polarimetric SAR Interferometry” and its extension to ‘POL-
IN/TOMO-SAR Repeat-Pass’ environmental stress-change monitoring. The underlying basic systems
analysis of these POL-IN-SAR to POL-TOM-SAR algorithms need to be complemented with recent POL-
IN-SAR to POL-TOM-SAR images obtained with air/space-borne NASA-JPL, NASDA, NAWC-AD and
DLR imaging platforms.

Finally, we will conclude that in order to utilize fully the sensing and imaging capabilities in optical as
well as radar vector-electromagnetic surveillance and monitoring, in addition to all the timely and urgent
requests made; more emphasis must be placed on the accelerated development of ‘International
Collaboratories’ [22 24], such as the ‘ONR-EUR-NICOP-WIPSS Collaboratory’, for the advancement of
pertinent Vector-Electromagnetic Modeling (Inverse Scattering), Image Processing and Interpretation
tools for UWB-POL-IN-SAR Image Data Sets, the associated algorithm hardening, and implementation
in practice. In summary, we require to develop the “Collaboratorium Terra Digitalis Polarimetricii et
Interferometricii” as proposed in [22- 24].

8. Acknowledgments

Here, our sincere gratitude is extended to the worldwide research collaborators who established the
“Collaboratorium Terra Digitalis Polarimetricii et Interferometricii” for advancing this multi-
disciplinary and multi-national research effort. In particular, the sponsorship of the US Office of Naval
Research, Army Research office, NASA and NATO basic research funding programs as well as support
from various research centers is greatfully acknowledged. Specific thanks are extended to Dr. Henry
Mullaney, late Jim Willis, Otto Kessler, Jim S. Verdi, and Dr. William J. Stachnik of the US Navy; to Dr.
Karl H. Steinbach, late Llloyd W. Root, Drs. Jim Mink and Charles (Budd) Flood of the US Army; to Dr.
Wolfgang J. Keydel plus colleagues of DLR — and many more like Professor Harold Mott, Dr. Ridha
Touzi, Professor Motoyuki Sato, Russell A. Chipman, Michael J. Dorsett and Dr. Ernst Krogager - for
their continual support and encouragement — throughout the past two decades.

RTO-EN-SET-081bis 5-17



Applications of Polarimetric and Interferometric SAR to Environmental Remote ?
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION

9. References

[1] Agrawal, A.P. and W-M. Boerner, 1989, “Redevelopment of Kennaugh's target characteristic
polarization state theory using the polarization transformation ratio formalism for the coherent
case”, IEEE TAPS, vol. AP-27(1), pp. 2-14.

2] Agrawal, A. P., 1986, A Polarimetric Rain Back-scattering Model Developed for Coherent
Polarization Diversity Radar Applications, Ph.D. thesis, UIC-GC, University of Illinois, Chicago,
IL, Dec. 1986.

[3] ASAR 2001 Workshop Proceedings, CD-ROM 2001; CSA, Montreal-St-Hubert, Quebec, Canada,
2001 October 01 — 03.

[4] Azzam, R. M. A. & N. M. Bashara, 1977, Ellipsometry and Polarized Light, North Holland,
Amsterdam, 539 p.

[5] Bamler, R. and P. Hartl, 1998, “Synthetic Aperture Radar Interferometry”, State of the Art
Review, Inverse Problems, vol. 14, pp. R1-R54, IOC Publications, Bristol, UK.

[6] Baylis, W. E., 1999, “Electromagnetics: A Modern Geometric Approach”, Birkhduser Verlag,
Boston, Basel, Berlin, 380 p.

[71  Bebbington, D.H.O, 1998, “The Expression of Reciprocity in Polarimetric Algebras”, Progress in
Electromagnetics Research Symposium (PIERS’98), Procs. Fourth Int’l. Workshop on Radar
Polarimetry (JIPR-98), pp. 9-18, IRESTE, Nantes, July 1998.

[8] Beckmann, P. and A. Spizzichino, 1963, Scattering of Electromagnetic Waves from Rough
Surfaces, MacMillan, New York (also see: Beckmann, P., 1968. The Depolarization of
Electromagnetic Waves, Golem Press, Boulder, CO: 214 p.).

[9] Bickel, S. H., 1965, “Some invariant properties of the polarization scattering matrix”, Proc. IEEE,
vol. 53, pp. 1970-1072.

[10] Bickel, S. H. and J. F. A. Ormsby, 1965, “Error analysis, calibration, and the polarization
scattering matrix”, Proc. IEEE, vol. 53, pp.1087-1089.

[11] Boerner, W-M., et al., (Guest Eds.), 1981, IEEE Transactions on the Antennas & Propagation
Society, vol. 29(2), Special Issue, Inverse Methods in Electromagnetics, (417 p.) [Also see:
Boerner, W-M. et al, “Polarization dependence in electromagnetic inverse problems”, ibid, pp.
267-271].

[12] Boerner, W-M., 1981, “Use of Polarization in Electromagnetic Inverse Scattering”, Radio Science,
vol. 16(6) (Special Issue: 1980 Munich Symposium on EM Waves), pp. 1037-1045,
Nov./Dec.1981.

[13] Boerner, W-M. et al. (eds), 1985, Inverse Methods in Electromagnetic Imaging, Proceedings of
the NATO-Advanced Research Workshop, (18-24 Sept. 1983, Bad Windsheim, FR Germany),
Parts 1&2, NATO-ASI C-143, (1,500 p.), D. Reidel Publ. Co., Jan. 1985.

[14] Boerner, W-M., B.Y. Foo, and H.J. Eom, 1987, “Interpretation of the Polarimetric Co-Polarization
Phase Term (@uu - @yv) in High Resolution SAR Imaging Using the JPL CV-990 Polarimetric L-
Band SAR Data”, Special IGARSS Issue of /EEE Transactions on Geoscience and Remote Sensing,
vol. 25 (1), pp. 77-82.

[15] Boerner, W-M., and A.-Q. Xi, 1990, “Characteristic radar target polarization state theory for the
coherent monostatic and reciprocal case using the generalized polarization transformation ration
formulation”, AEU, vol. 44(4), pp. 273-281.

[16] Boerner, W-M., W-L. Yan, A-Q. Xi and Y. Yamaguchi, 1991, “On the Principles of Radar
Polarimetry (Invited Review): The Target Characteristic Polarization State theory of Kennaugh,
Huynen's Polarization Fork Concept, and Its Extension to the Partially Polarized Case”, I[EEE
Proc., Special Issue on Electromagnetic Theory, vol. 79(10), pp. 1538-1550, Oct. 1991.

[17] Boerner, W-M. et al. (eds.), 1992, Direct and Inverse Methods in Radar Polarimetry, NATO-
ARW, Sept. 18-24, 1988, Proc., Chief Editor, 1987-1991, (1,938 pages), NATO-ASI Series C:
Math & Phys. Sciences, vol. C-350, Parts 1&2, D. Reidel Publ. Co., Kluwer Academic Publ.,
Dordrecht, NL, 1992 Feb. 15.

5-18 RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[18]

[19]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

Boerner W-M et al, 1992, “Comparison of Optimization Procedures for 2x2 Sinclair, 2x2 Graves,
3x3 Covariance, and 4x4 Kennaugh (Symmetric) Scattering Matrices in Coherent Radar
Polarimetry and its Application to Target versus Background Discrimination in Microwave
Remote Sensing and Imaging”, SPIE Proc. vol. 1748, Radar Polarimetry (edited by Harold Mott
and W-M Boerner), 1992 July 23 — 24, pp. 144-183.

Boerner, W.-M., C. L. Liu, and Zhang, 1993, “Comparison of Optimization Processing for 2x2
Sinclair, 2x2 Graves, 3x3 Covariance, and 4x4 Mueller (Symmetric) Matricies in Coherent Radar
Polarimetry and its Application to Target Versus Background Discrimination in Microwave
Remote Sensing”, EARSel. Advances in Remote Sensing, vol. 2(1), pp. 55-82.

Boerner, W-M., M. Walther and A. Segal, 1993, “The Concept of the Polarimetric Matched Signal
and Image Filters: Application to Radar Target Versus Clutter Optimal Discrimination in
Microwave Imaging and Sensing”, Int’l Journal on Advances in Remote Sensing (IJARS),
(EARSeL), Boulogne-Billancourt, France, vol. 2(1-1), pp. 219-252, Jan. 1993.

Boerner, W-M., 1995, “Polarimetry in Remote Sensing and Imaging of Terrestrial and Planetary
Environments”, Proceedings of Third International Workshop on Radar Polarimetry (JIPR-3, 95),
IRESTE, Univ-Nantes, France, pp. 1-38.

Boerner, W., Dhiantravan, Y., Mott, H. Miller, V., Cloude, S., Papathanassiou, K., Treuhaft, R.,
Kim, Y., Imel, D., O’Leary, E., VanZyl, J., Schmullius, C., Gabriel, J., Moreira, A., Reigber, K.,
Darizhapov, D., Suchkov, V., Tatkov, G., Bulgakov, S., Tsybjitov, T., 1998, “Air/Space-Borne
Repeat-Pass Pol-D-In-SAR image overlay interferometry & its application to geo-ecologic stress-
change monitoring within the Selenga Delta, Kudara Polygon, SE Baikal, Buriatia using SIR-C/X-
SAR Mission 27, NASA-JPL 8 AIRSAR W’shp. 98-01-15/16, PASADENA, CA, pp. 1-11
Boerner, W-M., O. Kessler, and J. S. Verdi, 1998, “Consolidation of Multi-Sensor, Extra-Wide-
Band Synthetic Aperture Signal/Image Fusion for Integrating Environmental Stress-Change
Monitoring with Dynamic Battle-space Surveillance: paving the way towards creating the ‘global
digital imaging and mapping collaboratories: Terra Digitalis’”, Proc. PIERS-WARM (A. Franchois
ed) Baveno, It, 1998 July 20 - 22,EC-JRC (also see: ‘The Development of the “Collaboratorium
Terra Digitalis Baikalum”, Int’l. UNESCO/INTAS Conf. on ‘Baikal as a World Natural Heritage
Protectorate’, Ulan-Ude, Buriatia, SE Siberia, RF, 1999 Sept. 05-12).

Boerner, W-M., H. Mott, E. Liineburg, C. Livingston, B. Brisco, R. J. Brown and J. S. Paterson
with contibutions by S.R. Cloude, E. Krogager, J.S. Lee, D.L. Schuler, J. J. van Zyl, D. Randall P.
Budkewitsch and E. Pottier, 1998, "Polarimetry in Radar Remote Sensing: Basic and Applied
Concepts", Chapter 5 (pp. 271-357, + 12 image plates) in F.M. Henderson, and A.J. Lewis, (eds.),
Principles and Applications of Imaging Radar, vol. 2 of Manual of Remote Sensing, (ed. R.A.
Reyerson), Third Edition, John Willey & Sons, New York, 940 p, ISBN: 0-471-29406-3.

Boerner, W-M, Y. Yamaguchi, 2000, “Extra-wideband Polarimetry, Interferometry and
Polarimetric Interferometry in Synthetic Aperture Remote Sensing”, IEICE Trans. Commun. vol.
E86-B, no. 9, pp. 1906-1915, September 2000.

Boerner W-M., 2000 ‘Report on POL & POL-IN SAR Session’, ESA-CEOS-MRS’99, SAR Cal-
Val-Workshop., CNES Toulouse, FR, 1999 Oct. 29, Proceedings of the ESA-CEOS-99 Meeting,
SPA-450, 16 p.

Boerner, W-M, S.R. Cloude, and A. Moreira, 2002, “User collision in sharing of electromagnetic
spectrum: Frequency allocation, RF interference reduction and RF security threat mitigation in
radio propagation and passive and active remote sensing”, URSI-F' Open Symp., Sess. 3AP-1, 2002
Feb. 14, Garmisch-Partenkirchen, Germany.

Born, M. and E. Wolf, 1980, Principles of Optics, 6th ed., Pergamon Press, Oxford, 808p.
Bracewell, R. N., 1995, Two-Dimensional Imaging, Prentice Hall, Englewood Cliffs, NJ.

Bringi, V.N. and V. Chandrasekar, 2001, Polarimetric Doppler Weather Radar - Principles and
applications, Cambridge Univ. Press, Cambridge, 636 p., ISBN: 0-521-62384-7.

Brosseau, C., 1998, Fundamentals of Polarized Light-A Statistical Optics Approach, John Wiley
& Sons, Inc., New York.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote ?
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION

[32] Cameron, W.L. and L.K. Leung, 1990, “Feature-motivated scattering matrix decomposition”,
Proc. IEEE Radar Conf., Arlington, VA, May 7-10, 1990, pp. 549-557.

[33] Cameron, W.L., 1996, “Simulated polarimetric signatures of primitive geometrical shapes”, I[EEE
Trans. Geoscience Rem. Sens., 34, 3 793-803.

[34] Carin, L., R. Kapoor, C.E. Baum, 1998, "Polarimetric SAR imaging of buried landmines," /EEE
Trans. Geoscience and Remote Sensing, vol. 36 (5), pp. 1985-1988.

[35] Chan, C-Y., 1981, Studies on the Power Scattering Matrix of Radar Targets, M.S. Thesis,
University of Illinois, Chicago, IL.

[36] Chan, Y.T., and Ho, K.C., 1994, "A Simple and Efficient Estimator for Hyperbolic Location",
IEEE Transactions on Signal Processing, vol. 42, no. 8, pp. 1905-1915.

[37] Chipman, R. A, and J. W. Morris, eds. 1990, Polarimetry: Radar, Infrared, Visible, Ultraviolet,
X-Ray, Proc. SPIE-1317 (also see SPIE Proc. 891, 1166, 1746, 1988, 1989, 3121).

[38] Chipman, R.A., 1994, Polarimetry, Chapter 22, 37p in: M. Bass, Editor in Chief, Handbook of
Optics, Vol. Il (Devices, Measurements and Properties), Second Ed., McGraw-Hill, New York,
450 p.

[39] Chipman, R.A., 1998, “Polarization consideration: Optical systems 1, SPIE Proc., vol. 1166,
p-554.

[40] Cloude, S.R., 1985, “Radar target decomposition theorems”, Electr. Letters, 21(1), 22-24.

[41] Cloude, S.R., 1986, Polarimetry: The Characterization of Polarimetric Effects in EM Scattering,
Ph.D. thesis, University of Birmingham, Fac. of Eng., UK, Oct. 1986.

[42] Cloude, S.R., 1990, “Polarimetric optimization based on the target covariance matrix”, Electronic
Letters, 26(20), pp. 1670-1671.

[43] Cloude, S. R., 1992, “Uniqueness of Target Decomposition Theorems in Radar Polarimetry”. Direct
and Inverse Methods in Radar Polarimetry, Part 1, Boerner, W-M, ed. Kluwer Academic Publishers,
Dordrecht, Netherlands: 267-296.

[44] Cloude, S.R. and E. Pottier, 1996 “A review of target decomposition theorems in radar
polarimetry”, IEEE Trans. GRS, vol. 34(2), pp. 498-518, Mar. 1996.

[45] Cloude S.R. and E. Pottier, 1997, “An Entropy-Based Classification Scheme for Land
Applications of Polarimetric SAR”, I[EEE Trans GRS, vol. 35(1), pp. 68-78.

[46] Cloude, S.R. and K.P. Papathanassiou, 1997, “Polarimetric optimization in radar interferometry”,
Electronic Letters, vol. 33(13), pp. 1176-1178, 1997 June 19.

[47] Cloude, S. and K. Papathanassiou, 1998, “Polarimetric SAR Interferometry”, IEEE Trans. Geosci.
Remote Sensing, vol. 36 (4), pp. 1551-1565.

[48] Cloude, S. R, 1999, “Polarimetry in Wave Scattering Applications”, Vol. 1, Ch. 1.6.2 in
Scattering, Eds E.R Pike and P.C. Sabatier, Academic Press, 2001, ISBN 0-12-613760-9.

[49] Cloude, S.R., K.P. Papathanassiou, and M-W. Boerner, 2000, ‘A Fast Method for Vegetation
Correction in Topographic Mapping using Polarimetric Radar Interferometry”, Proceedings of
3rd European Conference on Synthetic Aperture Radar, EUSAR 2000, pp. 261-264, Munich,
Germany, 23-25 May 2000.

[50] Cloude, S.R., K.P. Papathanassiou and E. Pottier, 2001, ‘‘Radar Polarimetry and Polarimetric
Interferometry’’, IEICE Transactions on Electronics, vol. E84-C, no. 12, pp. 1814-1822,
December 2001.

[51] Cloude, S.R. and K.P. Papathanassiou, 2002, ‘‘A 3-Stage Inversion Process for Polarimetric SAR
Interferometry’’, Proceedings of European Conference on Synthetic Aperture Radar, EUSAR'02,
pp. 279-282, Cologne, Germany, 4-6 June 2002 [full paper to appear in IEE Special EUSAR-02
issue].

[52] Cloude, S.R., E. Pottier, W-M Boerner, 2002, “Unsupervised Image Classification using the
Entropy/Alpha/Anisotropy Method in Radar Polarimetry ", NASA-JPL, AIRSAR-02 Workshop,
Double Tree Hotel, Pasadena, CA, 2002 March 04-06.

[53] Copeland, J.R., 1960, “Radar target classification by polarization properties”, Proc. IRE, vol. 48,
pp- 1290- 1296.

5-20 RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

CRAF, 1997, Handbook for Radio Astronomy, 2™ Ed., Published by the Committee on Radio
Astronomy Frequencies (CRAF), Secretariat, the Netherlands Foundation for Radio Astronomy,
PO-2, NL-7990 Dwingelo, Netherlands (ISBN: 2-903148-94-5).

Czyz, Z.H., 1997, "Basic Theory of Radar Polarimetry - An Engineering Approach", Prace PIT,
No.119, 1997, Warsaw, Poland, pp.15-24. (In English).

Davidovitz, M. and W-M. Boerner, 1986, Extension of Kennaugh's Optimal Polarization Concept to
the Asymmetric Matrix Case, IEEE Transactions on Antennas and Propagation, 34 (4): 569-574.
Deschamps, G.A., 1951, “Geometrical Representation of the Polarization of a Plane Electromagnetic
Wave”, Proceedings of the IRE, vol. 39, pp. 540-544.

Doviak, R.J. and D.S. Zmic, 1993, Doppler Radar and Weather Observations, Second Edition,
London: Academic Press, ISBN: 0-12-221422-6.

Doviak, R.J., V. Bringi, A.V. Ryzhkov, A. Zahrai, D.S. Zrnic, 2000, “Considerations for
polarimetric upgrades to operational WSR-88D radars”, Journal of Atmospheric and Oceanic
Technology, vol. 17, 257 - 278.

Drewes, J.J., R. A. Chipman, M. H. Smith, 2001, “Characterizing polarization controllers with
Mueller matrix polarimetry”, Proc. SPIE vol. 4532, pp. 462-466, Active and Passive Optical
Components for WDM Communication, A.K. Dutta, et. al. Eds. (July 2001)

Dubois, P.C. and L. Norikane, 1987, “Data Volume Reduction for Imaging Radar Polarimetry”,
Proceedings of IGARSS'87, pp. 691-696.

Dubois, P.C., J.J. Van Zyl and T. Engman, 1995, “Measuring Soil Moisture with Imaging Radars”,
IEEE Trans. GRS, vol. 33, no. 4, pp. 916-926.

Durden, S.L., J.J. van Zyl, and H.A. Zebker, 1990, "The unpolarized component in polarimetric
radar observations of forested areas," IEEE Transactions on Geoscience and Remote Sensing, vol.
GE-28, pp. 268-271. (Also see: A. Freeman, S. Durden, “Three-component scattering model to
describe polarimetric SAR data”, SPIE Proc. Radar Polarimetry, Vol. 1748, Radar Polarimetry
(edited by Harold Mott and W-M Boerner), 1992 July 23-24, pp. 213-224).

Ebihara, S., M. Sato and H. Niitsuma, 1998, “Analysis of Guided Wave along a Conducting
Structure in a Borehole”, Geophysical Prospecting, vol. 46(5), pp. 489-505.

Elachi Charles, 1990, Radar Polarimetry for Geoscience Applications, , Artech House

ESA 1999 CEOS-99 SAR Workshop Proceedings, ES ACNES SP-450 (March 2000), Toulouse,
France, October 1999.

ESA 2001 CEOS-01 SAR Workshop Proceedings, NASDA NDX-000-306 (April 2002), Tokyo-
Roppongi, Japan, April 2001.

ESA 2003 CEOS-03 POLinSAR Workshop, ESA SERRIN, Frascati, Italy, January 2003.

EUSAR 2000 Proceedings, VDE Verlag, Offenbach, ISBN: 3-8007-2544-4, Munich, Germany,
May 2000.

EUSAR 2002 Proceedings, VDE Verlag, Offenbach, ISBN: 3-8007-2697-1, Cologne, Germany,
June 2002.

Ferro-Famil, L. and E. Pottier, 2000, "Description of Dual Frequency Polarimetric Data Using
Gelmann Parameters Set", Electronics Letters, vol. 36 (19), pp 1646 1647, September 2000.
Ferro-Famil, L.E., 2000, “Multi-frequency and multi-temporal remote sensing of natural media
using polarimetric SAR data”, Ph. D. Thesis, IRESTE, University of Nantes, La Chantrerie,
France, December 2000.

Ferro-Famil, L.E., E. Pottier and J.S. Lee, 2001, “Unsupervised Classification of Multifrequency
and Fully Polarimetric SAR Images Based on H/A/Alpha-Wishart Classifier,” IEEE Trans. GRS,
vol. 39(11), pp. 2332-2342.

Ferro-Famil, L.E., A. Reigber., E. Pottier, and W-M Boerner, 2001, “Multi-baseline polarimetric
SAR data classification using the complex Wishart distribution and principal component analysis”,
IEEE 2001 International Geoscience and Remote Sensing Symposium, IGARSS '01, vol. 6, 2001,
pp. 2712 -2714.

RTO-EN-SET-081bis 5-21



Applications of Polarimetric and Interferometric SAR to Environmental Remote g §

Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION
[75] Ferro-Famil, L. and E. Pottier, 2001, "Dual Frequency Polarimetric SAR Data Classification

and Analysis", Journal of Electromagnetic Waves and Applications, vol. 14, pp 1673 — 1675.

[76] Ferro-Famil, L., A. Reigber, E. Pottier and W-M. Boerner, “Scene Characterization Using Sub-
Aperture Polarimetric SAR Data”, IEEE TGRS, vol. 41 (in press).

[77] Fraser-Smith, A.C., 1995, Low Frequency Radio Noise, Ch.12 in Handbook of Atmospheric
Dynamics, Vol. 1, pp. 297-310, Ed. H. Volland, CRC Press.

[78] Frampton, K. R, D. A. Coon and M. J. Dorsett, 1998, “Acousto-Optic Range Doppler Processor
for Target Discrimination”, Proc. SPIE vol.3462, Radar/Ladar Processing and Applications, pp.
320 —331.

[79] Freeman, A., J. J. van Zyl, J. Klein, H. A. Zebker, and Y. Shen, 1992, "Calibration of Stokes and
scattering matrix format polarimetric SAR data," I[EEE TGRS, vol.30(3), pp. 531-539, May, 1992.

[80] Freeman, A., 1992, “SAR Calibration: An Overview”, IEEE TGRS, vol 30(6), pp. 1107-1121.

[81] Freeman, A. and S.T. Durden, 1998, “A Three-Component Scattering Model for Polarimetric SAR
Data”, IEEE Trans. GRS, vol. 36(3), pp. 963-973.

[82] Fung, A. K., 1994, Microwave Scattering and Emission Models and their Applications, Artech
House Norwood USA, 573 p.

[83] Gasiewski, A.J., 1993, "Microwave Radiative Transfer in Hydrometeors," Chapter 3 in
Atmospheric Remote Sensing by Microwave Radiometry, (M.A. Janssen, ed.), New York: John
Wiley and Sons, 1993.

[84] Gasiewski, A.J., M. Klein, A.Yevgrafov, and V. Leuskiy, 2002, “Interference Mitigation in
Passive Microwave Radiometry”, URSI-GA-02, Joint Session JFC, Maastricht, NL, 2002 August
22.

[85] Gehrels, T., 1974, Planets, Stars and Nebulae — studied by Photo-polarimetry, The University of
Ariziona Press, Tucson, AZ, 1133 p. (ISBN: 8165-0428-8, LC 73-86446).

[86] Giuli, D., 1986, “Polarization Diversity in Radar”, Proc. IEEFE, vol. 79 (2), pp. 245-269.

[87] Goldstein, D.H. and R.A. Chipman, 1997, “Optical Polarization: Measurement, Analysis, and
Remote Sensing”, Proc. SPIE-3121 (see Proc. SPIE 891, 1166, 1317, 1746, 1988, 1989, dealing
with OPT-POL).

[88] Goldstein, R. M., H. A. Zebker, and C. L. Werner, 1988, "Satellite radar interferometry: two
dimensional phase unwrapping," Radio Science, vol. 23 (4), 713-720.

[89] Goodman, J.W., 1976, “Some fundamental properties of speckle”, Journal of Optical Society
American, vol. 66(11), pp. 1145-1150, November 1976.

[90] Goodman, N.R., 1963, “Statistical analysis based on a certain multi-variate complex Gaussian
distribution (an introduction)”, Annals of Mathematics and Statistics, vol. 34, pp. 152-177

[91] Graham, A., 1981, Kronecker Products and Matrix Calculus: with Applications, New York: Ellis
Horwood Ltd (John Wiley & Sons), 130 p.

[92] Graves, C. D., 1956, “Radar Polarization Power Scattering Matrix”, Proc. IRE, vol. 44(2), pp.
248-252.

[93] Hajnsek, J., 2001, “Inversion of Surface Parameters (soil moisture & roughness) Using
Polarimetric SAR”, Doctoral Thesis, FSU, Jena, Germany, 2001 October 17 (ISSN 1434-8485
ISRN DLR-FB-2001-30).

[94] Hajnsek 1., E. Pottier and S.R. Cloude, 2002, “Inversion of Surface Parameters from Polarimetric
SAR”, IEEE Transactions in Geoscience and Remote Sensing, vol. 41, Spring 2003 (in review).

[95] Hansen, J., R. Ruedy, M Sato, M. Imhoff, W. Lawrence, D. Easterling, T. Peterson, and T. Karl,
2002, "A closer look at U.S. and global surface temperature change", JGR Atmospheres, vol. 106
(D20), pp. 23947-23963, October 27, 2001.

[96] Henderson, F. M. and A.J. Lewis, 1998, guest editors, Principles and Applications of Imaging
Radar, Manual of Remote Sensing, Third Edition, Volume 2, John Wiley & Sons, Inc., New York,
July 1998 (940 p.), Ch. 5: “Polarimetry in Radar Remote Sensing: Basic and Applied Concepts”
(Wolfgang-M. Boerner, Harold Mott, Ernst Liineburg, Charles Livingstone, Brian Brisco, Ronald

5-22 RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[97]

[98]

[99]
[100]
[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

J. Brown and J. Scott Patterson -- with contributions by S. R Schuler, J. J. van Zyl, D. Randell, P.
Budkewitsch and E. Pottier), 98 p.

Hilland David H., Gary Newton, and Patrick J. Serna, 2000, “Satellite Threat Warning and Attack
Reporting”, AIAA4, 2000 October, 7 p.

Ho, K.C., and Y.T. Chan, 1997, "Geolocation of a Known Altitude Object from TDOA and FDOA
Measurements," [EEE Transactions on Aerospace and Electronic Systems, vol. 33, no. 3, July
1997, pp. 770-783.

Ho, K.C., and W-W Xu, 2003, “An Accurate Closed-Form Solution for Moving Source Location
Using TDOA and FDOA Measurements”, IEEE Trans. Signal Processing, vol. 51, in print.

Holt, A.R., 1984, “Some factors affecting the remote sensing of rain by polarization diversity
radar in the 3- to 35-GHz frequency range”, Radio Science, vol. 19 (5), pp. 1399-1412.

Huneycutt, B.L., T. Le Toan T., Y. Yamaguchi, 2002, “Active Microwave and Millimeter Wave
SAR Remote Sensing”, URSI-GA-02, Maastricht 2002, August 17-28, SS-JFC, 2002 August 22.
Huynen, J. R., 1965, “Measurement of the target scattering matrix”, Proc. IEEE, 53(8), 936-946
(also see: ibid, 1960, “Radar target sorting based on polarization signature analysis”, Lockheed,
LMSD-288216, Sunnyvale, CA [AFCRC-TN-60-588, May 1960]).

Huynen, J. R., 1970, Phenomenological Theory of Radar Targets, PhD. thesis, University of
Technology, Delft, The Netherlands, December 1970

IEEE 1983 Standard Test Procedures for Antennas, ANSI/IEEE-Std. 149-1979, IEEE-Publishing,
ISBN 0-471-08032-2 (also see: Number 145-1983: Definitions of Terms for Antennas, /EEE
Transactions on Antennas and Propagation, AP-31(6), November 1983, pp. 11 — 26).

Imbo, P., J.C. Souyris, A. Lopes, Ph. Marthon, 1990, “Synoptic presentation of the polarimetric
information”, Proceedings of the ESA-CEOS-MRS’99 SAR-CAL/VAL Workshop, CNES, Toulouse,
France, 1999 October 25-29, ESA-SP-450, pp. 341-351.

Imel, D.A., 1999, “AIRSAR Along-track Interferometry Data”, Proc. US-AU PACRIM
Significant Results Workshop, MHPCC, Kihei, Maui, HI, 1999 Aug. 24 - 26 (10 p).

Imhoff, M.L., 1995, “A theoretical analysis of the affect of forest structure on synthetic aperture
radar backscatter and the remote sensing of biomass”, IEEE Transactions on Geoscience and
Remote Sensing, vol. 33(2), pp. 341-352.

Imhoff, M.L., 1995, “Radar backscatter and biomass saturation: ramifications for global biomass
inventory”, IEEE Trans. GRS, vol. 33(2), March 1995, pp. 510-518.

Imhoff, M.L., S. Carson, and P. Johnson, 1998, “A low frequency radar experiment for vegetation
biomass measurement”, /EEE Transactions on Geoscience and Remote Sensing, vol. 36, no. 6,
1998, pp. 1988 — 1991.

Imhoff, M.L., P. Johnson, W. Holford, J. Heyer, L. May, W. Lawrence, and P. Harcombe, 2000,
“BioSAR™: An Inexpensive Airborne VHF Multiband SAR System for Vegetation Biomass
Measurements”, IEEE-Trans GRS, vol. 38 (3), pp. 1458 — 1462.

Imhoff, M.L., Baugh KE, Hobson VR, Nelson I, Safran J, Dietz JB, Tuttle BT, 2001, "Night-time
lights of the world: 1994-1995", Elvidge CD, ISPRS Journal Of Photogrammetry and Remote
Sensing, vol.56 (2), pp.81-99, December 2001.

Imhoff, M.L., M. King, and C. Parkinson, 2002, “NASA's Earth Observing System: Assets and
Access”, Keynote address, /1th Australasian Remote Sensing and Photogrammetry Conference,
September 2-4, 2002, Brisbane, QLD, Australia (CD-ROM available from author:
mimhoff@ltpmail.gsfc.nasa.gov).

Ionnidis, G.A. and D.E. Hammers, 1979, “Optimum antenna polarizations for target
discrimination in clutter”, IEEE Trans. Antennas & Propagation, vol. 27 pp.357-363.

Jones, R., 1941, “A new calculus for the treatment of optical systems, I. Description and
discussion”, J. Opt. Soc. Am., 31 (July 1941), pp. 488-493; “II. Proof of the three general
equivalence theorems, ibid. pp. 493-499; I11. The Stokes theory of optical activity”, ibid. pp. 500-
503; ibid. 32 (1941), pp. 486-493 , ibid. 37 (1947), pp. 107-110 (See also Swindell, W., 1975,
Polarized Light, Halsted Press/John Wiley & Sons, Stroudsburg, PA: pp. 186-240).

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote ?
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION

[115]

[116]

[117]

[118]
[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]
[132]

Kaplan, Elliott D. ed., 1996, Understanding GPS: Principles and Applications. Boston: Artech
House Publishers.

Kennaugh, E.M., 1952, “Polarization Properties of Radar Reflections”, M.Sc. Thesis, Dept. of
Electrical Engineering, The Ohio State University, Columbus, OH, March, Rep. 389-12, 41 p (also
see D.L. Moffat and R.J. Garbacz, 1984, “Research Studies on the Polarization Properties of Radar
Targets”, (1949 Sept, 16-1954 Oct. 1), by Prof. Edward M. Kennaugh, USAF Contract No.
28(099)-90, Rpts. 389-1 to 15, 17 to 24, July 1984, Vols.1 and 2) [Re-duplicated in 2002, and
available from: Librarian, Ohio State University, ElectroScience Laboratory, 1420 Kinnear Road,
Columbus, OH 43212-1191].

Kennaugh, E.M., 1981, “Polarization dependence of radar cross sections - A geometrical
interpretation”, [EEE Trans. Antennas Propag., (Special Issue on Inverse Methods in
Electromagnetic Scattering, W.-M. Boerner, A; K. Jordan, I. W. Kay, Gust Editors), vol. AP-
29(3), pp. 412-414.

Keydel, W. and J. Moreira, 1995, “A New MTI Approach using the Reflectivity Displacement
Method”, IEEE TGRS, vol. 66 (5), pp. 1238-1244.

Keydel, W., (editor), 1997, Special Edition for the Sixtieth Anniversary of the DLR’s “Institut fiir
Hochfrequenztechnik™ at Oberpfaffenhofen, DLR Nachrichten, vol. 86, June 1997.

Keydel, W, 1999, “Inventory of Biomass through Microwave Remote Sensing, Proceedings of
ISRO-DLR Workshop on Environment and Remote Sensing”, Editors: S.H. Bhan, K.V.S.
Badrinath.

Kim Y-J., J.van Zyl J. and A. Chu, 1999, “Preliminary Results of Single Pass Polarimetric SAR
Interferometry,” IEEE 1999 International Geoscience and Remote Sensing Symposium, Hamburg,
Germany, 28 June-2 July 1999.

Kim Y-J, 1999, “Polarimetric Interferometry”, Proceedings of the US-AU PACRIM Significant
Results Workshop, MHPCC, Kihei, Maui, HI, 1999 August 24-26 (10 p).

Klein, M. and Gasiewski, A.J., 2002, "The Sensitivity of Millimeter and Sub-millimeter
Frequencies to Atmospheric Temperature and Water Vapor Variations," J. Geophys. Res. -
Atmospheres, vol. 13, pp. 17481-17511, July 16, 2000.

Kobayashi, O., Y. Matsuzaka and H. Hirosawa, 1990, “Measurement of the modified Mueller
matrices of backscatter from random media using a power-measuring scatterometer”, IEEE-
TGARS vol. 28(4), pp. 438-442.

Kong, J.A., A.S. Swartz, H.A. Yueh, L.M. Novak, and R.T. Shin, 1988, “Identification of terrain
cover using the optimum polarimeter classifer”, J. Electromagnetic Waves and Applications, vol.
2(2), pp. 171-194.

Koénnen, G. P., 1985, Polarized Light in Nature. Cambridge University Press, Cambridge, U. K.: 172
p.

Kostinski, A.B, and W-M. Boerner, 1986, “On foundations of radar polarimetry”, IEEE Trans.
Antennas Propagation, vol. AP-34, pp. 1395-1404; H. Mieras, “Comments on 'Foundations of
radar polarimetry", ibid., pp. 1470-1471; “Authors's reply to 'Comments' by H. Mieras”, ibid., pp.
1471-1473.

Kostinski, A.B. and W.-M. Boerner, 1987, “On the polarimetric contrast optimization”, /[EEE
Trans. Antennas Propagt., vol. AP-35(8), pp. 988-991.

Kostinski, A.B., B.D. James and W-M. Boerner, 1988, “On the Optimal Reception of Partially
Polarized Waves”, Journal of the Optical Society of America, Part A, Optics & Image Sciences,
Series 2, vol. 5(1), pp. 58-64.

Kostinski, A.B., B.D James and W-M. Boerner, 1988, “Polarimetric Matched Filter for Coherent
Imaging”, Canadian Journal of Physics, vol. 66(10), pp. 871-877.

Kozlov, A.L., 1979, “Radar Contrast between Two Objects”, Radioelektronika, vol. 22 (7), pp. 63-67.
Kramer, Herbert J., 2002, Observation of the Earth and Its Environment with CD-ROM Survey of
Missions and Sensors, 4th ed 2002, XXIV, 1510 p. w. 522 figures, Springer, Berlin, ISBN:
3540423885.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[133]

[134]

[135]

[136]

[137]
[138]
[139]

[140]

[141]

[142]

[143]

[144]
[145]

[146]

[147]

[148]

[149]

[150]

[151]

Krieger, G., G.M. Wendler, H. Fiedler and A. Moreira, 2002, "Interferometric Performance
Analysis for Several Spaceborne Bistatic SAR Configurations”. Proc. of the 4th EUSAR
Conference, 4-6 June 2002, Cologne, Germany.

Krieger, G., M. Wendler, J. Mittermayer,, S. Buckreuss F. Witte, W. Keydel, A. Moreira, 2002,
“Sector Imaging Radar for Enhanced Vision”, Proc. German Radar Symposium 2002 (GRS),
Bonn, Germany 3-5 September 2002, pp.219 — 224.

Krogager, E., 1992, “Decomposition of the Sinclair Matrix into Fundamental Components with
Application to High Resolution Radar Target Imaging”, Direct and Inverse Methods in Radar
Polarimetry, Part 2, Boerner, W-M., ed. Kluwer Academic Publishers, Dordrecht, The Netherlands:
1459-1478 (also see: ibid, 1993, “Aspects of Polarimetric Radar Target Imaging”, Doctoral (Dr. Sci.
Tech.) Thesis, Technical University of Denmark, Electromagnetics Institute, Lyngby, Denmark).
Krogager, E., and Z.H. Czyz, 1995, “Properties of the Sphere, Diplane and Helix Decomposition”
Proc. of 3rd International Workshop on Radar Polarimetry, IRESTE, University of Nantes,
France, pp. 106-114, April 1995.

Krogager, E, and W-M. Boerner, 1996, “On the Importance of Utilizing Polarimetric Information
in Radar Imaging Classification”, AGARD Proc. 582-17, pp. 1-13, April 1996.

Lanzerotti L J., C.G. Maclennan, and A.C. Fraser-Smith, 1999, “Background Magnetic Spectra:
10° — 10" Hz”, Geophysical Research Letters, vol. 17 (10), pp 1593-1596.

Lechner, W., 1992: “The Potential for Global Satellite Systems for Precision Aircraft Navigation:
Avionic Center Braunschweig”, GPS World, vol. 3(6), 06/01/1992, p.40.

Lee, J. S., M.R. Grunes and R. Kwok, 1994, “Classification of Multi-look Polarimetric SAR
Imagery Based on Complex Wishart Distribution,” Int. J. Remote Sensing, vol. 15, no. 11, 2299-
2311.

Lee, J.S. et al., 1998, “Polarimetric Analysis and Modeling of Multifrequency SAR Signatures
from Gulf Stream Fronts,” IEEE Journal of Oceanic Engineering, vol.23, no. 4, pp.322-332,
October 1998.

Lee, J.S., K.P. Papathanassiou, T.L. Ainsworth, M.R. Grunes and A. Reigber, 1998, “A New
Technique for Noise Filtering of Sar Interferometric Phase Images”, IEEE Trans. GRS, vol. 36(5),
pp. 1456-1465.

Lee J-S., D.L. Schuler, E. Pottier, T.L. Ainsworth, and W-M. Boerner, 1999, “New approaches for
terrain topography measurement using polarimetric SAR Data”, Int’l. Journal on Advances in
Remote Sensing, EARSeL vol. 8( 4), 10p., Oct. 1999.

Lee, J.S. and M. R. Grunes, 1999, Polarimetric SAR Speckle Filtering and Terrain Classification-
An Overview, 26p, Book Ch. in XX, World Sci. Publ, Singapore.

Lee, J-S., M.R. Grunes and G. de Grandi, 1999, “Polarimetric SAR speckle filtering and its
implication for classification,” IEEE TGARS, vol. 37(5), pp. 2363-2373, Sept. 1999.

Lee, J.S., M. R. Grunes, and E. Pottier, 2001, “Quantitative Comparison of Classification
Capability: Fully Polarimetric versus dual and single-polarization SAR”, IEEE Trans. on GRS vol.
39 (11), pp. 2343-2351.

Lee, J-S, and W-M Boerner, 2002. “Imaging Radar Polarimetry and Applications”, URSI-F Open
Symposium, Session 2AR-1, 2002 February 13, Garmisch-Partenkirchen, Germany, 12 p.

Lee J-S., D.L Schuler, T.L. Ainsworth, E. Krogager, D. Kasilingam, and W-M. Boerner, 2002,
“On the estimation of radar polarization orientation shifts induced by terrain slopes”, [EEE
Transactions on Geoscience and Remote Sensing, vol. 40 (1), pp. 30-41.

Le Toan, T., A. Beaudoin and D. Guyon, 1992, “Relating Forest Biomass to SAR Data”, IFEE
Transactions on Geoscience and Remote Sensing, vol. 30(2), March.

Liebe, H., 1992, “Atmospheric Spectral Properties between 10 and 350 GHz: Lab. Measurements
and Models”, Proc. Specialist Meeting on Microw. Radiometry and Remote Sensing Appl. MuRAD
92; E. Westwater, ed.; GSA-Printing Office, pp. 189-196.

Lu, S.Y. and R.A. Chipman, 1995, “An interpretation of Mueller matrices based upon the polar
decomposition”, Journal of the Optical Society of America A, vol. 13 (5), pp.1- 8.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote g §

Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION
[152] Lineburg, E., V. Ziegler, A. Schroth, and K. Tragl, 1991, “Polarimetric covariance matrix analysis

[153]

[154]

[155]

[156]

[157]

[158]

[159]
[160]

[161]
[162]

[163]
[164]

[165]

[166]

[167]

[168]
[169]
[170]

[171]

of random radar targets”, pp. 27.1-27.12, in Proc. NATO-AGARD-EPP Symposium on Target
and Clutter Scattering and Their Effects on Military Radar Performance, Ottawa, Canada,1991
May 6 - 10.

Liineburg, E., 1995, “Principles of Radar Polarimetry”, IEICE Transactions on Electronics, vol.
E78-C, no. 10, pp. 1339-1345.

Liineburg, E., 1996, “Radar polarimetry: A revision of basic concepts”, Direct and Inverse
Electromagnetic Scattering, H. Serbest and S. Cloude, eds., Pittman Research Notes in
Mathematics Series 361, Addison Wesley Longman, Harlow, U.K., 1996, pp. 257-275.

Liineburg E, and W-M. Boerner, 1997, “Homogenous and Inhomogeneous Sinclair and Jones
matrices”, International Society for Optical Engineering (SPIE), International Symposium on
‘Wideband Interferometric Sensing and Imaging’, San Diego, CA, 28-29 July, 1997, Proc. SPIE
vol. 3120, pp. 45-54.

Madsen, S.N., H. A. Zebker, and J. Martin, 1993, "Topographic mapping using radar
interferometry: processing techniques," IEEE Trans. Geosci. Rem. Sensing, vol. 31 (1), pp. 246-
256, January, 1993.

Madsen, S.N., J. Martin, and H. A. Zebker, 1995, "Analysis and evaluation of the NASA/JPL
TOPSAR interferometric SAR system," IEEE Transactions on Geoscience and Remote Sensing,
vol. 33 (2), pp. 383-391, March, 1995.

Madsen, S.N and H.A. Zebker, 1998, "Imaging Radar Interferometry," Chapter 6 (pp. 359-380) in
Manual of Remote Sensing, Vol. 2, Principles and Applications of Imaging Radar, F. M.
Henderson and A. J. Lewis, 1998 Eds., American Society for Photogrammetry and Remote
Sensing, Wiley, New York, 940 p., ISBN: 0-471-29406-3.

Martin, M., and S. Kilberg, 2001, “TECHSAT 21 and Revolutionizing Space Missions using
Microsatellites, American Institute of Aeronautics and Astronautics” SSC-01-1-3.

Massonet D., P. Briole and A. Arnaud, 1995, “Deflation of mount Etna monitored by spaceborne
radar interferometry”, Nature, vol. 375, June 15, pp. 567-570.

Massonet D., 1997, “Satellite Radar Interferometry”, Scientific American, vol. 276 (2), pp. 45-53.
Massonet D. and K.L. Feigl, 1998, “Radar Interferometry and its Application to Displaying Stress-
Changes in the Earth’s Crust”, Review of Geophysics, vol. 36(4), 1998 Nov, pp. 441-500.
Massonnet, D., 2001, “Capabilities and limitations of the interferometric cartwheel”, IEEE Trans.
GRS, vol.39, no. 3, pp. 506-520, March 2001.

Matrosov, S.Y., 1991, “Prospects for the measurement of ice cloud particle shape and orientation
with elliptically polarized radar signals”, Radio Sci., vol. 26, pp. 847-856.

Matrosov, S.Y., R.F. Reinking, R.A. Kropfli, B.E. Martner, and B.W. Bartram, 2001, “On the use
of radar depolarization ratios for estimating shapes of ice hydrometeors in winter clouds”, J. App!.
Meteor., vol. 40, pp. 479-490.

Matrosov, S.Y., K.A.Clark, A.Tokay, and B.E.Martner, 2002, “X-band polarimetric radar
measurements of rainfall”, J. Appl. Meteor., vol. 41, pp. 941-952.

Mattia, F., T. Le Toan, J.C. Souyris, G. De Carolis, N. Floury, F. Posa, and G. Pasquariello, 1997,
“The effect of surface roughness on multi-frequency polarimetric SAR data”, IEEE Transactions
on Geoscience and Remote Sensing, vol. 35, no. 4, pp. 954-965.

McCormick, G. C. and A. Hendry, 1985, “Optimum polarizations for partially polarized
backscatter”, IEEE Trans. Antennas Propagation, AP-33(1), pp. 33-39.

McCormick, G. C., 1996, “The Theory of Polarization Diversity Systems (in Radar Meteorology):
The partially polarized case”, IEEE Trans. Ant. & Prop., vol. AP-44(4), pp. 425-433.

Misner, C.W., K.S. Thorne and A Wheeler, 1997, Gravitation, W.H. Freeman & Co., New York
(twentieth printing: 1997)

Mittermayer, J., A. Moreira and O. Lofeld., 1999, "The frequency scaling algorithm for spotlight
SAR data processing". IEEE Trans. on Geoscience and Remote Sensing, vol. 37(5), September
1999, pp 2198-2214.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[172]
[173]
[174]

[175]

[176]
[177]
[178]
[179]

[180]

[181]

[182]

[183]

[184]
[185]
[186]

[187]
[188]

[189]
[190]
[191]

[192]

[193]

Moreira, A., 1999, “Synthetic Aperture Radar”, Chapter in Book on ,,Radar mit realer und
synthetischer Apertur ‘. Oldenburg Verlag, Munich 1999, 88 p.

Mott, H. and W-M. Boerner, 1992, editors, “Radar Polarimetry, SPIE's Annual Mtg., Polarimetry
Conference Series”, 1992 July 23-24, San Diego Convention Center, SPIE Conf. Proc., vol. 1748.
Mott, H., 1992, Antennas for Radar and Communications - a Polarimetric Approach, John Wiley
& Sons, New York, 521 p.

Mott, H. and W-M. Boerner, 1997, editors, “Wideband Interferometric Sensing and Imaging
Polarimetry”, SPIE's Annual Mtg., Polarimetry and Spectrometry in Remote Sensing Conference
Series, 1997 July 27- Aug 01, San Diego Convention Center, SPIE Conf. Proc., vol. 3120.
Mueller, E.A. and V. Chandrasekar, 1993, “Review of Meteorologic Radar Polarimetry in North
America, Radar Polarimetry”, Proceedings of SPIE, 1748: 346-356.

Nghiem, S.V., S.H. Yueh, R. Kwok, and F.K. Li, 1992, “Symmetry properties in polarimetric
remote sensing”, Radio Science, Vol.27, pp.693-711.

Novak, L.M. and M.C. Burl, 1990, “Optimal speckle reduction in polarimetric SAR imagery”,
IEEE Trans. Aerosp. Electron. Syst., vol. 26(2), pp. 293-305.

Novak, L. M., C. Burl and W. W. Irving, 1993, “Optimal polarimetric processing for enhanced
target detection, III”, Trans. AES, vol. 29(1) 234-244.

NTIA-FED-RF-REG, 2002, Manual of Regulations and Procedures for Federal Radio Frequency
Management, October 31, 2000, NTIA, US Department of Commerce (Tables of frequency
allocations and other extracts).

Oh, Y., K. Sarabandi and F.T. Ulaby, 1992, “An Empirical Model and an Inversion Technique for
Radar Scattering from Bare Soil Surfaces”, IEEE Transactions on Geoscience and Remote
Sensing, vol. 30, no. 2, pp. 370-381.

Oliver, C and S. Quegan, 1998, Understanding Synthetic Aperture Radar Images, Norwood, MA:
Artech House.

Papathanassiou, K.P. and M. Buchroithner, 1993, “Signature Analysis of Multi-frequency
Polarimetric NASA DC-8 AIRSAR Data for Alpine Geo-Applications’’, EARSEL Advances in
Remote Sensing, vol. 2 (1-I), Jan.1993, pp. 287-299.

Papathanassiou, K.P., “Polarimetric SAR Interferometry”, 1999, Ph. D. Thesis, Tech. Univ. Graz
(ISSN 1434-8485 ISRN DLR-FB-99-07), Graz, Austria.

Papathanassiou, K.P. and S.R. Cloude, 2001, “Single-baseline polarimetric SAR interferometry”,
IEEE Trans. GRS. 39 (6), pp. 2352-2363, November 2001.

Parkinson, B.W. and J.J. Spilker. eds. 1996. Global Positioning System: Theory and Practice.
Volumes I and Il. Washington, DC: American Institute of Aeronautics and Astronautics, Inc.
Pawsey, J. L. and R. N. Bracewell, 1955, Radio Astronomy, Clarendon Press, Oxford.

Pellat-Finet, P., 1990, “An introduction to a vectorial calculus for polarization optics”, Optik, vol.
84 (5), pp. 169 — 175.

Pellat-Finet, P., 1991, “Geometrical approach to polarization optics I: geometrical structure of
polarized light”, Optik, vol. 87, pp. 68-77.

Pezzaniti, J.L. and R.A. Chipman, 1995, “Mueller matrix imaging polarimetry”, Optical
Engineering, vol. 34 (6), pp. 1558 (June 1, 1995).

Piepmeier, J.R., and A.J. Gasiewski, 2001, "High-resolution passive microwave polarimetric
mapping of ocean surface wind vector fields," IEEE Trans. GRS, vol. 39(3), pp. 606-622.
Poelman, A.J. and J.R.F. Guy, 1985, “Polarization information utilization in primary radar”; in
Boerner, W-M. et al. (eds), 1985, “Inverse Methods in Electromagnetic Imaging”, Proceedings of
the NATO-Advanced Research Workshop, (18-24 Sept. 1983, Bad Windsheim, FR Germany),
Parts 1&2, NATO-ASI C-143, (1,500 pages), D. Reidel Publ. Co., Part 1, pp. 521-572.

Poelman, A.J. and K.J. Hilgers, 1988, “Effectiveness of multi-notch logic-product polarization
filters for countering rain clutter”, in Proceedings of the NATO Advanced Research Workshop on
Direct and Inverse Methods in Radar Polarimetry, W.-M. Boerner et al (eds), Bad Windsheim,

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote ?
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION

[194]
[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]
[207]

[208]

[209]

[210]

[211]

Germany, September 18-24, 1988; Kluwer Academic Publishers, Dordrecht 1992; NATO ASI
Series C-350, Part 2, pp. 1309-1334.

Poincaré, H., 1892, Théorie Mathématique de la Lumiére, Georges Carre, Paris, 310 p.

Poisel, R. A., 2000, “Introduction to Communication Electronic Warfare Systems”, Artech House,
Boston, ISBN: 1-58053-344-2, February 2002, 555 p. [ref. 12-23: Rusu, P., 1994, “The Equivalence
of TOA and TDOA RF Transmitter Location”, ION Proceedings of the 1994 National Technical
Meeting," San Diego, Jan. 24-26, 1994, pp. 277-286]

Pottier, E., 1998, Contribution a la Polarimétrie Radar: de [’approche fondamentale aux
applications, Habilitation a Diriger des Recherches; Dr. Ing. habil., Ecole Doctorale Sciences pour
I’Ingenieur de Nantes, Université de Nantes, I'IRESTE, La Chantrerie, Rue Pauc, BP 60601, F-
44306 NANTES CED-3, 98-11-12.

Pottier, E., 1998, “Unsupervised Classification Scheme and Topology Derivation of POLSAR
Digital Image Data Based on the (H/A/a) Polarimetric Decomposition Theorems”, Proc. JIPR-4,
U. Nantes/IRESTE, Bretagne, 98 July 13-17, pp. 535-548.

Pottier, E., 1999 "Radar Polarimetry : Towards a future Standardization”, Annales des
Télécommunications, vol 54 (1-2), pp 137-141, Janvier 1999.

Priestley, M. B., 1981, Spectral Analysis and Time Series, Volumes 1 & 2, Univariate and
Multivariate Series, Prediction and Control, Academic Press, New York, 1981 (11" printing
2001), ISBN: 0-12-564922-3.

Raney, R.K., 1982, “Processing Synthetic Aperture Radar Data”, Int’l JRS, vol. 3(3), pp. 243-257,
1982.

Raney, R.K., H. Runge, R. Bamler, I. G. Cumming, and F. W. Wong, 1994, “Precision SAR
processing using chirp scaling”, IEEE Transactions on Geoscience and Remote Sensing, vol. 32
(4), July 1994, pp 786-799.

Raney, R.K., 1998, Radar Fundamentals: Technical Perspective, Chapter 2, Manual of Remote
Sensing, 3rd Edition, American Society of Photogrammetry and Remote Sensing, F. Henderson and
A. Lewis, Editors. 1998, Wiley Interscience: New York. p. 9-130.

Raney, R.K., 2001, Editorial—SAR Reaches 50 Years, Canadian Journal of Remote Sensing, Vol
27, No 3, June 2001, pp 191-192.

Raney, R. K. and D. L. Porter, 2001, “WITTEX: An Innovative Three-Satellite Radar Altimeter
Concept”, IEEE Transactions on Geoscience and Remote Sensing, vol 39 (11), Nov. 2001, 2387-
2391.

Reigber, A., A. Moreira and K.P. Papathanassiou, 1999, “First demonstration of airborne SAR
tomography using multi-baseline data”. Proc. IGARSS-99 (06-28 07-02), A03 10:50, Hamburg,
Germany.

Reigber A., A. Moreira, 2000, “First Demonstration of SAR Tomography using Polarimetric
Airborne SAR Data”. I[EEE Trans. GRS, vol. 38 (5-1), pp 2142 -2152.

Reigber, A., 2001, “Polarimetric SAR Tomography”, Dissertation, University of Stuttgart, 2001
October 15 (ISSN 1434-8454, ISRN DLR-FB-2002-02).

Rignot, E., R. Chellapa, and P. Dubois, 1992, “Unspervised segmentation of polarimetric SAR
data using the covariance matrix”, IEEE Trans. Geoscience and Remote Sensing, vol. 30(4), pp.
697-705.

Root, L.W., ed., 1982, Proceedings of the First Workshop on Polarimetric Radar Technology,
GACIAC, Chicago, IL: 295 p. See also Proceedings of the second and third workshops, 1983 and
1989 respectivel, with the same publisher.

Rosen, P. A., S. Hensley, H. A. Zebker, F. H. Webb, and E. Fielding, 1996, "Surface deformation
and coherence measurements of Kilauea Volcano, Hawaii from SIR-C radar interferometry," J.
Geophy. Res.-Planets, vol. 101 (E10), pp. 23,109-23,125.

Rumsey, V.H., 1951, “Transmission between elliptically polarized antennas”, Proceedings of the IRE,
vol. 39(5), pp. 535-540.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[212] Ryerson, R.A., 1998, Editor-in-Chief, MANUAL OF REMOTE SENSING - Third Revised Edition:
Vol. 1, Earth Observing Platforms & Sensors (edited by S.A. Morain and A.M. Budge); Vol. 2,
Principles and Applications of Imaging Radar (edited by F.M. Henderson and A. J. Lewis); Vol.3,
Remote Sensing for the Earth Sciences (edited by A. Rencz), ASPRS - the American Society for
Photogrammetry and Remote Sensing; John Wiley & Sons, Inc., New York.

[213] Ryzhkov, A.V., 2001, “Interpretation of polarimetric radar covariance matrix for meteorological
scatterers. Theoretical analysis”, Journal of Atmospheric and Oceanic Technology, vol. 18, 315 -
328.

[214] Ryzhkov, A.V., D.S. Zrnic, J.C. Hubbert, V.N. Bringi, J. Vivekanandan, E.A. Brandes, 2002,
“Polarimetric radar observations and interpretation of co-cross-polar correlation coefficients”,
Journal of Atmospheric and Oceanic Technology, vol.19, 340 - 354,

[215] Saillard, J., E. Pottier and S.R. Cloude, eds., 1995, “Proceedings: International Workshop on
Radar Polarimetry”, JIPR-3, 95-03-20 23 (dedicated to: WMB).

[216] Sarabandi, K., Power lines, 1994, “Radar measurements and detection algorithm for polarimetric
SAR images”, I[EEE Trans. AES, vol. 30(2), pp, 632-643.

[217] Sarabandi, K., 1994, “Calibration of a polarimetric synthetic aperture radar using a known
distributed target”, IEEE Trans. Geosci. Remote Sensing, vol. 32, pp. 575-582.

[218] Sarabandi, K. and A. Nashashibi, 1996, “A novel bistatic scattering matrix measurement technique
using a monostatic radar”, IEEE Trans. Antennas and Propagation, vol. 44(1), pp. 41-50.

[219] Sato, K., H. Yamada, Y.Yamaguchi, 2001, "Polarimetric characteristics of forest at coherent
decomposition in polarimetric SAR interferometry," IEICE Trans. Electron., vol.E84-C, No.12,
pp-1829-1834.

[220] Sato, Motoyuki, 1996, Editor, Proc. of the Sixth International Conference on Ground Penetrating
Radar (GPR), Tohoku University, Aoba Campus, 1996 Sept. 30 - Oct. 03, Sendai, Japan.

[221] Sato Motoyuki and Kazuto Murakami, 2002, “Polarimetric analysis of PI-SAR airborne
polarimetric SAR system”, Proc. EUSAR-02, Cologne, Germany, 4-6 June, 2002, pp. 263-266.

[222] Sato, M., 2002, “Polarimetric borehole Radar Application for Characterizing Subsurface
Structure”, Proc. Ninth Int. Conf. Ground Penetrating Radar, Santa Barbara, USA, April, 2002,
pp- 330-335.

[223] Scheiber, R., A. Reigber, A. Ulbricht, K.P. Papathanassiou, R. Horn, St. Buckreuss and A.
Moreira, 1999, "Overview of interferometric data acquisition and processing modes of the
experimental airborne E-SAR system of DLR". Proc. IGARSS-99 (06-28 07-02), A03 08:30,
Hamburg, Germany.

[224] Schmeider, R., 1969, “Stokes algebra formalism”, J. Opt. Soc. Amer., 59, 297-302.

[225] Schmidt, R.O., 1979, "Multiple Emitter Location and Signal Parameter Estimation", Proceedings
of the RADC Spectrum Estimation Workshop, Griffiths Air Force Base, Rome, NY, 1979, pp. 243-
258; republished in /IEEE Transactions on Antennas and Propagation, vol. AP-34, No. 3, March
1986, pp. 276-280.

[226] Schott, J.R., 1997, Remote Sensing -- The Image Chain Approach, Oxford Univ. Pres., New York.

[227] Schroth, A., K. Tragl, E. Liineburg and M. Chandra, 1992, “Polarimetric signal processing of
meteorological target observations with the DLR POLDI-RAD weather radar”, European Trans.
on Telecommunications and Related Technologies (ETT), vol. 3(4), pp. 381-398.

[228] Schuler, D.L., J.S. Lee, G. De Grandi, 1996, “Measurement of Topography using Polarimetric
SAR Images,” IEEE Trans. on Geoscience and Remote Sensing, vol. 34, no.5, pp. 1266-1277.

[229] Schuler, D.L, J.S. Lee, and T.L. Ainsworth, 1998, "Topographic mapping using polarimetric SAR
data", International Journal of Remote Sensing, vol. 19(1), pp 141-160.

[230] Schuler, D.L., J.S. Lee, T.L. Ainsworth, and M.R. Grunes, 2002, “Terrain topography
measurement using multipass polarimetric synthetic aperture radar data,” Radio Science, vol. 35,
no.3, pp. 813-832, May-June 2000.

RTO-EN-SET-081bis 5-29



Applications of Polarimetric and Interferometric SAR to Environmental Remote ?
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION

[231]

[232]

[233]

[234]

[235]
[236]
[237]
[238]
[239]
[240]
[241]

[242]

[243]

[244]
[245]

[246]

[247]

[248]
[249]

[250]
[251]

[252]

Sheen, D.R, C.M. Strawitch, T.B. Lewis, 1994, “UHF Wideband SAR Design and Preliminary
Results (NAWC ERIM P-3 QuadSAR)”, Proc. IGARSS'94, vol. 1, pp. 289-291, Pasadena, CA,
August 1994.

Shi, J., J.J. van Zyl and E.T. Engman, 1992, “Evaluation of Polarimetric SAR Parameters for Soil
Moisture Retrieval”, Airborne Geoscience Workshop, JPL Pub. 92-14, vol. 3, pp. 69-71.

Shi, J. and J. Dozier, 2000, “Estimation of snow water equivalence using SIR-C/X-SAR, Part-I:
Inferring snow density and sub-surface properties”, pp. 2465-2474; Part-I1: “Inferring snow depth and
particle size”, pp. 2475-2488, IEEE Trans GRS, vol. 38(6), November 2000.

Shin, R., L.M. Novak and M. Borgeaud, 1986, ‘Theoretical models for polarimetric radar
clutter’, in Proceedings of 10" DARPA MMW Symposium, Adelphi, MD, Apr. 8-10, 1986, 441-
450.

Sinclair, G., 1950, “The Transmission and Reception of Elliptically Polarized (Radar) Waves”,
Proceedings of the IRE, vol. 38, pp. 148-151.

Smith, J.A., and S.M. Goltz, 1994, “A Thermal Exitance and Energy Balance Model for Forest
Canopies”, IEEE Trans. GRS, vol 32(5), pp. 1060-1066.

Smith, J.A., J.R. Ballard, Jr., and J.A. Pedelty, 1997, “Effect of Three-Dim. Canopy Architecture
on Thermal Infrared Existence”, OPT. ENG., vol. 36(1), pp. 3039-3100, Nov. 97.

Soumekh, M., 1999, Synthetic Aperture Radar Signal Processing with MATLAB Algorithms, New
York: John Willey & Sons.

Souyris, J-C, C. Henry, and F. Adragna, 2002, “On the use of complex SAR image spectral
analysis for target detection, Assessment of polarimetry”, I[EEE Trans. GRS, 2002 (in print).

SPIE 1995 Conferences on Imaging Spectrometry : “I Orlando Apr 95, “Il Denver Aug 967, “III
San Diego Jul 977, “IV San Diego Jul 98” (http://www.spie.org).

Srivastava, M. S., 1964, “On the complex Wishart distribution”, Annals of Mathematics and
Statistics, vol. 7, pp. 313-315.

Staples G. and J. Hornsby, 2002, “Turning the Scientifically Possible into the Operationally
Practical: RADARSAT-2 Polarimetry Applications”, IGARSS-02 Proceedings CD-ROM, 2002
June 24 -28.

Stebler, O., E. Meier, D. Nuesch, 2002, “Multi-baseline polarimetric SAR interferometry — first
experimantal spaceborne and airborne results”, ISPRS, Journal of Photogrametry and Remote
Sensing, vol 56, 2002, pp. 149-166.

Stebler, O., 2002, “Multi-baseline Polarimetric SAR Interferometry”, Doctoral Thesis, Universitit
Zirich, Ziirich, Switzerland, 2002

Stimson, G.W., 1998, Introduction to Airborne Radar - 2nd Rev. Ed., Sci-Tech Publ., Inc.,
Medham N.J.

Stokes, G.G., 1852, “On the composition and resolution of streams of polarized light from
different sources”, Trans. Cambridge Philos. Soc., vol. 9, pp. 399-416 (also see: Stokes, G. G.,
1901, Stokes's Mathematical and Physical Papers, Univ. Press, Cambridge).

Straka, J.M., D.S. Zrnic, and A.V. Ryzhkov, 2000, “Bulk hydrometeor classification and
quantification using multiparameter radar data: Synthesis of relations”, Journal of Applied
Meteorology, vol. 39, pp. 1341 - 1372.

Stratton, J.A., 1941, Electromagnetic Theory, McGraw-Hill, New York.

Swartz, A.A., H.A. Yueh, J.A. Kong, L.M. Novak and R.T. Shin, 1988, “Optimal polarizations for
achieving maximum contrast in radar images”, J. Geophysical Research, vol. 93, No. B12, pp.
15252-15260.

Swindell, W., 1975, Polarized Light, Halsted Press (John Wiley & Sons), Stroudsburg, PA: 423 p.
Tanaka M., W-M Boerner, and H. Mott, 1998, “Optimal Polarimetric Contrast Enhancement in
Partially Polarized Scattering”, (Sess.: Paper No. 1-02:04), PIERS (Progress in Electromagnetics
Research Symposium)/JIPR-4’98, July 13-17, Nantes, France.

Torreiri, D. J., 1992, Principle of Secure Communicaion Systems, 2nd ed., Norwood, MA: Artech
House.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[253]

[254]

[255]
[256]
[257]
[258]

[259]

[260]
[261]

[262]

[263]
[264]

[265]
[266]

[267]
[268]
[269]

[270]

[271]

[272]

[273]

[274]

Touzi R., C.E. Livingstone, J.R.C. Lafontaine, and T.I. Lukowski, 1993, “Consideration of
antenna gain and phase patterns for calibration of polarimetric SAR data”, [EEE Trans.
Geoscience Rem. Sens., vol. 31 (6), pp. 1132-1145, Nov. 1993.

Touzi R. and A. Lopes, 1996, “Statistics of the Stokes parameters and of the complex coherence
parameters in one-look and multi-look speckle fields”, I[EEE Trans. Geoscience Rem. Sens., vol.
34, no. 2, pp. 519-531.

Touzi R., 1999, "On the use of polarimetric SAR data for ship detection", Proc. of the IGARSS'99,
pp. 812-814, Hamburg, Germany, July 1999.

Touzi R., A. Lopes, J. Bruniquel, and P. Vachon, 1999, “Unbiased estimation of the coherence for
SAR Imagery”, IEEE Trans. Geoscience Rem. Sensing, vol. 37 (1), Jan. 1999

Touzi, R. and F. Charbonneau, 2002, "Characterization of symmetric scattering using polarimetric
SARs", IEEE Trans. Geoscience Rem. Sens., Oct. 2002 (in print).

Tragl, K., 1990, “Polarimetric Radar Back-scattering from Reciprocal Random Targets”, I[EEE
Trans. GRS, vol. 28(5), pp. 856 - 864, Sept. 1990 (see Dr. -Ing. Thesis, 1989).

Tragl, K., E. Liineburg and A. Schroth, 1991, “A polarimetric covariance matrix concept for
random radar targets”, Intern. Conf. Antennas and Propagation (ICAP 91), York-Warwick, UK,
15-18 April 1991.

Treuhaft, R.N, S.R. Cloude, 1999, "The structure of oriented vegetation from polarimetric
interferometry," IEEE Trans. GRS, vol. 37, pp. 2620-2624.

Treuhaft, RN and P.R. Sequeira, 2000, "Vertical structure of vegetated Iland
surfaces from interferometric and polarimetric radar," Radio Science, vol. 35, pp. 141-177.

Turpin, T.M, P. Woodford, C. Price, J.L. Lafuse, S.M. Evanko, and L.C. Phillips, “ImSyn (Essex
SAR Image Synthesizer): Opto-electronic Product for Image Synthesis and Correlation,”, Proc.
SPIE-3073, Paper No. 3073-18, pp. 178-184, Lake Tahoe CA, March 1997.

Ulaby, F. T., R. K. Moore, and A. K. Fung, 1981, Microwave Remote Sensing, Vols. 1- 3, Addison
Wesly, Reading, MA, 2184p

Ulaby, F.T. and C. Elachi, 1990, Editors, Radio Polarimetry for Geo-science Applications, Artech
House, Inc., Norwood, MA, 364 p.

van de Hulst, H.C., 1980, Multiple Light Scattering, Vols. 1 & 2, Aca. Press, New York.

van Zyl, J.J., 1985, On the Importance of Polarization in Radar Scattering Problems, Ph.D. thesis,
California Institute of Technology, Pasadena, CA, December 1985.

van Zyl, J.J., C.H. Papas and C. Elachi, 1987, “On the optimal polarisations of incoherently
reflected waves”, IEEE Trans. Ant. & Propag., vol. AP-35 (7), July 1987, pp 818 -825.

van Zyl, J.J., H. Zebker, and C. Elachi, 1987, “Imaging Radar Polarization Signatures: Theory and
Application”, Radio Science, vol. 22, no. 4, pp. 529-543.

van Zyl, J.J., 1989, “Unsupervised classification of scattering behavior using radar polarimetry
data,” IEEFE Transactions on Geoscience and Remote Sensing, vol. GE-27, pp. 36—45.

van Zyl, J. J., H. A. Zebker, and C. Elachi, 1990, "Polarimetric SAR Applications," Chapter 7 in
Radar Polarimetry for Geoscience Applications, F. T. Ulaby and C. Elachi, Eds, Artech House,
Inc., Norwood.

van Zyl, J.J. and F.T. Ulaby, 1990, “Scattering matrix representations (FSA — BSA) for simple
targets”, Ch. 2, pp. 17-52; in: Ulaby, F.T. and C. Elachi, 1990, Editors, Radio Polarimetry for
Geo-science Applications, Artech House, Inc., Norwood, MA, 364 p.

van Zyl, J. J., and H. A. Zebker, 1990, "Imaging Radar Polarimetry," Chapter 5 in Progress in
Electromagnetics Research: Radar Polarimetry , vol. 3 of PIER Series, Ed. J. A. Kong, Elsevier
Science, New York.

van Zyl, J.J., 1993, “The effects of topography on the radar scattering from vegetated areas,”
IEEE Transactions on Geoscience and Remote Sensing, vol. GE-31, pp. 153-160.

van Zyl, J.J., B. Chapman, P. Dubois, and J.C. Shi, 1993 “The effect of topography on SAR
calibration,”. IEEE TGRS, vol. GE-31, pp. 1036-1043.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote ?
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry %3
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications ORCANIZATION

[275]

[276]

[277]
[278]
[279]

[280]

[281]

[282]

[283]

[284]
[285]
[286]
[287]
[288]
[289]

[290]

[291]

[292]

[293]

van Zyl, J.J., 1995, “On the use of dual polarized interferometry to measure scattering from
vegetated areas,” Presented at the 1995 International Geoscience and Remote Sensing
Symposium, Florence, Italy, July 10-14.

van Zyl, J.J., 1999, “An overview of the analysis of multi-frequency polarimetric SAR data”,
Proceedings of the US-AU PACRIM Significant Results Workshop, MHPCC, Kihei, Maui, HI,
1999 August 24 - 26 (10p.).

van Zyl, JJ. and Y-J. Kim, 2000, "The relationship between radar polarimetry and radar
interferometry," Presented at EUSAR 2000, Munich, Germany, May 2000.

van Zyl, J.J. and Y-J. Kim, 2000, "The relationship between radar polarimetric and interferometric
phase," Presented at /GARSS'2000, Honolulu, Hawaii, July 2000.

van Zyl, J.J. and Y-J. Kim, 2002, " The Use of polarimetric and interferometric SAR data in
floodplain mapping,” URSI 2002 General Assembly, Maastricht, The Netherlands, August 2002.
Verdi, J.S., R. Lee, P.R. Kersten, S.K Krasznay, D.R. Statter, and W-M. Boerner, “Comparative
Analysis of Polarimetric SAR Image Exploitation Algorithms for Environmental Stress-Change
Monitoring”, Proc. IGARSS-99 (06-28 07-02), E0O5 5, Hamburg, Germany, July, 1999.
Vivekanandan, J., D.S. Zric, S.M. Ellis, D.Oye, A.V. Ryzhkov, J. Straka, 1999, “Cloud
microphysics retrieval using S-band dual-polarization radar measurements”. Bulletin of the
American Meteorological Society, vol. 80, pp. 381-388.

Waring, R.H. and S.W. Running, Forest Ecosystems - Analysis and Multiple Scales, Acad. Press,
2" Ed., Harcourt Brace & Co., San Diego CA, 1998.

Waterman, T.H., 1981, Polarization Sensitivity by {Marine Animals}, pp. 281-469, Chap. 3, in H.
Autrum, ed., Comparative Physiology and Evolution of Vision in Invertebrates, Part B:
Invertebrate Visual Centers and Behavior I, Springer Verlag, NY, 1981, 469p.

Wiesbeck, W., and D. Kahny, 1991, “Single reference, three-target calibration and error correction
for monostatic polarimetric free space measurements”, Proc. IEEE, vol. 79 (10), pp. 1551-1558.
Wiesbeck, W., and S. Riegger, 1991, “A Complete Error Model for Free Space Polarimetric
Measurements”, IEEE Trans. Ant. & Prop., vol. 39 (8), pp. 1105-1111.

Wiley, R.G., 1985, Electronic Intelligence: The Interception of Radar Signals, Dedham, MA:
Artech House.

Wishart, J., 1928, “The generalized product moment distribution in samples from a normal
multivariate population”, Biometrika, vol. 20A, pp. 32-52.

Wolf, E., 1959, “Coherence Properties of Partially Polarized Electromagnetic Radiation”, Nuovo
Cimento, vol. XIII (6), pp. 1165-1181.

Wolf, E., 1954, “Optics in terms of observable quantities”, Nuovo Cimento, vol. 12, pp. 884-888.
Xi, A-Q and W-M. Boerner, 1992, “Determination of the characteristic polarization states of the
target scattering matrix [S(AB)] for the coherent monostatic and reciprocal propagation space
using the polarization transformation ratio formulation”, JOSA-A/2, vol. 9(3), pp. 437-455.
Yamada H, K. Kitayama, Y. Yamaguchi, and W-M. Boerner, 1999, “Polarimetric decomposition
of range-aligned radar targets”, IEICE Trans. B-1I, vol. J-82, no. 04. pp. (10), April 99 (in
Japanese). [Also see: Kitayama, K., Y. Yamaguchi, J. Yang, H. Yamada, “Compound Scattering
Matrix of Targets Aligned in the Range Direction”, /EICE, Trans. Commun. vol.E84-B no.1, pp.
81-88].

Yamada, H., Y. Yamaguchi, E. Rodriguez, Y. Kim and W-M Boerner, 2001, “Polarimetric SAR
interferometry for forest canopy analysis by using the super-resolution method”, /IEEE 2001
International Geoscience and Remote Sensing Symposium, 2001. IGARSS '01, vol. 3, pp. 1101 -
1103.

Yamada, H., Y. Yamaguchi, E. Rodriguez, Y-J Kim and W-M. Boerner, 2001, "Polarimetric SAR
Interferometry for Forest Analysis Based on the ESPRIT Algorithm," [EICE Trans. Electron.,
vol.LE84-C, No.12, pp.1917-1924, Dec.2001.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

[294]

[295]

[296]

[297]

[298]

[299]
[300]

[301]

[302]

[303]
[304]
[305]
[306]
[307]

[308]

[309]

[310]

Yamaguchi, Y., T. Yamada, H. Watanabe, M. Sengoku and W.-M. Boerner, 1993, “Polarimetric
radar co/cross-pol channel imaging and its contrast enhancement-Using NASA-JPL AIRSAR data
sets (CCO1171, Bonanza Creek, AK)”, Japan /EICE Trans.vol. AP93-94, May 1993, pp. 75-82.
Yamaguchi, Y, Y. Takayanagi, W -M. Boerner, H. J. Eom, M. Sengoku, 1995, “Polarimetric
enhancement in radar channel imagery”, IEICE Trans. Communication, vol.E78-B, no.12,
pp.1571-1579, Dec. 1995.

Yamaguchi, Y., T. Nishikawa, M. Sengoku, W-M. Boerner and H.J. Eom, 1994, “Fundamental
study on synthetic aperture FM-CW radar polarimetry”, /[EICE Trans. Comm., vol. S77-B, no. 1,
pp- 73-80, January 1994.

Yamaguchi Y., K. Kimura, H. Yamada, S. Uratsuka, and W-M. Boerner, 2002, “L-Band
Polarimetric AIR/Pi-SAR Images around Niigata City”, IGARSS 2002 (CD-ROM, ISBN: 0-7803-
7537-8), Toronto, Canada, June 2002.

Yan, W-L., et al, and W-M. Boerner, 1991, “Optimal polarization state determination of the
Stokes reection matrices [M] for the coherent case, and of the Mueller matrix [M] for the partially
polarized case”, JEWA, vol. 5(10), pp. 1123-1150.

Yang, J., 1999, On Theoretical Problems in Radar Polarimetry, Ph.D. Thesis, Niigata University,
Japan, September 1999.

Yang, J., Y. Yamaguchi, H. Yamada, W-M. Boerner, H. Mott, Y-N. Peng, 2001, “Development of
polarimetric target null theory”, IEEE TGRS, vol. 39 (2) pp. 330 —338.

Yueh, H.A., A.A. Swartz, J.A. Kong, R.T. Shin, and L.M. Novak, 1998, “Bayes Classification of
Terrain Cover using normalized polarimetric data,” G. Geophys. Research B-12, vol. 93, pp.
15.261-15.267.

Yueh, S.H., 2000, “Estimates of Faraday Rotation with Passive Microwave Polarimetry for
Microwave Remote Sensing of Earth Surfaces”, IEEE Trans. Geoscience and Remote Sensing,
vol. 38(5), Sept, 2000, pp. 2434-2438.

Zebker, H.A., and R.M. Goldstein, 1986, “Topographic Mapping from Interferometric Synthetic
Aperture Radar Observations”, J. Geo. Res., vol. 91, pp. 4993-4999.

Zebker, H. A., J. J. van Zyl, and D. N. Held, 1987, "Imaging Radar Polarimetry from Wave
Synthesis," J. Geophys. Res., vol. 91 B2, 683-701, January, 1987.

Zebker, F.A. and J.J. van Zyl, 1991, “Imaging radar polarimetry: A review”, Proc. IEEE, vol. 79,
pp. 1583- 1606.

Zebker, H. A., and Y. Lu, 1998, "Phase unwrapping algorithms for radar interferometry:
residue/cut, least-squares, and synthesis algorithms," J. Opt. Soc. Am., vol. 5 (3), pp. 586-598.
Zebker, H., 2000, "Studying the Earth with Interferometric Radar," Computing in Science and
Engineering, Volume 2, No. 3, pp. 52-60, May-June, 2000.

Ziegler, V., E. Liineburg, and A. Schroth, 1992, “Mean Backscattering Properties of Random Radar
Targets: A Polarimetric Covariance Matrix Concept”, Proceedings of IGARSS'92, May 26-29,
Houston Texas, pp. 266-268.

Zrnic, D., and A. Ryzhkov, 1999, “Polarimetry for weather surveillance radars”. Bulletin of the
American Meteorological Society, vol. 80, 389 - 406.

Zuzek, J., and Huneycutt, B., 1999, “Spaceborne Active Sensors: Their Uses and Radio Spectrum
Frequency Needs”, COMMSPHERE 99, International Symposium On the Future of
Telecommunications and the Electromagnetic Environment, URSI & ITU-R, Toulouse, France,
25-28 January 1999.

This Review Paper was invited for publication upon selection of the EUSAR-2 TPC in the Special Issue

of the IEE Proceedings Radar Section — to be published in 2003. WMB: 02-10-18.

RTO-EN-SET-081bis



Applications of Polarimetric and Interferometric SAR to Environmental Remote
Sensing and its Activities: Recent Advances in Extrawideband Polarimetry, Interferometry
and Polarimetric Interferometry in Synthetic Aperture Remote Sensing and its Applications

ORGANIZATION

RTO-EN-SET-081bis



