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Advantage of the ESPRIT Method in Polarimetric
Interferometry for Forest Analysis

Koichi SATO', Student Member, Hiroyoshi YAMADA',

SUMMARY  Polarimetric SAR interferometry has been suc-
cessful and attractive for forest parameters (tree height and
canopy extinction) estimation. In this paper, we propose to use
the ESPRIT algorithm to extract the interferometric phase of
local scatterers with polarimetric and interferometric SAR data.
Two or three local scattering waves can be extracted at each im-
age patch when a fully polarimetric data set (HH, HV, VV) is
available. Furthermore, the ESPRIT can estimate two dominant
local scattering centers when only a dual polarimetric data set
(e.g., VV and VH) is provided. In order to demonstrate effective-
ness the proposed techngiue, we examined the relation between
local scattering centers extracted by this method and complex
coherence of the coherent scattering model for vegetation cover.
The results show that the three-wave estimation can be more
accurate than the two-wave case. The extracted interferometric
phases with full and dual polarization data sets correspond to
effective ground and canopy scattering centers. In this investiga-
tion, SIR-C/X-SAR data of the Tien Shan flight-pass are used.
key words: ESPRIT algorithm, SAR interferometry, radar po-
larimetry, polarimetric interferometry, forest

1. Introduction

Recently, radar polarimetry and SAR interferometry
have been applied to forest parameter estimation in
microwave remote sensing [1]-[5]. Conventional SAR
interferometry [2] can create accurate terrain topogra-
phy. The SAR interferometry is sensitive primarily to
the vertical structure of vegetated land surface [8]. On
the other hand, radar polarimetry is sensitive essen-
tially to the shape, orientation and dielectric constant
of vegetation scatterer, Hence, polarimetric interferom-
etry is more sensitive to distribution of the oriented
scatterers than either radar polarimetry or interferom-
etry alone.

Papathanassiou and Cloude have utilized these
properties to coherent scattering model of structure
over forested terrain, and proposed the polarimetric
SAR interferometry [7],[9],[10]. The coherence model
based on the complex coherence optimization leads to
the inversion algorithm for forest parameter estimation
such as tree height, underlying topography and aver-
age extinction [7],[10]. However we must solve a com-
plex nonlinear parameter optimization problem in this
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method. Furthermore, fully polarimetric and interfero-
metric data sets are required to solve the problem [10].

On the other hand, Yamada et al. have proposed an
alternative technique based on the ESPRIT algorithm
[13] which is known as a high-resolution Direction-of-
Arrival estimation technique with an antenna array
[11]. When we apply the method to polarimetric and
interferometric SAR data analysis, we can directly ex-
tract forest parameters (phase of effective scattering
centers) without solving nonlinear equations [11]. Re-
maining forest parameters [10] can be easily calculated
when we estimate interferometric phase of the ground
and canopy, uppermost layer of the forest.

The objective of this paper is to show advantage
of the ESPRIT algorithm in polarimetric and interfer-
ometric SAR analysis. The method can resolve local
scattering centers according to number of the indepen-
dent polarization channels. This means that we can
extract three local scattering centers with a fully po-
larimetric data set, and two with a restricted dual po-
larimetric data set. When the forest structure has dom-
inant scattering centers corresponding to the ground
and canopy top, the ESPRIT algorithm can extract
them correctly. This is the case of the ideal coherence
model. In such a case, we can apply the method to
restricted dual polarization data sets as well as fully
polarimetric ones. This is one of the advantages of the
ESPRIT method. When we consider the distribution of
leaves and branches in the actual canopy, we may some-
times say that their distribution is not uniform and has
additional scattering center(s) in the canopy layer. The
ESPRIT algorithm can resolve an additional scattering
center in the fully polarimetric analysis. Hence influ-
ence of such a nonuniform distribution in the ESPRIT
estimation will be decreased with three scattering cen-
ter analysis.

ALOS/PALSAR, which will be launched in 2004, is
equipped with not only the polarimetric mode but also
the fine mode (dual polarization mode). The ESPRIT
algorithm will be one of the useful analysis tools for the
forthcoming data sets.

The paper is organized as follows. In Sect.2, we
summarize the concept of coherence optimization tech-
nique and the coherent scattering model in the po-
larimetric SAR interferometry [6], [10]. Section 3 de-
scribes the estimation method based on the ESPRIT
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algorithm.  Section 4 shows the results obtained by
the proposed and the conventional methods, and dis-
cuss their relation. Furthermore, the advantage of the
ESPRIT method is discussed. Finally, in Sect.5, we
present the conclusions.

2. Coherent Analysis in Polarimetric Interfer-
ometry

2.1 Coherence

Fully polarimetric and interferometric system can mea-
sure eight scattering signals using two independent lin-
early polarized antennas at each end of the baseline.
Assuming reciprocal scattering, i.e., E(1V) = E(VH),
their polarimetric information can be expressed by the
following scattering vectors ki and ks [6]:

E;HH) n vav)
E£u11) _ gV

(3

opHV)

1 .
— , d=1lor2 (1)
V2
Interferometric coherence between all of these polari-
metric combinations can be expressed by using the fol-
lowing coherency matrices,

T, = <k1k{"’>, (2)
Ty = (kaki"). (3)
Q= <k1kg”"> (4)

where * and 7 indicate complex conjugation and trans-
pose operation, respectively. T'1; and Ty represent
polarimetric properties, while 15 contains both po-
larimetric and interferometric information. Then intro-
ducing two complex unitary weight vectors w, and wo,
that can be interpreted as the scattering mechanisms,
the complex coherence is defined by [6]

3 (wiTQpws)

Y(w) = : (5)

\/<w1‘TTMw1> <’U7§TTQQ’LU2>

2.2 Coherence Optimization

The optimized coherence is obtained by finding scatter-
ing mechanisms, w; and w,, that maximize the inter-
ferometric coherence defined in Eq. (5). This is equiva-
lent to solve complex eigenvalue problems with common
eigenvalues v;, [6]
—1 — 1T
Ty Q2T Qpwy; = Viwn, (6)
—1leysT' -1
Toy Q5 T Quows; = vyws,. (7
The eigenvalues are real. The optimized coherence is
given by the maximum eigenvalue Y02 = /Timag. Us-

ing the eigenvalues, Eqs. (6) and (7) can also be rewrit-
ten as follows:
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T Q0:T5, Q7
= v (wwiih) + ve(wiowy ")
+ l/:z(101:3101§T)s (8)
TQ_QIQTQTTIIIQH
= vi(wawa}") + va(waowal!)
+ v3(wazwa3"). (9)

Equations (8) and (9) show that the coherence opti-
mization algorithm decompose three independent scat-
tering mechanisms and phase centers which is given by
the three pairs of the eigenvectors (wy;, wo;). It is often
called coherent scattering decomposition [6]. In forest
observations, if the characteristic polarization state of
the volume scattering in the canopy layer is orthogonal
to that of the ground scattering, the algorithm leads to
the effective forest height.

2.3  Coherence Model in Forest

For forest observation at L- and P-Band radars, the
received signals contain both the ground and canopy
scattering components. Then, when simple random
volume scatterings are assumed due to spatially dis-
tributed particles such as leaves and branches in canopy
over ground, the complex coherence can be written by
(7). [10]
Yv + m(w)

5 — o v 10
f(w) =e 14+ m(w)’ (10)

where ¢p is an underlying topographic phase, v is
the complex coherence due to volume scattering, and
m(w) is ratio of the ground to the volume scattering
amplitudes. Temporal decorrelation is assumed to be
negligibly small. The coherence model is a function
of the ground-to-volume scattering ratio m(w) where
w denotes the unitary scattering mechanism vector [7].
Equation (10) can be also rewritten as

(1=3v)|. (11)

5 — %0 | A, ‘ITL_(’U))
w) =e vt 1 4+ m(w)
This equation shows that any 7 (w) appear on a straight
line passing through the point 4y with direction (1 —
Yv) in the complex plane. This geometrical represen-
tation is shown in Fig.1. Therefore, the observable
coherences, denoted by F(w), J(w2), and F(ws) as
examples, lie on the this line.

In the extreme case m = oc or m = 0, we can
obtain the coherence of the ground or the canopy scat-
tering only. The typical ground reflection components
are single bounce reflections by the ground and two
double bounce reflections (the ground-trunk reflection
and the ground-canopy reflection). The ideal canopy
modeled as random dipole clouds has completely de-
polarized component only. As the results, polarization
state of the volume scattering is orthogonal to that of
the ground scattering in this ideal model [7].
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Fig.1 Geometrical representation of the coherence model.

2.4 Parameter Inversion

Inversion problem of forest parameters based on
Eq. (10) has six unknowns (¢o,¢v, Fv ], m1, me, m3).
In this problem, ¢y is the key parameter which de-
termines the effective forest height. However the in-
dependent observables with fully polarimetric inter-
ferometric system are three complex coherences (e.g.,
HH, HV(=HV), VV or three the optimized coherences).
Therefore, we have to solve the six-dimensional nonlin-
ear optimization problem defined by [7], [10]

el o
N e]@v
st
min Y | — [M] :’nvl| , (12)
T3 Mo
ms

where the operator [M] indicates the physical scatter-
ing model. The inversion algorithm often employs three
optimized coherences provided by the coherence opti-
mization in order to improve the solving condition [10].

3. ESPRIT Method

In this section, we assume repeat-pass observation of
forest region. Figure 2 shows the interferometric geom-
etry in this case. The observed backscattered data can
be modeled by the sum of dominant scattering centers
located on the ground and in the canopy. Thus the re-
ceived signals using kl polarization (e.g., HH, HV and
VV) in orbit-1 and orbit-2 may be written by [11]

d
B = Za,,:sgkl)ej%p + n{F (13)
=1
d
~ v 4 -
F,‘g“) = Zaisgu)e’T(”A”') + 'néu) (14)
i=1
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scattering center of canopy

scattering center of ground

Fig. 2
model.

Interferometric geometry of two scattering centers

where d denotes the number of extracting dominant
component in the local patch, o; is the complex am-
plitude of the i-th scattering wave, and SEM) is the po-
larization state of i-th local scatter in kl polarization.
Each polarization state is assumed to be normalized
with respect to o;. p and Ap; are the slant-range dis-
tance from the orbit-1 to the range bin, and the slant-
range difference of the scatter, respectively. n(lkw and
ném are the additive noise of kl channel at orbit-1 and
orbit-2, respectively.

Rewriting Eq. (13) and (14) in vector notation, we
obtain

E 1T
EIZ{EWH),E{H”,EEV”] =So+n;, (15
J J T
B, = [ B{". 5| =$Dony (10)

the M x d matrix S contains the polarization state of
each local scatter. o is a d x 1 vector of the complex
amplitudes o,e747P/X “and D is a d x d diagonal matrix
whose element contains phase differences between orbit-
1 and orbit-2, i.e., interferometric phase. ni and ns
are the noise vectors. In the followings, we explain
an outline of the TLS (Total Least Square) ESPRIT
briefly.

In the TLS-ESPRIT algorithm [13], the total over-
all vector x and its correlation matrix R, are defined

o~ [2] = [sp]+ ] 7

R.. <a:m*T> ) (18)

The eigenvalues of R, have following property
c= doar(= %), (19)

where CT?V is the noise power, and M indicates the num-
ber of paired (M = 4 in Eqs.(13) and (14)). The

M > > Ay > A1 = -
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number of dominant scatterer can be estimated by
this property. In forest regions, there are more than
two dominant eigenvalues. Therefore it is possible
to extract two or three scattering waves using fully-
polarimetric data sets.

The matrix D can be estimated using the eigen-
vectors, ey, - - -, eg, that correspond to dominant eigen-
ralues. The eigenvectors relate to the matrices D and

S such that
é F] . SC

where C'is a d X d non-singular matrix. Here, we define
a matrix F'io as

le1,en, -

Fiy = [Fy, F3). (21)

There exists a unique 2d x d matrix G which satisfies
the following equation

0: F]QG:FlGl "FQGQ

= STG, + SDTG,, (22)
Gy .
G- { GJ . (23)

The matrix G spans the null-space of F5. Defining a

matrix W:

v =-G Gyt (24)
and substitutes it into Eq. (22), we obtain

SC¥ = SDC. (25)
From these results, D can be easily given by

D=cCcvC™ L (26)

Therefore, the eigenvalues A7, - -, A/, of ¥ equal to each

of interferometric phase ¢,
¢ = arg(\}). (27)

Note that the algorithm is applicable to restricted
dual-polarization data sets [12]. In this case, the ob-
served data vectors in Egs. (15) and (16) may be re-
define as

/ T

oll ~(pol2 ~

E, = [El(p ),hlU )J (28)
. AT

By = | B B (29)

where pol; and pols indicate usable polarization chan-
nels (e.g., HH, HV).

4. Experimental Results

In this section, we show availability of the ESPRIT al-
gorithm for extracting the interferometric phase of lo-
cal scatterers in forest with full or restricted dual po-
larization data sets. In order to show the estimation
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Evaluated area

Fig.3 L-Band total power image of the Tien-Shan flight-path.
The rectangular region shows the extracted area for the evalua-
tion in the forest.

accuracy, we show the relation between local scatter-
ing centers estimated by the ESPRIT method and the
complex coherences [10] by the conventional technique.
The data are the repeat-pass fully polarimetric and in-
terferometric data pairs at L-Band in the Tien-Shan
flight-path acquired by the SIR-C/X-SAR system on
October 8 and 9, 1994. The evaluated area is shown
in Fig. 3. The forest area is located at lower left of the
image, and the farmland area is extended from the cen-
ter to upper region. Also, are shrub-land areas in the
upper part around the Selenga River.

To examine the coherence scattering model, we
plot the HH-HH, HV-HV and VV-VV coherences and
the three optimum coherence values [6] in the complex
plane. In the following graphs, we plot three optimized
coherences introduced by Ref.[6] as “opt.1,” “opt.2.”
and “opt.3.” These coherences can be obtained by max-
imizing coherences in changing the polarization state
of observations. The optimized coherences have the
relation:(Yopr.1| > [Jopr2l = [Fopr.sl. (Please see [6] for
the details.) Furthermore, the interferometric phases
estimated by the ESPRIT method are marked by par-
tially painted circle markers in Fig. 4(a) and triangular
markers in Fig. 4(b) at the related phase location on the
unit circle in the complex plane. These phases directly
correspond to ¢, in (27). Note that the ESPRIT can
estimate only interferometric phase of the local scatter-
ers. To estimate effective tree height, the phase infor-
mation (@o. ¢y ) shown in Fig. 1 is required only [10].
The patches 1 and 2 were selected in the “Evaluated
area” in Fig. 3. Here, we first apply 4 (1 range and 4
azimuth) multi-look processing to decrease speckle and
phase noise effect. Additional 16 multi-look processing
(ensemble average) is also applied to evaluate R.. in
(18) for the ESPRIT analysis.
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Fig.4 Distribution of the interferometric phases estimated
by the ESPRIT method and the complex coherence values at
patch 1.

Since each of the coherences locates on a straight
line in Figs.4 and 5, it can be said that the coherence
model holds at each patch. The local interferometric
phases extracted by the ESPRIT method with d = 2
correspond to the effective ground and canopy scatter-
ing centers based on the coherence model, respectively
(Fig.4(a)). Almost the same results can be obtained
with d = 3 as shown in Fig. 4(b).

On the other hand, the first component by the ES-
PRIT method with d = 2 is different from the ground
scattering center with the coherence model at the patch
2 as shown in Fig. 5, and the phase difference between
the 1st and the 2nd components is small clearly, the
ESPRIT algorithm contain bias in this case. This is be-
cause when there exist more than two scattering centers
or the widely distributed canopy scattering centers, the
two scattering center model is not adequate for the ES-
PRIT estimation. However, it can be improved using
three scattering waves extraction (d = 3). It is useful
when the power of canopy or ground scattering center
has lower than the trunk. Therefore, the accuracy of
three-wave estimation is higher than two-wave estima-
tion. Note that the 3rd component is the noise when
there are only two dominant scatterer at the patch.
Hence, selection of suitable number of scattering cen-
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Fig.5 Distribution of the interferometric phases estimated
by the ESPRIT method and the complex coherence values at
patch 2.

ters is important.

Next, the two-wave extractions with restricted
dual polarization data sets are carried out at the patch
1, according to Egs. (28) and (29). Figures 6(a), (b)
and (c) show the estimated scattering centers. The
ESPRIT.1 and the ESPRIT.2 shown in these figures
correspond to the estimated effective scattering centers
on the ground and in the canopy, respectively. The
“ESPRIT.2” in Fig. 6(b) has almost the same phase as
“ESPRIT.2” in Figs.6(a) and (c). They correspond
to phase of canopy scattering center. However, “ES-
PRIT.1” corresponding to phase of the ground scatter-
ing center in Fig. 6(b) was slightly biased in comparison
with those in Figs.6(a) and (c). This may be caused
by the low Signal to Noise Ratio (SNR) or the differ-
ence of dominant scattering centers at each of the po-
larizations. Comparing the dual polarization results in
Figs. 6 with the fully polarimetric result in Fig. 4, it can
be said that the combination of HH and VV data sets
(Fig. 6(a)) provides almost the same results as those in
Fig. 4. According to Figs. 6, the estimated phases of the
ground by the ESPRIT (“ESPRIT.1”s) did not agree
well. This can be considered that polarization state of
each local scatterer is quite different, hence the selection
of combination largely affect the estimation accuracy.
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Fig.6 Distribution of the interferometric phases estimated by
the ESPRIT method with dual-polarization data sets and the
complex coherence values at patch 1.

The results in this patch show that the ground contribu-
tion is weak in HH and HV data, and strong in VV data.
Figure 7 shows histograms of differential phase between
the ground and canopy of overall forest area in F ig. 3.
The forest area can be discriminated by the eigenvalue
distribution in (19) [11]. As shown in this figure, results
of the dual polarimetric analysis with HH and VV data
set and th fully polarimetric analysis agree well. Due
to low SNR of the HV data set, the available patches
for the ESPRIT analysis decrease, however, peaks of
the curves still coincide with the others. These results
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Fig.7 Histogram of the estimated phase difference between
the ground and canopy by the ESPRIT algorithm.

show the possibility of estimation in restricted dual po-
larization data sets. The detection performance of the
dual polarization analysis depends on the combination
of polarization, however, the ESPRIT method can de-
tect correct scattering centers using suitable polariza-
tion data sets. Selection of optimal polarization combi-
nation would be important problem for obtaining good
estimation. This will depends on spatial distribution of
canopy scattering centers, or state of forest (e.g., dense
or sparse). Quantitative evaluation of estimation accu-
racy in dual polarization data sets will be done in near
future.

5. Conclusions

In this paper, we showed the performance of the ES-
PRIT algorithm for interferometric phase extraction
of local scattering waves. The relation between local
scattering centers directly estimated by the ESPRIT
method and coherent scattering model is investigate
to show the validity of the method. As a result, the
three-wave estimation by the ESPRIT method can be
more accurate than two-wave and their extracted inter-
ferometric phases correspond to effective ground and
canopy scattering centers, which lies on a straight line
of the coherence model in the complex plane, respec-
tively. Furthermore, the estimation with the dual po-
larization analysis works properly as well as the two-
wave extraction with full polarization data sets. These
results are also verified using the data sets acquired by
DLR’s E-SAR system at L-Band. Hence, the ESPRIT
method are widely available to various data sets such
as acquired by the ALOS/PALSAR mission which will
be launched in 2004.
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