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Abstract– Polarimetric SAR interferometry (PolInSAR) is an efficient remote sensing technique that allows to extract forest
heights by means of model-based inversion. Recently, there have been plenty of researches on the retrieval of vegetation
parameters by single frequency single baseline PolInSAR, such as the ESPRIT method and three-stage inversion method.
However, these methods have several shortcomings which tend to underestimate the forest height due to attenuations of
the electromagnetic waves in the ground medium. In order to overcome these shortcomings, an improved three-component
decomposition technique using PolInSAR image is proposed in this paper. By means of coherence set and a Newton-Raphson
method, the proposed method improves the accuracy of forest height estimation. The proposed algorithm performance is
evaluated with simulated data from PolSARProSim software and L-band PolInSAR image pair of Tien-Shan test site which
is acquired by the SIR-C/X-SAR system.

Keywords– PolInSAR, Target decomposition, Adaptive decomposition, forest height estimation, Newton-Raphson method,
coherence set.

1 Introduction

Polarimetric SAR Interferometry (PolInSAR) was first
developed in 1997 using SIR-C L-band data [1]. It
provides a useful tool for forestry parameters retrieval
as it bears capabilities of both interferometric SAR and
polarimetric SAR [2]. The polarimetric information can
reflect the geometric structure and the physical charac-
teristic of a target. Especially, polarimetric and interfer-
ometric SAR data have been desired for forest biomass
estimation. PolInSAR has been widely noticed for next
generation of SAR remote sensing technology. Several
techniques have been proposed for the forest height
estimation using single baseline PolInSAR approach,
such as ESPRIT (Estimation of Signal Parameters via
Rotational Invariance Techniques) method [3, 4], three-
stage inversion method [5]. The three-stage inversion
process is one of the most successful processes for
inversion of forestry parameters using PolInSAR im-
age, in which ground topography can be retrieved by
using line fit and vegetation bias removal in stage 1
and stage 2, respectively. The three-stage process is
used as the basis of estimating two other parameters,
height and extinction. However, in three-stage inver-
sion method, the estimation of ground phase is time-
consuming and not very accurate. In addition, the three
-stage inversion method requires multiple parameter
least-square estimation which is complex and often be-
comes ill-conditioned. The ESPRIT technique can detect
local scattering centers corresponding to the canopy top
and ground in the forest area but detection accuracy of
the technique becomes worse for dense forest regions
due to strong volume scattering component.

This paper presents an improved three-component
decomposition approach. Firstly, the ground topo-
graphic phase is estimated by means of coherence
set [6]. Second, the parameters of the volume scattering
component are determined by solving the cubic equa-
tion and the parameters of the dihedral scattering and
surface scattering components are determined by the
Newton-Raphson algorithm after the volume scattering
component is removed. Finally, the forest height is
estimated by phase differencing.

The organization of this paper is as following. In
Section 2, we present the elementary scattering mecha-
nisms for polarimetric interferometric observations and
general volume scattering model. The improved three-
component decomposition technique and estimation of
forest parameters are proposed in Section 3. The exper-
imental results of the proposed method with simulated
data and space-borne data are presented and discussed
in Section 4. Finally, the conclusion and future work are
drawn in Section 5.

2 Elementary Scattering Mechanisms

and General Volume Scattering Model

A full polarimetric interferometry system measures
for each resolution element in the scene from two
slightly different look angles, two scattering matrices
[S1] and [S2]. In the case of backscattering in a reciprocal
medium, the 3-D lexicographic scattering vectors ~kL1

and ~kL2 are given by

~kL1 = [S1HH , S1HV , S1VV ]
T ;~kL2 = [S2HH , S2HV , S2VV ]

T

(1)
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The complex information measured by the SAR sys-
tem can be presented in form of three 3× 3 complex
matrices [C11], [C12] and [C22] formed by using outer
products of ~kL1 and ~kL2 as

[C11] = 〈~kL1
~k∗TL1
〉,

[C22] = 〈~kL2
~k∗TL2
〉, (2)

[C12] = 〈~kL1
~k∗TL2
〉,

where 〈·〉 denotes the ensemble average in the data pro-
cessing, and ∗ denotes the complex conjugation. [Cii]
(i = 1, 2) are the conventional Hermitian covariance
matrices that describe the polarimetric properties for
each image separately, while [C12] is a non-Hermitian
complex matrix that contains polarimetric and interfer-
ometric information.

In this paper, the cross correlation matrix [C12] will be
expressed as the sum of three matrices accounting for
the contributions of surface [CS], double bounce [CD]
and volume [CV ] as follows:

[C12] = [CS] + [CD] + [CV ] (3)

In which the component matrices are represented as
follows:
a. Surface scattering model

The scattering matrix of Bragg surface for master and
slave images can be expressed in simplified form as
in [7, 8] [

S1
S

]
=

[
S1

HH 0
0 S1

VV

]
(4)

and [
S2

S

]
=

[
S2

HHe−jφS 0
0 S2

VVe−jφS

]
(5)

where φS denotes the interferometric phase for the
surface scattering. We assume that the phase of the co-
polarized components are the same for both images. In
case of the C13 entry of the surface scattering matrix,
(6) is obtained in [7, 8]

C13 =
〈

S1
HH
(
S2

VVe−jφS
)∗〉

=
〈∣∣S1

HH
∣∣ ejϕ1h

∣∣S2
VV
∣∣ e−jϕ2v ejφS

〉
=

〈∣∣S1
HH
∣∣ ∣∣S2

VV
∣∣ e−jϕHV ejφS

〉
,

(6)

where the equivalence
∣∣S1

HH
∣∣ =

∣∣S2
HH
∣∣ = |SHH | and∣∣S1

VV
∣∣ =

∣∣S2
VV
∣∣ = |SVV | are assumed and ϕHV =

ϕH − ϕV is the phase difference between the different
polarization channels. Therefore, the covariance matrix
for the surface scattering contribution is expressed as
in [7, 8]

CS =

 |SHH |2 ejφS 0 |SHH | |SVV | ej(ϕHV+φS)

0 0 0
|SHH | |SVV | ej(−ϕHV+φS) 0 |SVV |2 ejφS


= FS

|β|2 0 β∗

0 0 0
β 0 1

 , (7)

where FS and β are defined as: FS = |SVV |2ejφS and

β =
|SHH |
|SVV |

ej(ϕH−ϕV).

b. Double bounce scattering model
The double bounce scattering component is modeled

by scattering from a dihedral corner reflector, including
a double scattering interaction between the ground and
tree-trunk or stem, where the reflector surface can be
made of different dielectric materials.

The double-bounce scattering matrix [CD] is given as
in [7, 8]

CD = FD

|α|2 0 α
0 0 0
α∗ 0 1

 , (8)

where
FD = |RGV RTV |2 ejφD

and
α =

RGH RTH
RGV RTV

ej(ϕV−ϕH),

in which φD denotes the interferometric phase, and
ϕV − ϕH is the phase difference between the different
polarization channels. RGH and RGV are the horizon-
tal and vertical Fresnel reflection coefficients of the
ground surface. Similarly, the vertical trunk surface has
reflection coefficients RTH and RTV for horizontal and
vertical polarizations, respectively. These coefficients
are assumed to be equal for master and slave images.
c. General volume scattering model

In the case of vegetation model, the co-polar and
cross-polar responses are uncorrelated and cross-polar
response is generated by volume scatters [9, 10]. Un-
der the reflection symmetry assumption for reciprocal
media, general volume scattering model obeys the fol-
lowing expression [11].

[CV(δ)] =
1

3
2 (1 + δ)−

√
δ

3

 δ 0
√

δ/3
0 1+δ

2 −
√

δ
3 0√

δ/3 0 1


(9)

with δ = 〈|SHH |2〉/〈|SVV |2〉.
The Equation (9) is applied to the PolSAR data.

However, PolInSAR image is a coherent combination of
two polarimetric SAR images by means of interferom-
etry. PolInSAR combines the advantage of polarimetric
SAR (PolSAR) and interferometric SAR (InSAR). So the
scattering process from a random volume for PolSAR
and PolInSAR is similar. With PolInSAR data, the am-
plitude of the scattering coefficients does not change
for both images, being the difference just in the phase
term. This phase term will have two contributions: the
difference due to the complex scattering coefficient in
case of using different polarizations ϕH − ϕV and the
interferometric phase related with the position in the
vertical coordinate φV . Note that the phase center of
the volume scattering will be assumed the same for all
polarizations [7, 8]. So, the volume scattering matrix is
described as

CV = FV [CV(δ)] , (10)

where FV = | fv|ejφv with fv corresponds to contribution
of the volume scattering component.

Under the reflection symmetry assumption for recip-
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rocal medial, it is assumed that |S1HH | = |S2HH | =
|SHH | and |S1VV | = |S2VV | = |SVV |. Thus, with PolIn-
SAR data, coefficient δ is expressed as

δ =
〈
|S1HH |2

〉
/
〈
|S1VV |2

〉
=
〈
|S2HH |2

〉
/
〈
|S2VV |2

〉
.

(11)

3 Improved Three Component

Decomposition Technique for Estimating

Vegetation Height

3.1 Ground Topography Estimation by Means of
Coherence Set

Three-stage inversion process is a traditional way to
retrieve forestry parameters by using PolInSAR image.
However, it has some disadvantages, in which the
estimation of ground phase is time-consuming and not
very accurate. The inversion process employs several
typical polarizations, such as HH, VV, HV, HH + VV,
HH − VV . . . to do the least square line fit for the
extraction of the line segment. Then one of the pair
phases is selected as the underlying ground topo-
graphic phase by vegetation bias removal. However,
errors could be introduced in this ground topography
estimation method since limited number of coherences
is usually applied in line fit, while a large number
of coherences will increase computational cost. The
coherence set method is proposed to overcome short-
comings which occur in three-stage inversion process.
The topography will be estimated directly from the
data itself and unambiguous values will be obtained by
using all the polarimetric variations of interferometric
coherence without increasing computational cost. Thus,
the coherence set method yields more accurate results
than the three-state inversion process when estimating
the ground phase.

For fully polarimetric SAR systems, the generalized
vector expression for the coherence γ̃ is given by [1, 2]

γ̃(ω1, ω2) =
ωH

1 Ω12ω2√
ωH

1 T11ω1ωH
2 T22ω2

(12)

Another representation of PolInSAR data, called co-
herence set, was presented in [12], in which a set whose
members are the coherences for all the possible polar-
izations is used. With the assumption that projection
vectors are equal (ω1 = ω2 = ω), coupled with approx-
imation that T11 and T12 are similar (T11 = T12 = T),
the approximate coherence set is given:

Γapp =
{

wHΠw : wHw = 1, w ∈ C3
}

(13)

with Π = T−1/2Ω12T−1/2 and w =

√
Tω

ωH
√

Tω
.

Equation (9) is closely related to the numerical range
(NR) of a square matrix A ∈ C3×3

F(A) =
{

xH Ax : xHx = 1, x ∈ C3
}

(14)

Hence, NR of Matrix Π can be considered as the
coherence set region.

According to azimuth symmetry in natural dis-
tributed area

(〈
ShhS∗hv

〉
= 〈ShvS∗vv〉 = 0

)
, Π can be

rewritten as [12]:

Π =

a b 0
c d 0
0 0 e

 =

[
B

e

]
, a, b, c, d ∈ C, B ∈ C2×2

(15)
NR hull of the complex 2 × 2 matrix B in Equa-

tion (11) is an ellipse with foci at the eigenvalues λ1 and
λ2 of B (arg(λ1) > arg(λ2)). Π has three eigenvalues
λ1, λ2 and e. In fact, point e is an approximation of γ̃hv,
while λ1 and λ2 are related to γ̃hh and γ̃vv. As we can
see, λ2 is always near the topography eiφ0 , hence there
are two line structures (λ1 λ2 and eλ2) in the coherence
shape. Usually it is assumed that HV is taken to be com-
plex volume coherence, as this channel is dominated
by volume scattering. Using these properties, linear
structure of the polarimetric variation of interferometric
coherence can be estimated by simply linking point e
and eigenvalue λ2, and then the ground topography
can be retrieved using one of the intersections of the
line and the unit circle.

3.2 An Improved Three Component Decomposition
Method Extracting the Parameters of Three
Scattering Components

Simple replacement of three scattering terms in Equa-
tion (3) by Equations (7), (8) and (10) provides the new
formula as

[C12]− Fv [CV(δ)] =

|α|2FD + |β|2FS 0 αFD + β∗FS
0 0 0

α∗FD + βFS 0 FD + FS


(16)

We see that the determinant of the matrix on the right
is zero. Hence, the above formula can be rewritten as
follows: ∣∣ [C12]− Fv [CV(δ)]

∣∣ = 0 (17)

Based upon the generalized model for volume scat-
tering in (9), we develop (17) into a cubic equation. This
equation is formed to find the parameters of the volume
scattering component.

At first we analytically derived the solutions of this
equation and f v will correspond to the solution which
has the greatest value. Power of volume scattering
component can be derived by the coefficient f v and
the canopy phase φv can be defined as

φv = max {arg(Fv1, Fv2, Fv3)} , (18)

where Fvi, (i = 1, 2, 3) are the solutions of the cubic
equation.

Secondly, when the proper fv and φv are selected, we
can remove the volume scattering component from the
original cross correlation matrix. The remainder matrix
is presented as

[Cremainder] = [CS] + [CD]

=

|α|2FD + |β|2FS 0 αFD + β∗FS
0 0 0

α∗FD + βFS 0 FD + FS

 .

(19)
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Figure 1. Improved adaptive decomposition algorithm for single
pixel.

As can be seen in matrix [Cremainder], there appear
four complex unknowns and four complex observables,
since Cremainder(1,3) 6= Cremainder(3,1). Equation (19) lead
to a determined nonlinear equation system. Therefore,
to determine the rest of unknown parameters α, β,
FD, FS simultaneously, a Newton-Raphson algorithm
is implemented. Hence, power contribution for surface
and double bounce component can be estimated as
in [4]. Assuming that the double-bounce mechanism is
located at ground level [5], the topographical phase is
therefore regarded as the phase of FD. So, the double-
bounce scattering phase is used as the initial input
parameter to the Newton-Raphson algorithm, which,
in turn, is used to solve the nonlinear equation system
for target decomposition.

Finally, we repeat both above steps for each pixel in
image. After retrieving FS, FD and, FV , the forest height
by phase differencing can be expressed as:

hv =
φV − φ0

kz
, (20)

where kz, φV , φ0 are vertical wave number, canopy
phase and surface phase respectively.

However, phase centre can lie any where between
halfway and top of the layer, and hence in general the
true height is underestimated. This can be overcome by
employing a coherence amplitude correction term. By
combining these two terms with a scaling parameter
η, we then obtain an accurate height algorithm that
can compensate variation in structure, as shown in
Equation (21):

h =

(
φv − φ0

kz

)
+ η

π − 2 arcsin
(
|γ̃vol(~ωv)|0.8

)
kz

(21)

The first term represents the phase coherence while
the second term is the coherence amplitude correction.

Figure 2. Pauli image on RGB coding of the RVoG stand.

This expression has the right kind of behavior in two
important special cases. If the medium has a uniform
structure function, the first term will give half the
height but the second will then also obtain half the true
height (if we set η = 0.5). At the other extreme, if the
structure function in the volume channel is localized
near top of the layer, then phase height will give the
true height, and the second term will approach zero.
That is the reason why the weight is set as η = 0. To
reduce the error from change of extinction coefficient
and the vertical structure, we select η = 0.4 [13].

The algorithm of scattering component estimation is
summarized in Figure 1.

4 Experimental Result

To illustrate the technique, we shall apply the improved
three-component decomposition algorithm to a data
set acquired from PolSARProSim software by Mark L.
Williams [14], as well as a pair of L-band PolInSAR im-
ages of Tien-shan test site by the SIR-C/X-SAR system.

4.1 Simulated Data
First, we attempted to validate the proposed algo-

rithm by using simulated PolSARproSim data. The
PolSARproSim calculates simulated SAR imagery of
model forest stands. We simulated an L-band scenario,
which is named HEDE, with a forest height of 10 m,
at 1.3 GHz and at 30 degree angle of incidence consid-
ering different soil conditions and averaging window
sizes. The azimuthal slope is 0.1%, whereas the range
slope is 0.2%. The interferometer is operated at 10.6
m horizontal and −6.1 m vertical baseline. The forest
stand occupies a 0.7854 Ha area and stand density is
360 stem/Ha. Azimuth and slant range resolution are
1.0 m and 0.5 m, respectively.

Figure 2 shows a red, green, blue (RGB) coding Pauli
image of the RVoG scenario considered with 181 pixels
in range and 215 pixels in azimuth, and the red line
indicates the transection analyzed in this section.

Figure 3 is a plot of the forest height estimation of
the proposed approach compared with the three-stage
inversion process along the transect line.
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Table I
Forest Height Estimation for Two Approaches.

Parameter Forest height hv [m] Ground phase φ0 [rad] Average errors [m] RMSE (hv) [m]

True 10 -0.148 0 0

Three - stage inversion 8.5676 -0.1160 1.4324 2.7052

Proposed method 9.6800 -0.1350 0.3200 2.5641

Figure 3. Plot of the height extraction comparison.

Table I indicates forest height estimation by using the
proposed method and three stage inversion process.
Compared with the actual 10 m tree height, Figure 3
and Table I indicate that the proposed approach is
more accurate and has fewer errors than the three-
stage inversion method. In the three-stage inversion
method, the inversion of forest height can be divided
into three stages. The ground phases are extracted
in the first two stages by using the line fit method.
The forest heights are estimated in the last stage. In
these stages, we usually assume that there is not any
ground scattering component in the HV channel, and
let volume decorrelation be γ̃est,v ≈ γ̃HV exp(−jφ0).
We can construct a look-up table (LUT) of volume
coherence γ̃vol as a function of forest height hv and the
extinction coefficient σ. By comparing γ̃est,v with the
LUT, we can then obtain the forest height estimation.
When γ̃est,v ≈ γ̃vol , forest height will be assigned to
the given value. Thus, in Figure 3, approximate height
values are assigned to a given value and this is the
cause of the upper threshold value. Additionally, this
method requires that the vertical structure and the
temporal decorrelation are neglected and the minimum
ground-to-volume scattering ratio needs to be lower
than −10 dB to secure around 10% accuracy [15]. The
accuracy of estimating these parameters depends on
model predictions [5, 16]. Therefore, the estimation
of forest height and extinction by using three-stage
method are not reliable. Based on mathematical ba-
sis, the proposed method detected the volume scatter-
ing after applying the Freeman-Durden decomposition
technique. So, the accuracy of canopy phase estimation
is improved remarkably. We can say that the forest
height estimation by using improved three-component

(a)

(b)

Figure 4. Amplitude contributions of three scattering mechanisms to
(a) HH and (b) VV with highest roughness

decomposition technique is more accurate and reliable
than its by using three-stage inversion process.

Figure 4 corresponds to the amplitude of the three
scattering mechanisms contributing to the HH (4a)
and VV (4b) channel. As shown, in both HH and
VV channel, the amplitude response is dominated by
the volume scattering but the double-bounce scattering
component is also remarkable. In addition, the double-
bounce scattering component is low for the VV corre-
lation (as predicted by theory), and it is not dominant
in the HH channel.

The forest height estimation of the volume scattering
and surface scattering component along transection line
are shown in Figure 5. We show that almost all height
estimation of surface scattering are very low. However,
they have height greater than zero at some pixels due
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Table II
Parameters Estimation for Two Different Scenes using Proposed Method.

Scene 1 (DECIDUOUS) Scene 2 (PINE)

True Proposed method True Proposed method

Ground Phase φ0 [rad] 0.0212 0.0306 -0.0136 -0.0224

Forest height hv [m] 10 10.2364 15 15.4465

Average errors [m] 0 0.2364 0 0.4465

RMSE (hv) [m] 0 1.7716 0 2.5875

Figure 5. The forest height estimates for two scattering components.

to the soil roughness, moisture conditions and terrain
slope. This figure shows that the actual forest heights
are quite well retrieved. The forest height estimation of
the volume scattering are in the range of 5 to 15 m and
have an average value of approximately 10 m. There-
fore, the forest heights are very accurately estimated.

The result of the proposed method is shown in Fig-
ure 6. In this figure, it is shown that almost the peaks of
the height are located at approximately 10 m. The actual
forest heights are quite well retrieved, except some
pixels are overestimated but all of the forest heights in
these pixels are less than 22 m. Hence, we can say that
the results are acceptable. Consequently, the proposed
method provides relative accuracy with small error, and
is more accurate for vertical structural variations.

Changes in the scene parameters can be noticed by
means of the proposed approach. Table II shows the
estimation of forest parameters when tree species is
PINE and DECIDUOUS. When different tree species
are used, the attenuation of electromagnetic through
the canopy layer becomes stronger, and the direct
ground backscatter that grows into it is also noticeable.
Therefore, the forest height and ground phase become
overestimated, but these results approximate true val-
ues. From Table II, we can say that the forest height
and ground phase estimation by using the proposed
method is accurate and reliable.

4.2 Space Borne PolInSAR Data

In this section, the proposed algorithm is also tested
with space-borne data. The data set using for testing

Figure 6. The forest height is estimated by proposed algorithm.

proposed method is acquired from a pair of SIR-C
single look complex (SLC) images of the Tien-shan test
site by the SIR-C system. This region has a mixed
forestry, road and agricultural area. They consist of
quad-pol interferometric data at L- band with a 24.569
degree angle of incidence and 13 m baseline.

Figure 7(a) is the optical image of the test site,
Figure 7(b) is a composite image of the test site in the
Pauli basis, with 500 pixels in range and 500 pixels
in azimuth. The analysis has been performed on the
azimuth transect. Along this transect, we can identify
three types of scenes: red areas denote bare surfaces
like agriculture and road, green areas represent forest.

The amplitude contributions of the three scattering
mechanisms are shown in Figure 8(a) and 8(b). For the
VV-pol cross-correlation channel, the volume scattering
is the most dominant source of scattering. For the
HH-pol cross-correlation channel, the double-bounce
mechanism is relatively high but it is not dominant due
to the relative roughness of terrain, volume scattering is
also dominant in forested areas. In comparison with the
VV channel, double-bounce scattering increased. This is
consistent with the definition of Fresnel coefficients, in
which the HH contribution exceeds the VV contribu-
tion.

Figure 9(a), 9(b) and 9(c) show the decomposed
power images of surface (Ps), double-bounce (Pd) and
volume scattering (Pv) of the data by the proposed
algorithm respectively. In figure 9(b), we found out that,
the double-bounce scattering components in boundary
forest and road areas are stronger than those of the
forest and agricultural areas. In contrast, the volume
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(a) (b)

Figure 7. The Test site in Tien-Shan: a) Optical image b) Pauli decomposition of test site.

(a) (b)

Figure 8. Amplitude contributions of the three scattering mechanisms to the (a) HH, (b) VV cross correlation.

(a) (b)

(c)

Figure 9. Results of the improved three-component decomposition. (a) Power image of PS , (b) Power image of PD and (c) Power image of PV.
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Table III
Forest Parameters Estimation for Evaluation Area.

Average height [m] Fraction fill canopy (rh) RMSE (hv) [m] Ground phase [rad]
18.1940 0.4250 4.4986 0.0081

Figure 10. The forest height is estimated by proposed algorithm.

scattering components are more intense in forest and
agricultural areas, as we observe in Figure 9(c).

The result of the proposed algorithm is shown in
Figure 10. Comparing Figure 10 with Figure 7(a), we
found out that, the height is estimated to be very low
in the road areas. This result is consistent with the
actual terrain.

Figure 11 shows a three-dimensional perspective of
the estimated height by the proposed algorithm. In
this figure, it is shown that almost the forest height is
located in the range between 12 m and 30 m. The mean
forest height is 18.1940 m. Table III shows the forest
height estimation using the proposed method for the
test site area.

5 Conclusion

In this paper, an accuracy enhancement method of
vegetation height estimation using the improved three-
component decomposition technique has been pro-
posed. The accurate topographical phase of forest ar-
eas has been estimated by coherence set. This phase
was then used as the initial input parameter of the
Newton-Raphson method. By using this method, we
can not only obtain relative accuracy for height esti-
mation but also estimate power contributions of each
scattering component. Simulated and spaceborne data
have been used for testing the proposed algorithm
and its potential has been analyzed also in compari-
son with the three-stage inversion method for height
estimation. These preliminary results show that the
proposed model is effective for analysis of forest areas
with PolInSAR image. Experimental results indicate
that vegetation parameters can be retrieved directly
and accurately. In the future, more experiments using
different data of different fields will be done and the
enhancement performance of proposed algorithm will
be studied.

Figure 11. 3-D view of forest height.
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