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Abstract—A coherence optimization method, which makes use physical parameters of terrestrial surfaces. Whatever the final
of polarimetry to enhance the quality of SAR interferograms, has application is, accurate interferograms are required. The quality
been experimentally tested under laboratory conditions in an ane- ¢ the interferograms is closely related to the correlation (coher-

choic chamber. By carefully selecting the polarization in both im- . . .
ages, the resulting interferogram exhibits an improved coherence ence) between the two complex SAR images. If a high SNR is

above the standard HH or VV channel. This higher coherence pro- assumed and there are no changes in the scattering behavior of
duces a lower phase variance, thus estimating the underlying to- the measured scene between acquisitions (no temporal decorre-
pography more accurately. The potential improvement that this  |ation), then the most important source of decorrelation is that
technique provides in the generation of digital elevation models produced by the separation between the two antennas (baseline
(DEM) of non-vegetated natural surfaces has been observed for decorrelation). The difference between the two look angles pro-
the first time on some artificial surfaces created with gravel. An e g ) )
experiment on a true outdoor DEM has not been accomplished duces a shift and a stretch of the two Imaged-terl’aln spectra. This
yet, but the first laboratory results show that the height error for ~ spectral decorrelation can be compensated by shifting the trans-
an almost planar surface can be drastically reduced within awide mijtted central frequency during the second measurement or by
range of baselines by using the optimization algorithm. This algo- removing the disjointed parts of both spectra [4]. However, the

rithm leads to three possible interferograms associated with statis- diff t heights of th tteri t inside th luti
tically independent scattering mechanisms. The phase difference ierent heights of the scattering centers Insice the resolution

between those interferograms has been employed for extracting Cell (volumetric effects) [5] remains as an important source of
the height of vegetation samples. This retrieval technique has been spectral decorrelation that cannot be compensated by filtering
tested on three different samples: maize, rice, and young fir trees. the two spectra, because they have different shapes. A possible
The inverted heights are compared with ground truth for different way to reduce this decorrelation is to exploit multiple baseline

frequency bands. The estimates are quite variable with frequency, . . . .
but their complete physical justification is still in progress. Finally, @€ [5], which implies collecting data from multiple surveys.

an alternative simplified scheme for the optimization is proposed. ~ More recent studies have revealed that the spectral decorrela-
The new approach (called polarization subspace method) yields tion can be reduced if fully polarimetric SAR data are collected.
suboptimum results but is more intuitive and has been used for Radar polarimetry is a technique that has shown the ability to
illustrating the working principle of the original optimization al- extract geophysical parameters from SAR images and its use-
gorithm. - . e . .
o _ _ _ fulness in terrain classification [6]-[8]. Polarimetry deals with
Index Terms—Digital elevation models, interferometry, inverse  the vector nature of the electromagnetic waves, and its strength
problems, radar polarimetry, synthetic aperture radar, vegetation. resides in the physical meaning of the observables. The appli-
cation of polarimetry to SAR interferometry has demonstrated
|. INTRODUCTION the possibility of optimizing the coherence [9]. The idea of this
. . . ptimization is to express the obtained SAR images in an arbi-
Synthetm aperture radar (SAR) interferometry is an esta r?ry polarization basis, which is equivalent to selecting an ar-

ished technique based on combining two SAR Im"’lges‘gnrary scattering mechanism in each image and to choose those

the same scene acquired from slightly different viewpoints [1, cattering mechanisms that maximize the interferometric coher-

This technique is widely used for topographic mapping (DE
generation) and surface change detection (differential interfer-_

ometry) [2], [3]. Moreover, in the past few years, SAR inter- The polarimetric optimization pf the |r_1terferometr|c coherj
ence has an exact formal solution, which was formulated in

ferometry has also been used as an important tool to retri%f The optimization algorithm leads to two compléxx 3

eigenvalue problems that share the same eigenvalues. The three
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mechanisms will be associated with the phase center of edaspography, and soil conditions may heavily influence the data.
layer. As a result, three interferograms could be computells a result, experimental data acquired under these conditions
yielding the height of these layers. A possible applicatiomay not be interpreted properly and consequently may lead to
of this method is the estimation of vegetation height, sinaerong conclusions. On the other hand, when running the mea-
most plants can be modeled by a multilayer morphology. Noserements in an anechoic chamber under laboratory conditions,
that some parts of the formal development of this method aa# relevant measurement parameters can be fully controlled and
explicitly repeated in this paper for completeness. a complete and accurate analysis of an isolated sample can be
As will be described in this paper, an alternative way to implearried out. We can also freely select the frequency range and
ment this approach consists in looking at the possible coheremugidence angles of interest. The radar backscatter can be ac-
for every combination of elliptical polarizations and selectingurately equalized by applying a single reference, fully polari-
the highest one. This simple procedure, called the polarizatioretric calibration [17], leading to a simpler interpretation of the
subspace method (PSM), is suggested to illustrate the procedesallts.
of choice of polarization states in a more intuitive way. However, The objective of this paper is to demonstrate that under ideal
the results obtained with this method are always suboptimwunditions, the proposed algorithm yields the expected results.
due to its intrinsic assumptions. This laboratory test is an important step, previous to the appli-
Since the early 1990's, a large amount of research on the estition of the method in real conditions by using a spaceborne or
mation of vegetation height, biomass, and related parametersaiyorne radar system. The relevance of the present work is not
means of SAR data, has been carried out. A brief but well-oits direct applicability to outdoor configurations, but showing
ented review on this topic can be consulted in [10]. Some rivat this technique works properly in ideal conditions. Note that
cent approaches have made use of interferometry for estimatimgthorough interpretation about the vegetation height estimates
the canopy height by comparing the interferometric phase cési-given in this paper. This paper shows that the estimates are
ters in the presence of vegetation with a previously known DEMithin the expected ranges (lower than the total heights) but the
of the area [11], [12]. Thus, the inverted height depends on thpecific retrieved values are not justified. This justification is the
availability of a precise DEM of the area of interest. Anothesubject of ongoing research.
significant example of a combination of interferometric infor- The experiments were carried out in the anechoic chamber of
mation (phase center and coherence) with backscattered pothierEuropean Microwave Signature Laboratory (EMSL), JRC,
in order to invert characteristics of a layer of vegetation and th&pra, Italy [18]. The target used in the DEM reconstruction test
underlying topography was presented in [13]. The derivatiomsgas a gravel rough surface (roughness root mean square (RMS)
of that paper are based on a simplified scattering model, enowgtabout 2 cm) without slopes. Fully coherent, polarimetric data
to demonstrate the performance of that approach, but limitegére collected at X band for different baselines. The retrieval of
to represent all the fine characteristics of many vegetation vekgetation height was examined by measuring some vegetation
umes. An efficient way to circumvent these problems is the usamples atL, S, C, and X band. The targets were a maize sample,
of polarimetry. With the use of the polarimetric optimization, tha rice sample, and a cluster of young fir trees.
estimation is performed by calculating the relative phase differ- The paper is organized as follows. In Section Il, an expres-
ences between polarization channels, and hence pmiori in-  sion of the interferometric coherence is provided for analyzing
formation about the scene DEM is necessary. A scattering motted degradation caused by different decorrelation sources, and
is only necessary in the final conversion of the estimates into d@o methods for improving the coherence are described: the
solute heights. wavenumber shift and the polarimetric optimization algorithm.
To date, test sites presented in the literature with polarimetection 11l analyzes the experimental results obtained by ap-
SAR interferometry have been a mixed forestry/agriculturalying these algorithms in laboratory conditions to DEM gen-
area close to Lake Baikal, measured at L band by SIR-C [9] aathtion of nonvegetated natural surfaces. The use of the polari-
a test site with corn fields in Switzerland, measured at L bamdetric optimization for extracting the height of vegetation sam-
by E-SAR [14], [15]. In the first case, at the time of writing theples is tested in Section IV. Finally, some conclusions are drawn
first version of the present manuscript, no precise data about th&Section V.
scene were provided. However, a comparison with the actual
ground truth was recently published in [16]. In the second case, Il. THEORY
an approximate height of about 2.2 m was estimated for corn _
fields, but no ground trutdata were available. Therefore, at the Interferometric Coherence
time of writing this paper, the first results of this technique to The geometry of a conventional interferometric imaging
be compared with ground truth data are presented here. system is illustrated in Fig. 1. The interferogram is generated
This paper describes some laboratory experiments that haging two SAR images obtained from two slightly different
been carried out to show the remarkable contribution of pgiewing anglesf; and 6,. The separation between the two
larimetry to SAR interferometry in the generation of accuratentenna positions}; andAs, is known as the baseline distance
DEM's and retrieval of vegetation height. In order to have me#.
surement conditions under control, the experimental validationFor the analysis, the problem is assumed to be invariant in
was performed in an anechoic chamber. In conventional outddbe cross-range dimension, and we suppose that any resolution
measurements, effects such as varying weather conditions, poedtof the rough surface is formed by nondirectional, indepen-
ence of RF interfering signals, unknown variations of the locdent scatterers uniformly distributed along thend:z axes. The
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If, as is usual in practical systems, it is not possible to change
the transmitted frequency between the two acquisitions, one

Az h . . .
B can also cancel the spatial baseline decorrelation by applying
Al a common band prefiltering. Equation (1) can be rewritten by
02 substituting the central frequencies of the resulting bafads
0 I and fy2, yielding

2
~ ~ sinc <—Az[f01 (sin 1 cot 8 — cos 6y)
c

fAz

'

+ fo2(cos 6 — sin s cot 9)]) . 4)

<Y

Y ) . .
Once the first triangular term in (1) has been cancelled, the
Fig. 1. Geometry of the interferometric SAR system. new coherence function is only dependent on the volumetric

scattering effects. As explained above in the text, this kind of

following expression for the interferometric coherence betwe&fherence degradation is caused by a change of the shape of the

the two images from the same resolution cell has been deri&p imaged-terrain spectra. Thus, the spectral volume decorre-
[19] lation cannot be eliminated by spectral filtering techniques, and

other approaches must be used to reduce it. This volume decor-

v <1 Al @) sinc <2@ . ﬁA;«) B relation increases as the baseline distance does, butit is only im-

tanf W sin@ portant when the scatterers are distributed over a height range

. . . of many wavelengths. However, even in case of a short height
whered is Fhe mean look anglefo IS the central working fre- distribution of the scatterers, the multiple reflections between
quencyW¥ is the- frequency b{;de|dth, ani = 6, — 0. them can amplify the volumetric scattering effects, and conse-
Fr_om (1), the interferometric coherence can be expressed iﬂéntly, there is an extra loss of coherence [19], [21]. More-
proximately as the product of two terms, each of them related Qer, since these multiple reflections, or shadowing phenomena

a different source of deC(_)rreIanon. Thg first te_rm relafces o t'ES%tween scatterers, are different for both antenna positions, the
well-known spatial baseline decorrelation, which basically d%bherence degradation increases [22]

pends on the baseline distance and the relative frequency band-
width of the system. The second term indicates a loss of coher- Coherence Optimization by Polarimetry

ence caused by the different heights of the scatterers inside thg\ possible way to reduce the spectral volume decorrelation is

resolution cell, which is usually called volumetric effect. : . o L
: . to make use of the entire scattering matrix (i.e., combining po-
Both terms in (1) depend on the baseline. However, as men-. . . .
arimetry and interferometry). When fully coherent polarimetric

tioned in Section |, there are other sources of loss of coherel?]cae%a are collected, the information associated with each pixel

that do not dgpend on the distance between the W\.IO antepréq%he SAR image can be grouped into the following scattering
One of them is the well-known temporal decorrelation, whic

. . . . vector [23]

is common in repeat-pass interferometric systems. Furthermore,

even in single-pass interferometry, there can be some zones of k = [Sun, Sty Sv, Sev]” (5)
the interferogram with degraded coherence due to a low SNR.

The coherence degradation caused by the additive noise cadvbgre’ indicates the matrix transposition operation, ahgis
calculated as [20] the complex scattering coefficient fgrtransmitted anch-re-

ceived polarization, expressed in the orthogonal (H,V) linear
y=1/(1+SNR™) (2) basis. In backscatter, the vector reciprocity theorem forces the

_ . scattering matrix to be symmetric (i.68,, = S,1), and the
where the same SNR has been assumed in both images.  scattering vector can be expressed as

c

B. Coherence Improvement by a Wavenumber Shift k = [Shn, V254, St (6)

The spatial baseline decorrelation can be justified in the o gescribed in [23], another equivalent representation of the
Fourier domain, because the difference between the Waering vector, based on a Pauli matrices basis, is also com-

viewing angles produces a shift and a stretch of the imaggghny used in the literature. For our present purposes, both for-
terrain spectra. Thus, the decorrelation is caused by the di$;jations are equivalent.

jointed parts of the spectra. This concept is generally known, interferometric measurements, the polarimetric informa-
as wavenumber shift [4]. This decorrelation can be eliminatgdl, ot hoth SAR images will be contained in two different scat-
by shifting the transmitted center frgquency during the. Secoﬂéjring vectors:, andk, for image 1 and image 2, respectively.
measurement (Tuned Interferometric SAR) [21]. In this casgye can generatex 3 possible interferograms using the inter-
the equation that relgtes the transmitted center frequenciesdiymetric phase calculated from all polarimetric (H,V) combi-
both measurements is nations with both images
sin 6
% = b 3) (@] = arg (£, k5" ) )
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The interferometric coherence between all of these poladpplying this change in the polarization basis, we can express
metric combinations can be calculated from the following hethe matrices defined in (8)—(10) in (15).

mitian product matrices: -
[Titlir) = (Ualks 3T [U5]T ) = ([UBIIT] U] )

(711] = (k") ® e = (Uslkat 05T = ([UsITRI[0])
[T52] = (kak3" ) O Q) = (Walk k5 [06)'T ) = ([Usl[02][Us] ). (15)
[212] = <E1E§T> (10) The application of these polarimetric basis transformations

_ _ ~allows us to form interferograms between all possible elliptical
where[I1,] and [13,] are the covariance matrices associatgsblarization states and combinations between both SAR images.

with the separate images, afid,,] is a3 x 3 complex ma- The corresponding coherences are the moduli of the[Figw;
trix containing the interferometric information between polarimatrix

metric channels. Moreover, a new interferometric mgtrpcan

be defined as ) = [Q0)rgy /| Titlir gy # Dolry (16)
(1] = [12]-/V/[T]- [T22] (11) Whichare
Yez—zz VYzz—zy Trz—yy
where the operatorg and.x indicate the element-by-element Cler)| = | Yov-2z  Yoy-zy  Vou—uy a7
division and product operations. The interferometric coherence Voy—zz  Vyy—zy  Vey—vy

for every polarimetric combination in the (H,V) basis is the aménd the resulting interferometric phases are given b
plitude of the corresponding element[b], i.e., 9 P 9 y

(@it = arg([[(r,e)) (18)
Yhh—hh  Yhh—hv  Yhh—vv . o ) .
]l = | Yv—bh  Vhv—bv  Vhv—vv | - (12) wherex andy denote two arbitrary elliptical polarizations.
Vov—hh  YVove—hv  Vv—ve Again, the best interferometric phase estimate will be obtained

by selecting the combination that maximizes the coherence

At this point, one can select the polarimetric combinatiobetween different polarization states [{ii]- |. In general,
with the maximum coherence in the (H,V) basis and therefoto different transformation matricé&’;] should be used (one
apply afirst-level polarimetric optimization by extracting the infor each image) in order to combine all possible polarization
terferometric phase associated with the corresponding elemstiates of image 1 with all in image 2. That method cannot be
in the phase matrif®]y;. implemented in a practical way, so the same transformation is

Furthermore, the interferograms can be formed by using regiplied to both images in the following. As will be described
only linear polarization states but also any other combinatidelow, this simplification constitutes a limitation for comparing
between arbitrary elliptical polarization states. All elliptical pothis approach with the exact formal solution of the optimization,
larization states can be generated by applying a change of pad leads to suboptimum results.
larization basis to transform the scattering veéigexpressed  We can further simplify the implementation of this approach
in the (H,V) basis) into another scattering veckorexpressed by using some priori knowledge about the values 0] ()

in any other orthogonal basis (X,Y) [23] The first assumption is that, in cases without temporal decorre-
lation and with a short baseline, the highest coherence will be
E = [Spws V25.y, Sy |T = [Us]k (13) given by the same polarization state in both images and there-

fore, the elements of the diagonal of the majfiX )| will be

Physically, this transformation can be interpreted as a changach higher than the rest. Moreover, the definition of the geo-
of the selected scattering mechanisms in both images. Assumingtrical angles and¢ implies the symmetry
that the scattering vectéris defined according to (6), the trans-
formation matrix[Us] can be written as in (14), shown at the Voz—ax(T, ) = Yyy—yu(=T, ¢+ 7/2) (19)
bottom of the page [24], where and ¢ are the ellipticity and
orientation angles that define any polarization state. Jke3
transformation matriXUs] is special unitary. This constraint is
required to ensure that the amplitude and phase of the wave
consistently defined as we change the polarization basis. After Yopt = MAX{ Vaz—2x(T, @), Vay—ay (T, )} (20)

and, consequently, if the assumption is valid, we must calcu-
late only the first and the second elements of the diagonal of
|£Fé(77¢)| and select the maximum one

'

cos 27 + cos 2¢ — jsin 2psin 27 /2(sin 2¢ + j cos 2¢sin27)  cos 27 — cos 2¢ + j sin 2psin 27
[Us] = 3 jsin 27 — sin 2¢ cos 27 V2] cos 2¢ cos 27 sin27 — cos2¢ — jsin2¢cos2r | . (14)
7 sin 27 + sin 2¢ cos 27 V2(—sin2¢ + jcos 2¢sin2r)  cos 27 + cos 2¢ + jsin 2psin 27
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By graphically representing the copolar and crosspolar inter-
ferometric coherences for every polarization state ...(7, ¢)
and 7,4, (7, ¢), it is possible to derive the existence of
different independent scattering mechanisms inside the res-
olution cell. This approach is called polarization subspace
method (PSM), because in the maximization of the coherence,
we are not using all the polarimetric information. We are
only considering the copolar and crosspolar elements, and
the same polarization basis transformation is assumed in both
images. In the case of a single dominant scattering behavior,
both coherence functions generally present only one absolute
maximum. Thus, by selecting the highest one, we will find
the best polarization subspace that can be used to generate the
optimum DEM of the scene. On the other hand, in the case
of vegetated surfaces, it is possible to identify various local
coherence maxima. These are related to different independent
scattering mechanisms that lead to the “locally best” height
estimates. Hence, the polarization states corresponding to these
maxima can be used to calculate the height of different layers
into which the vegetation target can be decomposed.

The PSM has an important limitation. In those practical cases
where there exists a large amount of temporal decorrelation
or the difference between the two viewing angles (baseline) is
large, the scattering behavior of the observed terrain changes be-
tween the two acquisitions and therefore, the maximum coher-
ence is reached by different polarization subspaces in both im-
ages. Itmeans that we would need to correlate the backscattering
field obtained by applying different polarization basis transfor-
mations to both SAR images, and consequently, the described
optimization process would become too computationally intefg; 5 Experimental set-up for the DEM generation of the gravel surface.
sive. Therefore, instead of using the PSM, it would be useful
to find a mathematical expression to calculate directly the op-

timum polarization states that maximize the interferometric CBrobIems for the vectors, andw,. The eigenvalues are real,

herence. L . . and the optimum coherence will be given by the highest one.
This optimization problem has been solved in [9] by INrOrh 6 solution is those optimum scattering mechanisms that mini-

iize the interferometric decorrelation. Unlike the maximization

definition. For doing that, two complex weight unitary Vectors ihod proposed in (20), the solution of the polarimetric opti-

w, andw, can be defined to compute the following complex;; i problem formulated in (23) takes into consideration

scalars,; andps: that the optimum coherence can be given by different scattering

(21) mechanismgw,  # w, ) ineach SAR image, because the

scattering behavior of the observed surface may change.

These two complex scalars are the projection of the scatteringHaving found the optimum scattering mechanisms  and

vectorsk, andk, onto the vectors; andw,. Thus, the scalars w,_, the interferometric phase will be given by:

i1 and e can be interpreted as the complex scattering coeffi- o

cients for the scattering mechanismsg andw, [9]. This nota- Pine = arg(paps) = alg(wl Kk w, ) (24)

tion allows us to express the interferometric coherence as fol-

lows:

9 Viewing Angles:
6 = 43:0.5:47 deg

G N
£ Tx/Rx *~ Ro=9.56 m

Antennas >, 4
AN EMSL

Focal Point

\\
Gravel Surface *«

201 steps along x-axis .
(-2.0m<=x<=2.0m)
Ax=0.02m
20m

X

Gravel
Surface

EMSL
Linear
Axis

b "%ﬁ% E: 3 b 2t bbb b b s B A LY,
Main Door

Equation (23) corresponds to tvBox 3 complex eigenvalue

+T +T
M1 = Wy El Ho = Wy E2~

As outlined in the introduction, the interferometric phase as-
sociated with the first pair of optimum scattering mechanisms
[{p1pes)] B |<y’{T[ng]y2>| has been used in the experiments to generate the DEM of non-

R - T T ’ vegetated surfaces, and the second and third pair of optimum
Vi) pars) \/<w1 [Tialuwy ) w3 [T221w2(>22) scattering mechanisms have been employed in addition to the

first in vegetation height estimations.
The objective of the optimization algorithm is to select those g g

scattering mechanisms, andw, that maximize the interfer- Il EXPERIMENTS ONDEM GENERATION OF NONVEGETATED
ometric coherence defined in (22). The optimization problem
NATURAL SURFACES

leads to the following equations:

. . or In the first experiment, & x 2 m planar rough surface
[T11] 7 [Qu2][T22] 7 [Q2] " wy = vy of gravel has been measured. A series of fully polarimetric
[Too] Qo] [T11] 7 [Q2]wy = vaw,. (23) strip-map SAR data sets have been acquired in the frequency
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INTERFEROGRAM {
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>
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150

~0.4 ~0.2 [} 02 0.4 08 o8
Cross-Rangs (m)

(a) (b)
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Fig. 3. Interferograms for a planar rough surface of gravel using a bageliael °. (a) Interferogram formed by the two HH images, (b) obtained by removing
the disjoint parts of the spectra, (c) obtained by applying the polarimetric optimization algorithm, and (d) obtained by applying the polabzatice method.

range 8-12 GHz, with nine uniformly spaced viewing anglesome multiple reflections between scatterers that amplify the
ranging from 48 to 47 (thus having angular baselines fromvolumetric effects and produce an important loss of coherence
0.5° up to #). The experimental set-up of the measuremettiatis not considered in (1). Fig. 3 shows the interferograms cor-
is shown in Fig. 2. With such a measurement geometry, thesponding to this flat gravel surface for a basekhe- 1°. The
near-field phase distortion can be accounted for by consideriexgpected interferometric phase should stay around zero, because
a spherical wavefront illuminating the target. The 2-D completke surface does not present any slope. However, the interfero-
reflectivity images for each polarization have been recogram shown in Fig. 3(a), which has been generated using two
structed on a horizontal plane using a near-field SAR proces&4R images with HH polarization, exhibits some zones where
especially suited for the EMSL geometry [25]. The synthetitie phase level is very high. This phase error is mainly due to the
aperture length is 4 m, and the cross-range and ground-rasgatial baseline decorrelation and the volumetric scattering ef-
resolutions are approximately 4 cm. fects. There are also some noisy zones that correspond to those
It has been proved experimentally that the penetration degitnes of the SAR images with very low amplitude (close to

of electromagnetic waves at X band into this kind of terrairero). In those areas, the system thermal noise is dominant,
is larger than its actual depth«(2 cm). Therefore, this target and the resulting interferometric phase is noisy. If we apply a
is in fact a nonvegetated volume scatterer and consequenttymmon spectral band filter to both spectra as suggested in Sec-
the volume decorrelation must be taken into account. Althougjbn 11-B, the spatial baseline decorrelation is eliminated, and the
the height distribution of the scatterers is lower than the wavguality of the obtained interferogram is improved (see Fig. 3(b)
length, the discrete physical constitution of the target causamsd the comparison in Fig. 5). Nevertheless, there are still some
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Fig. 4. Coherence maps for allr, ¢) polarization states, corresponding
to a planar rough surface of gravel using a baselthe= 1°. Top: Copolar
Yex—za (T, ¢). Bottom: Crosspolaty. , ., (7, ¢).
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zones with a high phase error due to the volume scattering 10 -s8o = 0 20 40 60 80 100

fects and the influence of the system noise. Fig. 3(c) shows Interterometric Phase (Degrees)

the interferogram obtained after applying the polarimetric co- ()

herence optimization algorithm formulated in Section 1I-C. [fi9- 5- (@) Interferometric coherence and (b) phase histograms for a planar

. id hat th . h b I rough surface of gravel using a baseliBe = 1°. Comparison between the

IS now eYI ent that the noisy zones have been totally remov: Its obtained from the two HH images (dotted), the images obtained after

and the interferogram presents a constant phase level near zeniving the disjoint parts of the spectra (dash-dotted), the images resulting

which corresponds to the actual profile of the surface form the polarization subspace method (dashed), and the images resulting from
. . . . N the polarimetric optimization algorithm (solid).

For illustrating how the polarimetric optimization works,

the PSM has been also applied to these data. Fig. 3(d)

shows the interferogram obtained by applying this approaame dominant scattering mechanism. According to the PSM,

The copolary;»—.» and crosspolary,,_., interferometric the optimum interferogram would be formed by combining

coherences obtained for every polarization statep) are those elements of the backscattering vectors expressed in

represented in Fig. 4. These coherence maps corresptimt polarization subspade, ¢») and combination (copolar or

to a 25 x 25 cm square zone located at the center of th@osspolar), where the coherence is maximum. In this particular

planar rough surface of gravel. The copolar coherence @ase, the maximum coherence is given by the polarization

hibits only one maximum afr = 26°,¢ = 20°). In the state(r = 26°,¢ = 20°) of the copolar coherence function

crosspolar case, since the backscattering matrix is symmetyic_ ... This means that the optimum interferometric phase

(Sw = Syn), the coherence signature shows an uneveworresponding to this zone of the surface will be formed by

SYMMEetrY voy—ay (7, ) = Vay—ay(—7,¢ + 7/2) and thus, the complex combinationrg(Sz.15%,,), whereS,, denotes

the two maxima that we can identify correspond to the sarttee first element of the scattering vector of each pixel of

scattering mechanisfr = —19°,¢ = 26°). Therefore, we both images expressed into the optimum polarization state

can state that each coherence function shows a single absolute= 26°, ¢ = 20°). As we can see in Fig. 4, there are some

maximum, which means that the measured scene presents quallarization states in which the coherence falls to very low
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COHERENCE ANDHEIGHT ERROR FOR THEPLANAR SURFACE (B = 1°)

Mean Coherence | Phase Std. Dev. | Height Std. Dev.
HH-HH 0.8851 41.45° 7.27cm
Spectral Common Band Filtering 0.9293 33.70° 592 cm
PSM 0.9755 12.59° 2.21cm
Polarimetric Optimization 0.9850 10.82° 1.90cm

Coherence

Polarimetric Optimizatia'nf,, ‘~.

values (close to 0.7 and 0.6). These low coherence values ) ~
produced by nulls of the copolar and crosspolar backscatter Si 0.6 ======a Polarization Subspace Method-, ”"\,—
natures of the target. Those polari_zations with low backscatt | aicieiaian Common Spectral Band Filtering ",

return lead to coherences that are influenced by the SNR. ol Wil

0

The comparison between these results has been perforrr
on the basis of their statistics. Fig. 5 illustrates the coheren
and interferometric phase histograms corresponding to the fo 4 o5 f 5 5 25 4
interferograms shown in Fig. 3, and Table | presents the me: Bassline (degrees)
coherences and the corresponding phase and height standard , , _
deviations. AS we can see, the coherence value measuredfy ., rieteromettc cotererce s rcton o e ueseine for & plrs
the HH basis is lower than that expected from (1) and (4btained after removing the disjointed parts of the spectra (dash-dotted), which
even if the height of the volume scatterer is taken into accoupgre obtained from the subspace method (dashed), and the images resulting
This additional degradation in the coherence can be caud@f the polarimetric optimization algorithm (solid).
by multiple reflections or shadowing phenomena between
scatterers, when these effects are different for both antennalV. EXPERIMENTS ONVEGETATION HEIGHT ESTIMATION
positions [19], [22]. A polarimetric decomposition carried out ) S )
on this target has proven that its average scattering mechanismhree vegetation samples with different morphological struc-
exhibits high entropy and is dominated by multiple scatterin%é?s (see photographs on Fig. 7) were measured in the fol-
Moreover, the type of scattering mechanism (described by ti&/INg experiments.
mean alpha angle [6]) changes between the two interferometricl) Maize sample: a stand 6fx 6 young plants of maize
acquisitions. After applying the optimization algorithm, the about 1.8 m high, uniformly planted in a square container
interferometric coherence is close to one, and the resulting  with side length 2 m. The plants show a green vertical
height error has been drastically reduced. As shown in Table I,  fresh trunk with a diameter of about 4 cm. The stems carry
the coherence obtained with the polarimetric optimization algo- ~ wide leaves from a height of 40 cm up to the top. The
rithm is higher than that obtained by selecting the polarization  leaves are about 30—-40 cm long and 7—8 cm wide and are
state that maximizes the coherence maps (PSM). In fact, this oriented at around 45with respect to the trunk.
result was expected, because the scattering mechanisms ( 2) Cluster of young fir trees: a stand of nine young fir
and w, ) obtained by solving the optimization problem trees about 1.8 m high, regularly planted in a round
correspond to linear combinations of polarization states that container with diameter 2.4 m. The trees are very close
can be different for both imagesy, = # w,_ ) in contrast together. The structure of each tree is cone-shaped, with
to the PSM, where the same polarization state is employed in  no branches in the upper 20 cm. The branches bear 2-3
both images. cm needles showing a brush-like distribution.

We have also proved experimentally that these conclusions3) Rice sample: a stand &f x 9 rice plants about 0.6 m
can be generalized for different baselines. Fig. 6 presents the high, uniformly distributed in a square container with side
interferometric coherence obtained after applying the proposed length 1 m. Each plant presents a cluster of green stems
coherence optimization techniques for various baselines. For or long leaves that originates directly from the ground. In
scalar interferometry, there is an important degradation of the  the upper half of the sample, these stems are notably bent
interferometric coherence as the baseline increases, but after ap- and oriented in a random fashion. The leaves are about
plying the polarimetric optimization, the coherence gets close 2 cm wide. The soil was flooded to replicate the natural
to one for all baselines. It means that it is possible to use longer ~ conditions of rice crops.
baselines in order to improve the height accuracy while keepingNote that, in contrast to other measurements previously per-
the coherence high. It can also be noted that the results obtaif@thed at the EMSL, the ground under the plants was not cov-
by solving the polarimetric optimization are better than thossred by microwave absorbers. In this way, the ground interac-
obtained with the PSM as the baseline increases. Again, tim with the plants, which plays a key role in the backscatter
reason is that the scattering behavior of the observed surfaesponse and is crucial to the height estimation algorithm, is
changes substantially as the difference between the two ingiesent on the data.
dence angles increases and consequently, the optimum cohefhe set-up employed in this case is different from that used
ence can be given by applying different polarization basis traris-conventional SAR interferometry, since the whole vegetation
formations to each SAR image. sample must be confined inside a single resolution cell in order

35 4
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azimuth over 360 in order to obtain as many independent
samples as possible. The second type of measurements were
originally planned for three-dimensional inverse SAR (ISAR)
imaging. Its particular characteristic is that the target is rotated
only about a narrow angular span (typically’10 20°), and it
employs a very small step as is usually needed in radar imaging.
Consequently, the number of independent samples in azimuth
is low for our purposes, and additional frequency averaging
must be applied to reduce the variability of the results.

To minimize the phase noise and hence improve the accuracy
of the height estimates, the interferograms for each scattering
mechanism were multilooked over the entire set of indepen-
dent samples. The number of samples, which can be regarded as
pixels of a conventional image, changed between experiments,
as was explained above. Note that we are not affected by the
loss of resolution that the multilook procedure entails because,
our scene is completely homogeneous (in fact, we are always
looking at the same target). The conversion from interferometric
phase to height is calculated by using typical interferometric
equations with the same formulation as [9]. It is important to
emphasize that the estimates presented in the next results are not
affected by phase ambiguities, because the maximum height of
the plants does not exceed the ambiguity height.

Note that the algorithm yields three phases associated with
three scattering mechanisms at different heights. Then, three
height estimates are computed as the height differences between
the three possible combinations of scattering mechanisms (i.e.,
first—second, first—third, and second-third). Since there ia no
priori information about the relative height levels of those three
mechanisms, the final inverted height is calculated as the max-
imum of the three differences.

As explained in the introduction, one of the main advantages
of this technique is that no DEM, or knowledge about the ground
level, is required for obtaining the height of the target. It is im-
portant to make clear that the decomposition into different scat-
tering mechanisms resulting from the coherence optimization
can be performed, although some dominant scatterers exhibit
a response much stronger than the others. This is because the
decomposition is not based on the backscatter values but on in-
terferometry. The maximum difference in backscatter between
dominant and secondary scatterers that would mask the latter is
still under investigation.

Fig. 7. Photographs of the vegetation samples: maize (top), cluster of youngThe first experimentwas carried out on the maize sample. The
fir trees (center), and rice (botiom). incidence angle ranged from 440 45, with a step of 0.25,

and the target was rotated in azimuth with a step°otiaus ob-
to apply the algorithm and, as a result, there is only one pix@lining 72 independent samples. The frequency span was 0.7 to
in each image. Consequently, spatial averaging cannot be 86 GHz. The reflectivity images were computed with a narrow
formed. Instead, two alternative averaging techniques have béamdwidth (40 MHz) in order to enclose the whole target in-
used. The first consists in rotating the target in azimuth in ordside the resolution cell, and the wavenumber shift was applied
to obtain independent samples. The selected angular steptdeavoid the dependence on ground-range, as suggested in [9].
pends on the working frequency and the target size. The secditm height estimation results as a function of the frequency are
is known as frequency averaging or frequency agility and shown in Fig. 8 for baselines of 0.2%and 0.5. The displayed
based on collecting the radar returns from nonoverlapping fifeequency range is limited to L-band, S-band, and C-band be-
guencies. Both techniques are equivalent to some extent, aseause at shorter wavelengths, some ambiguities arise in the re-
plained in [26]. sults due to the large baselines that have been used. For each

Two kinds of scanning geometries have been employddequency, the plotted result is averaged over all combinations
The first consists in measuring the backscattering at a fefincidence angles with the chosen baseline (i.e., four for0.25
closely-spaced incidence angles, and rotating the sampleaimd three for 0.5).
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1 k , , , , ations are due to variations in the height level of the individual
mechanisms. Although not presented here because of space con-
straints, this justification has been proven by plotting the height
0.8F B=0.25° 4 values of the individual mechanisms.

The justification of these estimates is the subject of an
ongoing research. Anyway, some preliminary hints can be
0.6t {1 derived from a physical model of the target. At these angles of

7 incidence and frequencies, the dominant scattering mechanism
is expected to be the stem-ground interaction. The phase
center of this mechanism has been demonstrated to be placed
ideally at ground level [27]. A secondary scattering mecha-
nism, usually weaker than the stem-ground interaction, is the
direct backscatter from the stems and leaves [28]. However,
the position of the effective phase center of this secondary
mechanism is not well defined, and we can only say that it
should be somewhere between the top and the bottom of the
plants. A precise model should also include important concepts
such as the attenuation in propagating through the medium, the
different extinction coefficients that different polarizations may
present, etc. Another key issue in this retrieval algorithm is the
physical meaning of the scattering mechanisms derived from
the coherence optimization. These mechanisms are calculated
for optimizing the coherence, but nothing is said about their
actual position inside the samples. As part of the ongoing
research, this selection of scattering mechanisms is being
compared to others, based on arpriori knowledge of the
distribution of scattering properties of the target (for example,
selecting HH and HV polarizations as in [29]). Note again that
a complete justification of the retrieved values is out of the
scope of the present paper.

The application of the PSM to vegetation height retrieval is
. ‘ ‘ briefly illustrated in the following. Fig.9 shows the obtained

0 1 2 3 4 5 6 copolary,,—.. and crosspolay,,_., coherences as a function
Frequency (GHz) of every polarization statér, ¢). These coherence maps corre-
spond to the maize sample at 3.5 GHz for a baseline 0f0.25
Fig. 8. Height estimates ver§u§ofrequency for ther Omaize sample at L-bapg.this case, the copolar coherence signature presents two dif-
S-band, and C-band. Tofg = 0.25°. Bottom: B = 0.5°. ferent local maximdr = —19°, ¢ = 132°) and(r = 37°, § =
164°), whereas the crosspolar case exhibits one maximum at

It is interesting to test the performance of the algorithm g8 = —8°,¢ = 3°), which in the plot is repeated due to the
a function of frequency and baseline. This is an important fegymmetries commented in Section Il. Fig. 10 shows the height
ture that can only be studied with facilities like the EMSL. In thealues obtained for every polarization stétes) corresponding
case of maize, the penetration is quite high at all bands in the ru-those copolar and crosspolar coherence functions presented
crowave region (even at X band), and the plants are short enouglirig. 9. The final estimate is derived by extracting the max-
for the radar to be able to penetrate down to the ground, whichrsum height difference between these three polarization states.
of crucial importance for retrieving the true height of the sampl&or this particular frequency, the estimated height is 0.4 m.

The estimates shown in Fig. 8 present quite a complicated deTable Il shows the height estimates for the maize sample at
pendence on the working frequency. An inspection of the géwee different frequencies (L-band, S-band, and C-band) and
timation procedure gives us some possible reasons for thése different baselines (0.25and 0.5). In most cases, the es-
varying estimates. Any change in the estimates is produced biynates are quite dissimilar. An interpretation of these discrep-
1) adisplacement (absolute or relative to the other mechanisrasgies has not been found yet.

of the phase center of a mechanism when the frequency change$he second experiment dealt with the cluster of young fir
and/or 2) an interchange in the physical meaning of the scakes. The measurement was performed from 1 to 10 GHz, with
tering mechanism, which can produce a swap in their relati2® elevation incidence angles ranging fronf 38 51° and a
order. In general, the height estimates are higher for the basektep of 0.5. As before, the bandwidth used in the image re-
of 0.5° and mainly at high frequencies. There is a band arouednstruction was 40 MHz. This measurement corresponds to an
3-4 GHz, where the estimates change their trend for both bak®AR imaging experiment and therefore, the rotation in azimuth
lines. This phenomenon may be caused by a change in the omidmot cover the whole circle. There were two separate azimuth
of the optimum scattering mechanisms. The rest of the fluctspans of 12with a step of 0.5. By looking at independence cri-

0.2r

0.8r

Height (m)

0.2r
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Orientation Angle (dogass) Fig. 10. Height maps for al(r, ¢) polarization states, corresponding to

the maize sample at 3.5 GHz, using a baselhe= 0.25°. Top: Copolar
Yoz —2a (T, @). Bottom: Crosspolaty.,, ., (7, ¢).

Fig. 9. Coherence maps for allr, ¢) polarization states, corresponding
to the maize sample at 3.5 GHz, using a baselhe= 0.25°. Top: copolar
Yex—2a (T, ¢). Bottom: crosspolat, , ., (7, ¢).

TABLE I
HEIGHT ESTIMATES FOR THEMAIZE SAMPLE (IN METERS

. . . . . B =0.25° B =0.5°
teria, six samples'were taken in azimuth fpr all frequencies. A Fremmoncy | BSM | Pol. Optimization | PSM | Pol. Optimization
frequency averaging was also performed in the ensemble pro- 5GH o 054 T 050
Icessn:}lgbanflj mt;lltlloo_k lto)ly u55lzg_ tge sar(r;ples at nllne nonover- 35GHz | 040 0.20 043 030
apped bands, thus yielding 54 independent samples. ssGHz | 0l 018 044 067

The height estimates at S-band and C-band for incidence an-
gles from 44 to 46> are shown in Fig. 11. The displayed results
were computed by applying only the polarimetric optimizatiofor a very oriented volume as maize is, this method is expected to
algorithms. The retrieved values are very low. This is reasowork better. Note that a first estimation of a parameter related to
able, because the scattering properties of such a target arethe-differential extinction coefficient between orthogonal polar-
mogeneous in the whole volume and so do not present a cleations (which is fundamental for the success of this technique
distribution of different behaviors as a function of height. Mord30]) was presented in [28].
over, as justified in [28], for such a target, the backscatter returnThe last experiment corresponds to the rice sample. This
from the ground-trunk interactions at this incidence is very losample is shorter than the other two (only 60 cm high), so it is
in contrast to the response of the green needles. Finally, as sugf-expected to present ambiguities at high frequencies. As in
gested in a recent publication [30], for volumes with a randothe case of the cluster of fir trees, the measurement was origi-
distribution of particles (without any preferred orientation), paaally planned for 3-D ISAR imaging and thus, the ensemble is
larimetry has a little contribution in this estimation method. Thiperformed by combining both frequency and spatial averaging.
is also true because of the low return from the ground. Insteathe frequency ranged from 1.5 to 9.5 GHz, and the baseline
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0.4 T T T T TABLE Il
MEAN VEGETATION HEIGHT ESTIMATIONS (IN METERS

Sample Maize Fir trees | Rice
0.3F E Baseline | 0.25° 0.5° 0.5° 0.5°
Lband | 047 043 | NA. |NA,
Sband | 032 033} 0.14 | 007
Cband | 021 057 013 | 0.15
] Xband | NA. NA | NA |014
N.A.: Not Available

Height (m)
©
R

at different heights, and the retrieval procedure may yield better

0.1r 8
results.
All the results on vegetation height retrieval obtained by the
coherence optimization are summarized in Table Ill. Only the
0, > 3 3 5 o average values are presented, because the variance is dependent

Frequency (GHz) on the type of ensemble averaging, which was different for each
experiment. From the interpretation of the results in this sec-
Fig. 11. Height estimates versus frequency for the cluster of young fir treli®n, it is evident that some priori knowledge of the target
at S-band and C-bandt = 0.5°. morphology is needed to convert the estimated heights into ab-
solute heights of the samples. This is because the method only

0.4 measures the height difference between the scattering centers
of the layers into which the target is decomposed, not the height
difference between the top of the plants and the ground.

0.3f

V. CONCLUSION

A recently published algorithm for optimizing the interfero-
metric coherence by means of polarimetric information has been
applied to laboratory experiments about two different problems:
generation of DEM of nonvegetated surfaces and estimation
of vegetation height. The results show that the height error in

Height (m)
o©
N

0.1y DEM generation can be drastically reduced within a wide range
of baselines by using the optimization algorithm. With respect
y to vegetation, the presented results have been validated against
0 ; . s s s s s : ground truth data. The algorithm can estimate height without a
1 2 3 4 5 6 7 8 9 10

Frequency (GHz) DEM, since it measures the relative height differences between
layers of plants or trees. In addition, an alternative simplified
Fig. 12. Height estimates versus frequency for the sample of rice at S-baf@Proach of the optimization algorithm has been presented for
C-band, and X-bandB = 0.5°. illustrating the working principle of polarimetry with applica-
tion to interferometry.
was 0.5. The bandwidth employed in the image reconstruction Regarding the extraction of vegetation height, aspects such as
was 80 MHz. There were three independent samples by azimtitha effect of multiple scattering on the retrieved position of the
rotation at each frequency, and nine frequency sub-bands wehase centers and the influence of differential extinction coef-
used in the averaging, thus leading to 27 independent sampfisent between orthogonal polarizations have not yet been an-
As a result, the final estimates present a higher varian@dyzed. In order to study these topics, numerical and/or analyt-
Fig. 12 shows the estimates for S-band, C-band, and X baiwhl models for different kinds of vegetation must be employed.
The selected elevation incidence angles are #¥146°, for Moreover, a deeper analysis of the precise relationship between
comparison with the previous examples. the architecture of the samples (dielectric geometry) and the re-
The estimates are within the expected range, but preséigved heights is needed for a correct interpretation and justifi-
strong relative variations between frequencies. For examptation of the results. In order to do that, an alternative selection
at 2-3 GHz, the retrieved height is almost zero, whereas ddtscattering mechanisms to form the interferograms, based on
around 4.5 and 7 GHz, it is about 25 cm. In general, it can ltige physical properties of the target and not on the coherence op-
anticipated that at low frequencies, the estimates may be léissization, could be employed. For example, the elements of the
reliable, because the backscatter return is strongly dominateattering matrix (HH, HV, and VV), or the Pauli spin matrices
by the ground-stem interaction, whereas the response from (Ri¢1+VV, HH—VV, HV), may be chosen because they exhibit
above-ground leaves is quite low. At higher frequencies, tleclear physical meaning (odd bounces, even bounces, etc.).
leaves start to exhibit a high response, so the target backscattéturther outdoor work is planned to evaluate the coherence
presents two scattering mechanisms (ground-stem and leawgs)mization technique when temporal decorrelation is present.
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This measurement campaign will use the fully polarimetric[i6]
wide-band scatterometer developed at the Universitat Politec-
nica de Catalunya (UPC), Barcelona, Spain [31].

Additional measurements are also being planned at the Eu-
ropean Microwave Signature Laboratory, Ispra, Italy, in ordefl7]
to study the application of the proposed coherence optimiza-
tion for subsurface imaging applications (like mine detection)1s]
and for other issues related to SAR interferometry (multibase[—19]
line configurations, differential interferometry, phase unwrap-
ping enhacement, etc.).
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