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Abstract—A coherence optimization method, which makes use
of polarimetry to enhance the quality of SAR interferograms, has
been experimentally tested under laboratory conditions in an ane-
choic chamber. By carefully selecting the polarization in both im-
ages, the resulting interferogram exhibits an improved coherence
above the standard HH or VV channel. This higher coherence pro-
duces a lower phase variance, thus estimating the underlying to-
pography more accurately. The potential improvement that this
technique provides in the generation of digital elevation models
(DEM) of non-vegetated natural surfaces has been observed for
the first time on some artificial surfaces created with gravel. An
experiment on a true outdoor DEM has not been accomplished
yet, but the first laboratory results show that the height error for
an almost planar surface can be drastically reduced within a wide
range of baselines by using the optimization algorithm. This algo-
rithm leads to three possible interferograms associated with statis-
tically independent scattering mechanisms. The phase difference
between those interferograms has been employed for extracting
the height of vegetation samples. This retrieval technique has been
tested on three different samples: maize, rice, and young fir trees.
The inverted heights are compared with ground truth for different
frequency bands. The estimates are quite variable with frequency,
but their complete physical justification is still in progress. Finally,
an alternative simplified scheme for the optimization is proposed.
The new approach (called polarization subspace method) yields
suboptimum results but is more intuitive and has been used for
illustrating the working principle of the original optimization al-
gorithm.

Index Terms—Digital elevation models, interferometry, inverse
problems, radar polarimetry, synthetic aperture radar, vegetation.

I. INTRODUCTION

Synthetic aperture radar (SAR) interferometry is an estab-
lished technique based on combining two SAR images of

the same scene acquired from slightly different viewpoints [1].
This technique is widely used for topographic mapping (DEM
generation) and surface change detection (differential interfer-
ometry) [2], [3]. Moreover, in the past few years, SAR inter-
ferometry has also been used as an important tool to retrieve
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physical parameters of terrestrial surfaces. Whatever the final
application is, accurate interferograms are required. The quality
of the interferograms is closely related to the correlation (coher-
ence) between the two complex SAR images. If a high SNR is
assumed and there are no changes in the scattering behavior of
the measured scene between acquisitions (no temporal decorre-
lation), then the most important source of decorrelation is that
produced by the separation between the two antennas (baseline
decorrelation). The difference between the two look angles pro-
duces a shift and a stretch of the two imaged-terrain spectra. This
spectral decorrelation can be compensated by shifting the trans-
mitted central frequency during the second measurement or by
removing the disjointed parts of both spectra [4]. However, the
different heights of the scattering centers inside the resolution
cell (volumetric effects) [5] remains as an important source of
spectral decorrelation that cannot be compensated by filtering
the two spectra, because they have different shapes. A possible
way to reduce this decorrelation is to exploit multiple baseline
takes [5], which implies collecting data from multiple surveys.

More recent studies have revealed that the spectral decorrela-
tion can be reduced if fully polarimetric SAR data are collected.
Radar polarimetry is a technique that has shown the ability to
extract geophysical parameters from SAR images and its use-
fulness in terrain classification [6]–[8]. Polarimetry deals with
the vector nature of the electromagnetic waves, and its strength
resides in the physical meaning of the observables. The appli-
cation of polarimetry to SAR interferometry has demonstrated
the possibility of optimizing the coherence [9]. The idea of this
optimization is to express the obtained SAR images in an arbi-
trary polarization basis, which is equivalent to selecting an ar-
bitrary scattering mechanism in each image and to choose those
scattering mechanisms that maximize the interferometric coher-
ence.

The polarimetric optimization of the interferometric coher-
ence has an exact formal solution, which was formulated in
[9]. The optimization algorithm leads to two complex
eigenvalue problems that share the same eigenvalues. The three
eigenvalues are related to pairs (one for each image) of eigen-
vectors, which can be interpreted as scattering mechanisms. All
eigenvalues are real, and the optimum coherence is given by the
highest one. Therefore, its corresponding interferometric phase
can be used to generate the DEM of the scene with the highest
coherence. Moreover, if the target morphology is equivalent to
a multilayer structure (e.g. ground-trunks-branches-crown for
forests), with each layer presenting a different scattering be-
havior, it has been postulated that the three optimum scattering
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mechanisms will be associated with the phase center of each
layer. As a result, three interferograms could be computed,
yielding the height of these layers. A possible application
of this method is the estimation of vegetation height, since
most plants can be modeled by a multilayer morphology. Note
that some parts of the formal development of this method are
explicitly repeated in this paper for completeness.

As will be described in this paper, an alternative way to imple-
ment this approach consists in looking at the possible coherence
for every combination of elliptical polarizations and selecting
the highest one. This simple procedure, called the polarization
subspace method (PSM), is suggested to illustrate the procedure
of choice of polarization states in a more intuitive way. However,
the results obtained with this method are always suboptimum
due to its intrinsic assumptions.

Since the early 1990’s, a large amount of research on the esti-
mation of vegetation height, biomass, and related parameters, by
means of SAR data, has been carried out. A brief but well-ori-
ented review on this topic can be consulted in [10]. Some re-
cent approaches have made use of interferometry for estimating
the canopy height by comparing the interferometric phase cen-
ters in the presence of vegetation with a previously known DEM
of the area [11], [12]. Thus, the inverted height depends on the
availability of a precise DEM of the area of interest. Another
significant example of a combination of interferometric infor-
mation (phase center and coherence) with backscattered power
in order to invert characteristics of a layer of vegetation and the
underlying topography was presented in [13]. The derivations
of that paper are based on a simplified scattering model, enough
to demonstrate the performance of that approach, but limited
to represent all the fine characteristics of many vegetation vol-
umes. An efficient way to circumvent these problems is the use
of polarimetry. With the use of the polarimetric optimization, the
estimation is performed by calculating the relative phase differ-
ences between polarization channels, and hence, noa priori in-
formation about the scene DEM is necessary. A scattering model
is only necessary in the final conversion of the estimates into ab-
solute heights.

To date, test sites presented in the literature with polarimetric
SAR interferometry have been a mixed forestry/agricultural
area close to Lake Baikal, measured at L band by SIR-C [9] and
a test site with corn fields in Switzerland, measured at L band
by E-SAR [14], [15]. In the first case, at the time of writing the
first version of the present manuscript, no precise data about the
scene were provided. However, a comparison with the actual
ground truth was recently published in [16]. In the second case,
an approximate height of about 2.2 m was estimated for corn
fields, but no ground trutdata were available. Therefore, at the
time of writing this paper, the first results of this technique to
be compared with ground truth data are presented here.

This paper describes some laboratory experiments that have
been carried out to show the remarkable contribution of po-
larimetry to SAR interferometry in the generation of accurate
DEM's and retrieval of vegetation height. In order to have mea-
surement conditions under control, the experimental validation
was performed in an anechoic chamber. In conventional outdoor
measurements, effects such as varying weather conditions, pres-
ence of RF interfering signals, unknown variations of the local

topography, and soil conditions may heavily influence the data.
As a result, experimental data acquired under these conditions
may not be interpreted properly and consequently may lead to
wrong conclusions. On the other hand, when running the mea-
surements in an anechoic chamber under laboratory conditions,
all relevant measurement parameters can be fully controlled and
a complete and accurate analysis of an isolated sample can be
carried out. We can also freely select the frequency range and
incidence angles of interest. The radar backscatter can be ac-
curately equalized by applying a single reference, fully polari-
metric calibration [17], leading to a simpler interpretation of the
results.

The objective of this paper is to demonstrate that under ideal
conditions, the proposed algorithm yields the expected results.
This laboratory test is an important step, previous to the appli-
cation of the method in real conditions by using a spaceborne or
airborne radar system. The relevance of the present work is not
its direct applicability to outdoor configurations, but showing
that this technique works properly in ideal conditions. Note that
no thorough interpretation about the vegetation height estimates
is given in this paper. This paper shows that the estimates are
within the expected ranges (lower than the total heights) but the
specific retrieved values are not justified. This justification is the
subject of ongoing research.

The experiments were carried out in the anechoic chamber of
the European Microwave Signature Laboratory (EMSL), JRC,
Ispra, Italy [18]. The target used in the DEM reconstruction test
was a gravel rough surface (roughness root mean square (RMS)
of about 2 cm) without slopes. Fully coherent, polarimetric data
were collected at X band for different baselines. The retrieval of
vegetation height was examined by measuring some vegetation
samples at L, S, C, and X band. The targets were a maize sample,
a rice sample, and a cluster of young fir trees.

The paper is organized as follows. In Section II, an expres-
sion of the interferometric coherence is provided for analyzing
the degradation caused by different decorrelation sources, and
two methods for improving the coherence are described: the
wavenumber shift and the polarimetric optimization algorithm.
Section III analyzes the experimental results obtained by ap-
plying these algorithms in laboratory conditions to DEM gen-
eration of nonvegetated natural surfaces. The use of the polari-
metric optimization for extracting the height of vegetation sam-
ples is tested in Section IV. Finally, some conclusions are drawn
in Section V.

II. THEORY

A. Interferometric Coherence

The geometry of a conventional interferometric imaging
system is illustrated in Fig. 1. The interferogram is generated
using two SAR images obtained from two slightly different
viewing angles and . The separation between the two
antenna positions, and , is known as the baseline distance

.
For the analysis, the problem is assumed to be invariant in

the cross-range dimension, and we suppose that any resolution
cell of the rough surface is formed by nondirectional, indepen-
dent scatterers uniformly distributed along theand axes. The
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Fig. 1. Geometry of the interferometric SAR system.

following expression for the interferometric coherence between
the two images from the same resolution cell has been derived
[19]

(1)

where is the mean look angle, is the central working fre-
quency, is the frequency bandwidth, and .

From (1), the interferometric coherence can be expressed ap-
proximately as the product of two terms, each of them related to
a different source of decorrelation. The first term relates to the
well-known spatial baseline decorrelation, which basically de-
pends on the baseline distance and the relative frequency band-
width of the system. The second term indicates a loss of coher-
ence caused by the different heights of the scatterers inside the
resolution cell, which is usually called volumetric effect.

Both terms in (1) depend on the baseline. However, as men-
tioned in Section I, there are other sources of loss of coherence
that do not depend on the distance between the two antennas.
One of them is the well-known temporal decorrelation, which
is common in repeat-pass interferometric systems. Furthermore,
even in single-pass interferometry, there can be some zones of
the interferogram with degraded coherence due to a low SNR.
The coherence degradation caused by the additive noise can be
calculated as [20]

(2)

where the same SNR has been assumed in both images.

B. Coherence Improvement by a Wavenumber Shift

The spatial baseline decorrelation can be justified in the
Fourier domain, because the difference between the two
viewing angles produces a shift and a stretch of the imaged
terrain spectra. Thus, the decorrelation is caused by the dis-
jointed parts of the spectra. This concept is generally known
as wavenumber shift [4]. This decorrelation can be eliminated
by shifting the transmitted center frequency during the second
measurement (Tuned Interferometric SAR) [21]. In this case,
the equation that relates the transmitted center frequencies in
both measurements is

(3)

If, as is usual in practical systems, it is not possible to change
the transmitted frequency between the two acquisitions, one
can also cancel the spatial baseline decorrelation by applying
a common band prefiltering. Equation (1) can be rewritten by
substituting the central frequencies of the resulting bands
and , yielding

(4)

Once the first triangular term in (1) has been cancelled, the
new coherence function is only dependent on the volumetric
scattering effects. As explained above in the text, this kind of
coherence degradation is caused by a change of the shape of the
two imaged-terrain spectra. Thus, the spectral volume decorre-
lation cannot be eliminated by spectral filtering techniques, and
other approaches must be used to reduce it. This volume decor-
relation increases as the baseline distance does, but it is only im-
portant when the scatterers are distributed over a height range
of many wavelengths. However, even in case of a short height
distribution of the scatterers, the multiple reflections between
them can amplify the volumetric scattering effects, and conse-
quently, there is an extra loss of coherence [19], [21]. More-
over, since these multiple reflections, or shadowing phenomena
between scatterers, are different for both antenna positions, the
coherence degradation increases [22].

C. Coherence Optimization by Polarimetry

A possible way to reduce the spectral volume decorrelation is
to make use of the entire scattering matrix (i.e., combining po-
larimetry and interferometry). When fully coherent polarimetric
data are collected, the information associated with each pixel
of the SAR image can be grouped into the following scattering
vector [23]

(5)

where indicates the matrix transposition operation, andis
the complex scattering coefficient for-transmitted and -re-
ceived polarization, expressed in the orthogonal (H,V) linear
basis. In backscatter, the vector reciprocity theorem forces the
scattering matrix to be symmetric (i.e., ), and the
scattering vector can be expressed as

(6)

As described in [23], another equivalent representation of the
scattering vector, based on a Pauli matrices basis, is also com-
monly used in the literature. For our present purposes, both for-
mulations are equivalent.

In interferometric measurements, the polarimetric informa-
tion of both SAR images will be contained in two different scat-
tering vectors and for image 1 and image 2, respectively.
One can generate possible interferograms using the inter-
ferometric phase calculated from all polarimetric (H,V) combi-
nations with both images

(7)
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The interferometric coherence between all of these polari-
metric combinations can be calculated from the following her-
mitian product matrices:

(8)

(9)

(10)

where and are the covariance matrices associated
with the separate images, and is a complex ma-
trix containing the interferometric information between polari-
metric channels. Moreover, a new interferometric matrixcan
be defined as

(11)

where the operators and indicate the element-by-element
division and product operations. The interferometric coherence
for every polarimetric combination in the (H,V) basis is the am-
plitude of the corresponding element of , i.e.,

(12)

At this point, one can select the polarimetric combination
with the maximum coherence in the (H,V) basis and therefore
apply a first-level polarimetric optimization by extracting the in-
terferometric phase associated with the corresponding element
in the phase matrix .

Furthermore, the interferograms can be formed by using not
only linear polarization states but also any other combination
between arbitrary elliptical polarization states. All elliptical po-
larization states can be generated by applying a change of po-
larization basis to transform the scattering vector(expressed
in the (H,V) basis) into another scattering vector, expressed
in any other orthogonal basis (X,Y) [23]

(13)

Physically, this transformation can be interpreted as a change
of the selected scattering mechanisms in both images. Assuming
that the scattering vectoris defined according to (6), the trans-
formation matrix can be written as in (14), shown at the
bottom of the page [24], where and are the ellipticity and
orientation angles that define any polarization state. The
transformation matrix is special unitary. This constraint is
required to ensure that the amplitude and phase of the wave are
consistently defined as we change the polarization basis. After

applying this change in the polarization basis, we can express
the matrices defined in (8)–(10) in (15).

(15)

The application of these polarimetric basis transformations
allows us to form interferograms between all possible elliptical
polarization states and combinations between both SAR images.
The corresponding coherences are the moduli of the new
matrix

(16)

which are

(17)

and the resulting interferometric phases are given by

(18)

where and denote two arbitrary elliptical polarizations.
Again, the best interferometric phase estimate will be obtained
by selecting the combination that maximizes the coherence
between different polarization states in . In general,
two different transformation matrices should be used (one
for each image) in order to combine all possible polarization
states of image 1 with all in image 2. That method cannot be
implemented in a practical way, so the same transformation is
applied to both images in the following. As will be described
below, this simplification constitutes a limitation for comparing
this approach with the exact formal solution of the optimization,
and leads to suboptimum results.

We can further simplify the implementation of this approach
by using somea priori knowledge about the values in .
The first assumption is that, in cases without temporal decorre-
lation and with a short baseline, the highest coherence will be
given by the same polarization state in both images and there-
fore, the elements of the diagonal of the matrix will be
much higher than the rest. Moreover, the definition of the geo-
metrical angles and implies the symmetry

(19)

and, consequently, if the assumption is valid, we must calcu-
late only the first and the second elements of the diagonal of

and select the maximum one

(20)

(14)
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By graphically representing the copolar and crosspolar inter-
ferometric coherences for every polarization state
and , 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. It means 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 inten-
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 co-
herence.

This optimization problem has been solved in [9] by intro-
ducing a vector formulation into the interferometric coherence
definition. For doing that, two complex weight unitary vectors

and can be defined to compute the following complex
scalars and :

(21)

These two complex scalars are the projection of the scattering
vectors and onto the vectors and . Thus, the scalars

and can be interpreted as the complex scattering coeffi-
cients for the scattering mechanisms and [9]. This nota-
tion allows us to express the interferometric coherence as fol-
lows:

(22)
The objective of the optimization algorithm is to select those

scattering mechanisms and that maximize the interfer-
ometric coherence defined in (22). The optimization problem
leads to the following equations:

(23)

Fig. 2. Experimental set-up for the DEM generation of the gravel surface.

Equation (23) corresponds to two complex eigenvalue
problems for the vectors and . The eigenvalues are real,
and the optimum coherence will be given by the highest one.
The solution is those optimum scattering mechanisms that mini-
mize the interferometric decorrelation. Unlike the maximization
method proposed in (20), the solution of the polarimetric opti-
mization problem formulated in (23) takes into consideration
that the optimum coherence can be given by different scattering
mechanisms in each SAR image, because the
scattering behavior of the observed surface may change.

Having found the optimum scattering mechanisms and
, the interferometric phase will be given by:

(24)

As outlined in the introduction, the interferometric phase as-
sociated with the first pair of optimum scattering mechanisms
has been used in the experiments to generate the DEM of non-
vegetated surfaces, and the second and third pair of optimum
scattering mechanisms have been employed in addition to the
first in vegetation height estimations.

III. EXPERIMENTS ONDEM GENERATION OFNONVEGETATED

NATURAL SURFACES

In the first experiment, a m planar rough surface
of gravel has been measured. A series of fully polarimetric
strip-map SAR data sets have been acquired in the frequency
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Fig. 3. Interferograms for a planar rough surface of gravel using a baselineB = 1 . (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 polarization subspace method.

range 8–12 GHz, with nine uniformly spaced viewing angles
ranging from 43 to 47 (thus having angular baselines from
0.5 up to 4 ). The experimental set-up of the measurement
is shown in Fig. 2. With such a measurement geometry, the
near-field phase distortion can be accounted for by considering
a spherical wavefront illuminating the target. The 2-D complex
reflectivity images for each polarization have been recon-
structed on a horizontal plane using a near-field SAR processor
especially suited for the EMSL geometry [25]. The synthetic
aperture length is 4 m, and the cross-range and ground-range
resolutions are approximately 4 cm.

It has been proved experimentally that the penetration depth
of electromagnetic waves at X band into this kind of terrain
is larger than its actual depth ( cm). Therefore, this target
is in fact a nonvegetated volume scatterer and consequently,
the volume decorrelation must be taken into account. Although
the height distribution of the scatterers is lower than the wave-
length, the discrete physical constitution of the target causes

some multiple reflections between scatterers that amplify the
volumetric effects and produce an important loss of coherence
that is not considered in (1). Fig. 3 shows the interferograms cor-
responding to this flat gravel surface for a baseline . The
expected interferometric phase should stay around zero, because
the surface does not present any slope. However, the interfero-
gram shown in Fig. 3(a), which has been generated using two
SAR images with HH polarization, exhibits some zones where
the phase level is very high. This phase error is mainly due to the
spatial baseline decorrelation and the volumetric scattering ef-
fects. There are also some noisy zones that correspond to those
zones of the SAR images with very low amplitude (close to
zero). In those areas, the system thermal noise is dominant,
and the resulting interferometric phase is noisy. If we apply a
common spectral band filter to both spectra as suggested in Sec-
tion II-B, the spatial baseline decorrelation is eliminated, and the
quality of the obtained interferogram is improved (see Fig. 3(b)
and the comparison in Fig. 5). Nevertheless, there are still some
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Fig. 4. Coherence maps for all(�; �) polarization states, corresponding
to a planar rough surface of gravel using a baselineB = 1 . Top: Copolar

 (�; �). Bottom: Crosspolar
 (�; �).

zones with a high phase error due to the volume scattering ef-
fects and the influence of the system noise. Fig. 3(c) shows
the interferogram obtained after applying the polarimetric co-
herence optimization algorithm formulated in Section II-C. It
is now evident that the noisy zones have been totally removed,
and the interferogram presents a constant phase level near zero,
which corresponds to the actual profile of the surface.

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 approach.
The copolar and crosspolar interferometric
coherences obtained for every polarization state are
represented in Fig. 4. These coherence maps correspond
to a cm square zone located at the center of the
planar rough surface of gravel. The copolar coherence ex-
hibits only one maximum at . In the
crosspolar case, since the backscattering matrix is symmetric

, the coherence signature shows an uneven
symmetry and thus,
the two maxima that we can identify correspond to the same
scattering mechanism . Therefore, we
can state that each coherence function shows a single absolute
maximum, which means that the measured scene presents only

(a)

(b)

Fig. 5. (a) Interferometric coherence and (b) phase histograms for a planar
rough surface of gravel using a baselineB = 1 . Comparison between the
results obtained from the two HH images (dotted), the images obtained after
removing the disjoint parts of the spectra (dash-dotted), the images resulting
form the polarization subspace method (dashed), and the images resulting from
the polarimetric optimization algorithm (solid).

one dominant scattering mechanism. According to the PSM,
the optimum interferogram would be formed by combining
those elements of the backscattering vectors expressed in
that polarization subspace and combination (copolar or
crosspolar), where the coherence is maximum. In this particular
case, the maximum coherence is given by the polarization
state of the copolar coherence function

. This means that the optimum interferometric phase
corresponding to this zone of the surface will be formed by
the complex combination , where denotes
the first element of the scattering vector of each pixel of
both images expressed into the optimum polarization state

. As we can see in Fig. 4, there are some
polarization states in which the coherence falls to very low
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TABLE I
COHERENCE ANDHEIGHT ERROR FOR THEPLANAR SURFACE(B = 1 )

values (close to 0.7 and 0.6). These low coherence values are
produced by nulls of the copolar and crosspolar backscatter sig-
natures of the target. Those polarizations with low backscatter
return lead to coherences that are influenced by the SNR.

The comparison between these results has been performed
on the basis of their statistics. Fig. 5 illustrates the coherence
and interferometric phase histograms corresponding to the four
interferograms shown in Fig. 3, and Table I presents the mean
coherences and the corresponding phase and height standard
deviations. As we can see, the coherence value measured in
the HH basis is lower than that expected from (1) and (4),
even if the height of the volume scatterer is taken into account.
This additional degradation in the coherence can be caused
by multiple reflections or shadowing phenomena between
scatterers, when these effects are different for both antenna
positions [19], [22]. A polarimetric decomposition carried out
on this target has proven that its average scattering mechanism
exhibits high entropy and is dominated by multiple scattering.
Moreover, the type of scattering mechanism (described by the
mean alpha angle [6]) changes between the two interferometric
acquisitions. After applying the optimization algorithm, the
interferometric coherence is close to one, and the resulting
height error has been drastically reduced. As shown in Table I,
the coherence obtained with the polarimetric optimization algo-
rithm is higher than that obtained by selecting the polarization
state that maximizes the coherence maps (PSM). In fact, this
result was expected, because the scattering mechanisms (
and ) obtained by solving the optimization problem
correspond to linear combinations of polarization states that
can be different for both images in contrast
to the PSM, where the same polarization state is employed in
both images.

We have also proved experimentally that these conclusions
can be generalized for different baselines. Fig. 6 presents the
interferometric coherence obtained after applying the proposed
coherence optimization techniques for various baselines. For
scalar interferometry, there is an important degradation of the
interferometric coherence as the baseline increases, but after ap-
plying the polarimetric optimization, the coherence gets close
to one for all baselines. It means that it is possible to use longer
baselines in order to improve the height accuracy while keeping
the coherence high. It can also be noted that the results obtained
by solving the polarimetric optimization are better than those
obtained with the PSM as the baseline increases. Again, the
reason is that the scattering behavior of the observed surface
changes substantially as the difference between the two inci-
dence angles increases and consequently, the optimum coher-
ence can be given by applying different polarization basis trans-
formations to each SAR image.

Fig. 6. Interferometric coherence as a function of the baseline for a planar
rough surface of gravel. Comparison between the two HH images (dotted),
obtained after removing the disjointed parts of the spectra (dash-dotted), which
were obtained from the subspace method (dashed), and the images resulting
from the polarimetric optimization algorithm (solid).

IV. EXPERIMENTS ONVEGETATION HEIGHT ESTIMATION

Three vegetation samples with different morphological struc-
tures (see photographs on Fig. 7) were measured in the fol-
lowing experiments.

1) Maize sample: a stand of young plants of maize
about 1.8 m high, uniformly planted in a square container
with side length 2 m. The plants show a green vertical
fresh trunk with a diameter of about 4 cm. The stems carry
wide leaves from a height of 40 cm up to the top. The
leaves are about 30–40 cm long and 7–8 cm wide and are
oriented at around 45with respect to the trunk.

2) Cluster of young fir trees: a stand of nine young fir
trees about 1.8 m high, regularly planted in a round
container with diameter 2.4 m. The trees are very close
together. The structure of each tree is cone-shaped, with
no branches in the upper 20 cm. The branches bear 2–3
cm needles showing a brush-like distribution.

3) Rice sample: a stand of rice plants about 0.6 m
high, uniformly distributed in a square container with side
length 1 m. Each plant presents a cluster of green stems
or long leaves that originates directly from the ground. In
the upper half of the sample, these stems are notably bent
and oriented in a random fashion. The leaves are about
2 cm wide. The soil was flooded to replicate the natural
conditions of rice crops.

Note that, in contrast to other measurements previously per-
formed at the EMSL, the ground under the plants was not cov-
ered by microwave absorbers. In this way, the ground interac-
tion with the plants, which plays a key role in the backscatter
response and is crucial to the height estimation algorithm, is
present on the data.

The set-up employed in this case is different from that used
in conventional SAR interferometry, since the whole vegetation
sample must be confined inside a single resolution cell in order
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Fig. 7. Photographs of the vegetation samples: maize (top), cluster of young
fir trees (center), and rice (bottom).

to apply the algorithm and, as a result, there is only one pixel
in each image. Consequently, spatial averaging cannot be per-
formed. Instead, two alternative averaging techniques have been
used. The first consists in rotating the target in azimuth in order
to obtain independent samples. The selected angular step de-
pends on the working frequency and the target size. The second
is known as frequency averaging or frequency agility and is
based on collecting the radar returns from nonoverlapping fre-
quencies. Both techniques are equivalent to some extent, as ex-
plained in [26].

Two kinds of scanning geometries have been employed.
The first consists in measuring the backscattering at a few
closely-spaced incidence angles, and rotating the sample in

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 10to 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 is noa
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.

The first experiment was carried out on the maize sample. The
incidence angle ranged from 44to 45 , with a step of 0.25,
and the target was rotated in azimuth with a step of 5, thus ob-
taining 72 independent samples. The frequency span was 0.7 to
9.5 GHz. The reflectivity images were computed with a narrow
bandwidth (40 MHz) in order to enclose the whole target in-
side the resolution cell, and the wavenumber shift was applied
to avoid the dependence on ground-range, as suggested in [9].
The height estimation results as a function of the frequency are
shown in Fig. 8 for baselines of 0.25and 0.5. The displayed
frequency range is limited to L-band, S-band, and C-band be-
cause at shorter wavelengths, some ambiguities arise in the re-
sults due to the large baselines that have been used. For each
frequency, the plotted result is averaged over all combinations
of incidence angles with the chosen baseline (i.e., four for 0.25
and three for 0.5).
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Fig. 8. Height estimates versus frequency for the maize sample at L-band,
S-band, and C-band. Top:B = 0:25 . Bottom:B = 0:5 .

It is interesting to test the performance of the algorithm as
a function of frequency and baseline. This is an important fea-
ture that can only be studied with facilities like the EMSL. In the
case of maize, the penetration is quite high at all bands in the mi-
crowave region (even at X band), and the plants are short enough
for the radar to be able to penetrate down to the ground, which is
of crucial importance for retrieving the true height of the sample.
The estimates shown in Fig. 8 present quite a complicated de-
pendence on the working frequency. An inspection of the es-
timation procedure gives us some possible reasons for these
varying estimates. Any change in the estimates is produced by:
1) a displacement (absolute or relative to the other mechanisms)
of the phase center of a mechanism when the frequency changes,
and/or 2) an interchange in the physical meaning of the scat-
tering mechanism, which can produce a swap in their relative
order. In general, the height estimates are higher for the baseline
of and mainly at high frequencies. There is a band around
3–4 GHz, where the estimates change their trend for both base-
lines. This phenomenon may be caused by a change in the order
of the optimum scattering mechanisms. The rest of the fluctu-

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
values of the individual mechanisms.

The justification of these estimates is the subject of an
ongoing research. Anyway, some preliminary hints can be
derived from a physical model of the target. At these angles of
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 ana priori 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
copolar and crosspolar coherences as a function
of every polarization state . These coherence maps corre-
spond to the maize sample at 3.5 GHz for a baseline of 0.25.
In this case, the copolar coherence signature presents two dif-
ferent local maxima and

, whereas the crosspolar case exhibits one maximum at
, which in the plot is repeated due to the

symmetries commented in Section II. Fig. 10 shows the height
values obtained for every polarization state corresponding
to those copolar and crosspolar coherence functions presented
in Fig. 9. The final estimate is derived by extracting the max-
imum height difference between these three polarization states.
For this particular frequency, the estimated height is 0.4 m.

Table II shows the height estimates for the maize sample at
three different frequencies (L-band, S-band, and C-band) and
two different baselines (0.25and 0.5). In most cases, the es-
timates are quite dissimilar. An interpretation of these discrep-
ancies has not been found yet.

The second experiment dealt with the cluster of young fir
trees. The measurement was performed from 1 to 10 GHz, with
25 elevation incidence angles ranging from 39to 51 and a
step of 0.5. As before, the bandwidth used in the image re-
construction was 40 MHz. This measurement corresponds to an
ISAR imaging experiment and therefore, the rotation in azimuth
did not cover the whole circle. There were two separate azimuth
spans of 12with a step of 0.5. By looking at independence cri-
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Fig. 9. Coherence maps for all(�; �) polarization states, corresponding
to the maize sample at 3.5 GHz, using a baselineB = 0:25 . Top: copolar

 (�; �). Bottom: crosspolar
 (�; �).

teria, six samples were taken in azimuth for all frequencies. A
frequency averaging was also performed in the ensemble pro-
cessing and multilook by using the samples at nine nonover-
lapped bands, thus yielding 54 independent samples.

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 optimization
algorithms. The retrieved values are very low. This is reason-
able, because the scattering properties of such a target are ho-
mogeneous in the whole volume and so do not present a clear
distribution of different behaviors as a function of height. More-
over, as justified in [28], for such a target, the backscatter return
from the ground-trunk interactions at this incidence is very low
in contrast to the response of the green needles. Finally, as sug-
gested in a recent publication [30], for volumes with a random
distribution of particles (without any preferred orientation), po-
larimetry has a little contribution in this estimation method. This
is also true because of the low return from the ground. Instead,

Fig. 10. Height maps for all(�; �) polarization states, corresponding to
the maize sample at 3.5 GHz, using a baselineB = 0:25 . Top: Copolar

 (�; �). Bottom: Crosspolar
 (�; �).

TABLE II
HEIGHT ESTIMATES FOR THEMAIZE SAMPLE (IN METERS)

for a very oriented volume as maize is, this method is expected to
work better. Note that a first estimation of a parameter related to
the differential extinction coefficient between orthogonal polar-
izations (which is fundamental for the success of this technique
[30]) was presented in [28].

The last experiment corresponds to the rice sample. This
sample is shorter than the other two (only 60 cm high), so it is
not expected to present ambiguities at high frequencies. As in
the case of the cluster of fir trees, the measurement was origi-
nally planned for 3-D ISAR imaging and thus, the ensemble is
performed by combining both frequency and spatial averaging.
The frequency ranged from 1.5 to 9.5 GHz, and the baseline
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Fig. 11. Height estimates versus frequency for the cluster of young fir trees
at S-band and C-band.B = 0:5 .

Fig. 12. Height estimates versus frequency for the sample of rice at S-band,
C-band, and X-band.B = 0:5 .

was 0.5. The bandwidth employed in the image reconstruction
was 80 MHz. There were three independent samples by azimuth
rotation at each frequency, and nine frequency sub-bands were
used in the averaging, thus leading to 27 independent samples.
As a result, the final estimates present a higher variance.
Fig. 12 shows the estimates for S-band, C-band, and X band.
The selected elevation incidence angles are 44to 46 , for
comparison with the previous examples.

The estimates are within the expected range, but present
strong relative variations between frequencies. For example,
at 2–3 GHz, the retrieved height is almost zero, whereas at
around 4.5 and 7 GHz, it is about 25 cm. In general, it can be
anticipated that at low frequencies, the estimates may be less
reliable, because the backscatter return is strongly dominated
by the ground-stem interaction, whereas the response from the
above-ground leaves is quite low. At higher frequencies, the
leaves start to exhibit a high response, so the target backscatter
presents two scattering mechanisms (ground-stem and leaves)

TABLE III
MEAN VEGETATION HEIGHT ESTIMATIONS (IN METERS)

at different heights, and the retrieval procedure may yield better
results.

All the results on vegetation height retrieval obtained by the
coherence optimization are summarized in Table III. Only the
average values are presented, because the variance is dependent
on the type of ensemble averaging, which was different for each
experiment. From the interpretation of the results in this sec-
tion, it is evident that somea priori knowledge of the target
morphology is needed to convert the estimated heights into ab-
solute heights of the samples. This is because the method only
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.

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
DEM generation can be drastically reduced within a wide range
of baselines by using the optimization algorithm. With respect
to vegetation, the presented results have been validated against
ground truth data. The algorithm can estimate height without a
DEM, since it measures the relative height differences between
layers of plants or trees. In addition, an alternative simplified
approach of the optimization algorithm has been presented for
illustrating the working principle of polarimetry with applica-
tion to interferometry.

Regarding the extraction of vegetation height, aspects such as
the effect of multiple scattering on the retrieved position of the
phase centers and the influence of differential extinction coef-
ficient between orthogonal polarizations have not yet been an-
alyzed. In order to study these topics, numerical and/or analyt-
ical models for different kinds of vegetation must be employed.
Moreover, a deeper analysis of the precise relationship between
the architecture of the samples (dielectric geometry) and the re-
trieved heights is needed for a correct interpretation and justifi-
cation of the results. In order to do that, an alternative selection
of scattering mechanisms to form the interferograms, based on
the physical properties of the target and not on the coherence op-
timization, could be employed. For example, the elements of the
scattering matrix (HH, HV, and VV), or the Pauli spin matrices
(HH VV, HH VV, HV), may be chosen because they exhibit
a clear physical meaning (odd bounces, even bounces, etc.).

Further outdoor work is planned to evaluate the coherence
optimization technique when temporal decorrelation is present.
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This measurement campaign will use the fully polarimetric
wide-band scatterometer developed at the Universitat Politèc-
nica de Catalunya (UPC), Barcelona, Spain [31].

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