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Abstract – A new method is proposed to recover the
electric properties and water content of ground soil by
applying the Target Decomposition (TD) theory for Po-
larimetric Synthetic Aperture Radar (PolSAR) images.
The proposed method depends on the ε-σ characteris-
tic curves of the soil which are unique for each soil
type at a specific frequency. This method is examined
for the clayey type soil which is found in most natu-
rally vegetated land areas. Also, a novel method is de-
veloped for the realistic simulation of PolSAR images of
natural lands, including forest regions, grasslands, and
bare lands being prepared for gardens or crop cultiva-
tion. This method is based on the reverse of the PolSAR
TD theory. The numerical results presented in this pa-
per are concerned with the characterization of the most
common type of clayey soil. Also, some of the numeri-
cal results presented in the present paper aim to achieve
realistic PolSAR datasets using the inverse TD theory.
Finally, some numerical results are presented for quanti-
tative assessment of the method proposed to recover the
properties and water content of the clayey soil using the
datasets which are obtained through realistic simulations
of forested areas, gardens, grasslands, and bare lands be-
ing prepared for cultivated plants. It is found, through
the numerical investigations and quantitative assessment,
that the dielectric constant, electric conductivity and wa-
ter content of the investigated clayey types of soil are
accurately estimated.

Index Terms – PolSAR, soil properties, target decompo-
sition.

I. INTRODUCTION
The electric properties of the soil are of great impor-

tance in production agriculture. The dielectric constant
and soil electric conductivity are measures of the amount
of water content and salts in the soil. The soil’s elec-
tric properties are important indicators of soil fertility
and soil health. It affects crop yields, crop suitability,
plant nutrient availability, and the activity of soil mi-
croorganisms, which influence key soil processes includ-
ing the emission of greenhouse gases such as nitrogen
oxides, methane, and carbon dioxide. For certain non-
saline soils, determining the electric conductivity can be
a convenient and economical way to estimate the amount
of nitrogen available for plant growth [1].

In another field, many of the methods applied for
the detection of buried landmines and unexploded ordi-
nance make use of electromagnetic signals penetrating
the land soil. The Ground-Penetrating Radar (GPR) is
considered the most promising technology for this pur-
pose because of its ability to detect both metallic and
non-metallic anti-personnel landmines by non-invasive
subsurface sensing. However, the electric properties of
the soil medium are critical parameters for buried ob-
ject detection using the GPR because they control the
contrast between the buried object and the soil in which
it is buried. Additionally the electric properties of the
soil control propagation, attenuation, and reflection of
electromagnetic waves. Under some soil conditions, the
landmine signature is of high quality while under others
no signature can be detected at all [2].

Soil moisture is the quantity of water contained
in soil on a volumetric or gravimetric basis [3, 4].
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Soil moisture influences meteorological and climatic
processes, although surface soil moisture only consti-
tutes 0.0012% of all water available on the earth [5].
Soil moisture is important in modeling the ecosystem
dynamics and the biogeochemical cycles but it has not
had widespread application in modeling these processes
because it is a variable that is very difficult to measure
a spatially comprehensive basis [6]. The soil moisture
gives also important information for agriculture irriga-
tion. An accurate estimate of the spatiotemporal varia-
tions of soil moisture is critical for numerous large-scale
environmental studies [7]. The large spatial and tempo-
ral variability that soil water content exhibit in the natural
environment is the characteristic that makes it difficult to
measure and use in earth science applications.

The use of radar data to retrieve soil moisture is
of considerable importance in many domains, includ-
ing agriculture, hydrology, and meteorology [6]. Despite
many advantages that can be derived from the knowledge
of soil moisture distribution, the measurement of soil
moisture has a few limitations. However, the measure-
ment of soil moisture not only depends on target char-
acteristics such as surface roughness, vegetation cover,
dielectric constant, and topography but also depends on
various combinations of the radar sensor parameters in-
cluding frequency, polarization, and angle of incidence
(θ ) with respect to nadir [9]. The measurements de-
pend on the separation of the effects of water content
and other factors such as surface roughness or soil tex-
ture which affect the backscattered signal. Unfortunately,
most of the studies deal with the relationships obtained
between the backscattering coefficient and soil moisture
for a given set of radar configuration parameters. In [9],
the soil moisture is estimated approximately from the mi-
crowave backscattering coefficients for the case of bare
soil. In [10], soil surface parameters are retrieved from
fully polarimetric SAR data.

Polarimetric Target Decomposition (TD) enables the
physical interpretation of synthetic aperture radar (SAR)
images more easily by fitting physical models of electro-
magnetic scattering to the PolSAR observations [11].

The theory of TD formulates the total scattering
from a ground target as the sum of elementary scatter-
ing mechanisms to interpret the scattering from a land
target as the weighted contributions of multiple physical
mechanisms. This facilitates the identification, recogni-
tion, and classification of possible land targets with dis-
tinguishing polarization features.

In this paper, a novel method is applied to estimate
the electric properties and the water content of ground
soil using the TD theorem and the ε-σ characteristic
curves of the soil which are unique for each soil type at
a specific frequency. The proposed method is examined
for clayey soil found in most naturally vegetated land

areas. Also, a novel method is developed in the present
paper for realistic simulation of PolSAR images for nat-
ural lands including forest regions, grasslands, and bare
lands being prepared for gardens or crop cultivation. This
method is based on the reverse of the PolSAR TD theory.
The numerical results presented in this paper are con-
cerned with the characterization of the clayey soil found
in most of the natural lands, especially the vegetal re-
gions. Also, some numerical results are presented to get
datasets for a novel technique that is proposed for the re-
alistic simulation of PolSAR images. Finally, some nu-
merical results are presented for quantitative assessment
of the method proposed for the estimation of the elec-
tric properties and water content of the clayey soil found
in the forested areas, gardens, grasslands, and bare lands
being prepared for cultivated plants.

II. ELECTRIC PROPERTIES OF THE
GROUND SOIL OF CLAYEY TYPE

Clayey soil is the most common type of ground soils
found in vegetal natural lands such as the natural grass-
lands, forest regions, and the soils prepared for cultivated
crops. Clay is a type of fine-grained natural soil mate-
rial that contains hydrous aluminum phyllosilicates (clay
minerals) that develops plasticity when wet. Geologic
clay deposits are mostly composed of phyllosilicate min-
erals containing variable amounts of water trapped in the
mineral structure. Clays are plastic due to particle size
and geometry as well as water content and become hard,
brittle, and non–plastic upon drying or firing. Water does
not percolate quickly enough through clayey soil. The
water needs a relatively long time to soak into the earth.
If the clayey soil is watered too much all at once, wa-
ter just runs off and is wasted. Moreover, the clayey soil
types retain water well and, hence, should be watered
less frequently. The excess water should be gotten away
otherwise the plants’ roots are drowned.

The dielectric constant of the ground soil (εg) is
complex and can be given as follows:

εg = εrg− jεig. (1-a)
The imaginary part of the relative permittivity is ex-

pressed in terms of the soil conductivity, σg, as follows:

εig =
σg

2π f ε0
. (1-b)

The electric properties of the most common types
of ground soils are dispersive with the frequency. It
has its complex dielectric constant varying with the fre-
quency. The electric properties of the soil are, also,
strongly dependent on its volumetric water content and
the continuous change of the soil water content leads
to simultaneous continuous and monotonic variations of
real dielectric constant, εrg, and conductivity, σg [12].
At any microwave frequency, the two electric proper-
ties εrg and σg are strongly correlated, which allows
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a mathematical relation between them to be calculated.
This enables the expression of σg as a single-valued
function of εrg as follows:

σg = F(εrg). (2)
Given a microwave frequency, the ε-σ characteristic

curve expressed in (2) is unique for each type of soil and
provides important information that describes the rela-
tionship between the real dielectric constant, εrg, and the
electric conductivity, σg, at the frequency of operation.
These characteristic curves have great importance for the
recovery of the electric properties and water content of
the soil using the technique introduced in this work.

III. POLSAR TARGET DECOMPOSITION
FOR ESTIMATION OF SOIL PROPERTIES

AND WATER CONTENT
The covariance matrix of the PolSAR data is given

by (A.1) of the Appendix. This covariance matrix is nor-
malized, as given in (A.7) of the Appendix, and it has a
unity ratio of the backscattered power, i.e. the summation
of its main diagonal elements is equal to 1; hence:

σ̂
2
P = σ̂

2
hh +2σ̂

2
hv + σ̂

2
vv = 1. (3)

The PolSAR target decomposition theory with five-
component scattering model [13] can be applied to get
the following expansion of Σ̂:

Σ̂ = asĈs +adĈd +avĈv +awĈw +ahĈh, (4)
where Ĉs, Ĉd , Ĉv, Ĉw, and Ĉh are the normalized basis
covariance matrices used to decompose Σ̂ and represent
the basic scattering mechanisms due to single bounce
of the incident wave on the rough soil surface, double-
bounce on right-angle corners, volume scattering, wire
(edge) scattering, and helix scattering. The expressions
of these matrices are supplied in the appendix.

In the present analysis, due to the use of normalized
covariance matrices on both sides of (4), the power bal-
ance implies that the coefficients as, ad , av, aw, and ah
are real unknown coefficients and, also, requires:

as +ad +av + aw + ah = 1. (5)
The contributions of wire and helix scattering mech-

anisms to the PolSAR data result from the human made
structures which are usually found in urban areas. Such
constituents are not found in natural lands such as
forested regions grasslands, bare (unplanted) soil areas,
deserts, sea surfaces, etc. Under this consideration, one
can set ah = ae = 0 in (5). Thus, the decomposition of
the normalized covariance matrix of the PolSAR data
collected for the ground regions with natural land cov-
ers can be achieved using the following scattering model
that is based on the three natural scattering components:

Σ̂ = asĈs +adĈd +avĈv, (6-a)
with the following condition which is necessary for
power balance:

as +ad +av = 1. (6-b)

Using the expressions of the normalized basis
covariance matrices Ĉs, Ĉd , and Ĉv, supplied in the ap-
pendix, the application of (6) results in the following sys-
tem of equations:

σ̂
2
hh =

|β |2

1+ |β |2
as +

|α|2

1+ |α|2
ad +

3
8

av, (7-a)

2σ̂
2
hv =

1
4

av, (7-b)

σ̂
2
vv =

1

1+ |β |2
as +

1

1+ |α|2
ad +

3
8

av, (7-c)

σ̂
2
hh,vv =

β

1+ |β |2
as +

α

1+ |α|2
ad +

1
8

av, (7-d)

where the expression for α and β supplied in the ap-
pendix.Considering that α = αr + jαi and β = βr + jβi,
the nonlinear system of equations (7) can, generally, be
seen as composed of five real equations in seven real un-
knowns (as, ad , av, αr, αi, βr, and βi). Thus, the solution
of such a system may result in an infinite number of pos-
sible and acceptable solutions unless other constraints re-
lated to the ground soil properties are imposed to get the
correct solution for the seven unknowns.

IV. THE PROPOSED METHOD FOR
ESTIMATION OF SOIL PROPERTIES AND

WATER CONTENT
The most common three types of natural lands (see

Fig. 1) are investigated in the present work: the forest
regions, grasslands, and bare soils. The forest regions
need a three-component scattering model for the decom-
position of the covariance matrix as the contribution of
the single-bounce, double-bounce, and volume scattering
should all be considered in the PolSAR data. The grass-
lands need a two-component scattering model due to the
contributions of the single-bounce and volume scatter-
ing. The bare soils need a single-component scattering
model as only the single bounce of the incident wave
on the rough soil surface of the bare land constitutes the
SAR data.

a given look angle (𝜃௜), this parameter depends on the 
complex relative permittivity of the soil and that of the 
tree trunks. The complex dielectric constant of a tree 
trunk measured at the trunk surface is usually constant 
for a specific frequency and is weakly dependent on the 
water content of the tree [14]. Thus, for a specific tree 
type, the parameter 𝛼 is strongly dependent on the 
complex relative permittivity of the ground soil 
(𝜖௥௚, 𝜎௚). As the electric parameters (𝜖௥௚, 𝜎௚) of a 
ground soil of a specific type are determined by its water 
content, parameters 𝛼 and 𝛽 can be uniquely determined 
by the water content of the ground soil beneath the 
vegetation. 

 

 
 
Fig. 1: The most common types of natural ground: 
Bare soils, grasslands, and forest regions.  
 
A. Estimation of Electric Properties and Water 
Content of the Ground Soil of Forest Regions 

Regarding the decomposition of 𝛴෠ given by (6) for 
all types of natural land covers, it should be considered, 
for the forest regions, that 𝑎௦ ് 0 due to the significant 
contribution of the single bounce of the incident wave 
on the rough soil surface beneath the forest trees, 
𝑎ௗ ് 0 due to strong contribution of double-bounce 
on the right-angle corners formed by the horizontal 
ground surface and vertical tree trunks, and 𝑎௩ ് 0 
due to the volume scattering from the huge tree 
canopy layer. Thus, the three components of 
backscattering are all present in the PolSAR data of 
the forest regions. 
Considering 𝒂𝒗 ൌ 𝟖𝝈ෝ𝒉𝒗

𝟐  as given by ሺ7-bሻ, the system of 
equations given by (7) can be reduced to take the 
following form: 

𝑎௦ ൅  𝑎ௗ ൌ 1 െ 8𝜎ො௛௩
ଶ , ሺ8-aሻ

ଵି|ఉ|మ

ଵା|ఉ|మ  𝑎௦ ൅
ଵି|ఈ|మ

ଵା|ఈ|మ  𝑎ௗ ൌ 𝜎ො௩௩
ଶ െ 𝜎ො௛௛

ଶ , ሺ8-bሻ
𝛽

ଵା|ఉ|మ  𝑎௦ ൅
ఈ

ଵା|ఈ|మ  𝑎ௗ ൌ 𝜎ො௛௛,௩௩
ଶ െ  𝜎ො௛௩

ଶ . ሺ8-cሻ

In this case, the system ሺ8ሻ can be seen as composed 
of four real equations and six real unknowns (𝑎௦, 𝑎ௗ, 
𝛼௥, 𝛼௜, 𝛽௥, and 𝛽௜ሻ. It seems that, unless other 
constraints are imposed, the system given by ሺ8ሻ 
cannot have a unique solution. Using ሺ8-aሻ and ሺ8-bሻ, 

the coefficients 𝑎௦ and 𝑎ௗ can be obtained in terms of 
the other complex unknowns 𝛼 and 𝛽 as follows: 

𝑎௦ ൌ 1 െ 8𝜎ො௛௩
ଶ െ

ఙෝೡೡ
మ ିఙෝ೓೓

మ ି 
భష|ഁ|మ

భశ|ഁ|మ
൫ଵି଼ఙෝ೓ೡ

మ ൯

భష|ഀ|మ

భశ|ഀ|మ
ି

భష|ഁ|మ

భశ|ഁ|మ
 

 , ሺ9-aሻ

𝑎ௗ ൌ
ఙෝೡೡ

మ ିఙෝ೓೓
మ ି

భష|ഁ|మ

భశ|ഁ|మ
൫ଵି଼ఙෝ೓ೡ

మ ൯

భష|ഀ|మ

భశ|ഀ|మ
ି

భష|ഁ|మ

భశ|ഁ|మ
 

, ሺ9-bሻ

A third complex equation can be formulated as a quantity 
𝛿ி being equal to the difference between the left-hand 
and right-hand sides of (8-c), where: 

𝛿ி ൌ
𝛽

1 ൅ |𝛽|ଶ 𝑎௦ ൅
𝛼

1 ൅ |𝛼|ଶ  𝑎ௗ

െ ሺ𝜎ො௛௛,௩௩
ଶ െ 𝜎ො௛௩

ଶ ሻ 
.ሺ10ሻ

The coefficients 𝑎௦ and 𝑎ௗ can be substituted from ሺ9ሻ 
into ሺ10ሻ to get 𝛿ி completely expressed in terms of 
𝛼 and 𝛽 which are uniquely determined by 𝜖௥௚ and 𝜎௚ 
as given by ሺA.9ሻ and ሺA.10ሻ, respectively. In this way, 
the problem is formulated as follows: Find the values of 
𝜖௥௚ and 𝜎௚ to get 𝛿ி ൌ 0. Thus, a complex equation 
given by ሺ10ሻ in two real unknowns ሺ𝜖௥௚ and 𝜎௚ሻ is 
formulated. A constraint on the relation between the 
two unknowns is given by the 𝜖-𝜎 characteristic 
curve, expressed in ሺ2ሻ, that uniquely characterizes 
the soil beneath the vegetation. In this way, a unique 
solution for 𝜖௥௚ and 𝜎௚ can be obtained by minimizing 

𝛿ி given by (10), and, then, the 𝜖-𝜎 characteristic 
curve can be used to uniquely determine the water 
content of the soil. Also, the parameters 𝛼 and 𝛽 can be 
calculated using ሺA.9ሻ and ሺA.10ሻ, respectively, and 
substituted into ሺ9ሻ to get the unknown coefficients 
𝑎௦ and 𝑎ௗ. Thus, the contribution of each of the three 
scattering mechanisms is determined by the triplet 
(𝑎௦, 𝑎ௗ, 𝑎௩) and, hence, the imaged land is classified. 
 
B. Estimation of Electric Properties and Water 
Content of the Ground Soil of Grasslands 

Regarding the expansion of 𝛴෠ given by (6) for 
natural land covers, it should be considered, for the 
grasslands, that 𝑎௦ ് 0 due to the significant 
contribution of the single bounce of the incident wave 
on the rough soil surface beneath the grass leaves, 
𝑎ௗ ൌ 0 due to absence of double-bounce, and 𝑎௩ ് 0 
due to the volume scattering from the dense leaves of 
the grass. Thus, for grasslands, the normalized 

covariance matrix 𝛴෠ has only two components of 
scattering and can be decomposed as follows: 

𝛴෠ ൌ 𝑎𝑠𝐶෠𝑠 ൅ 𝑎𝑣𝐶෠𝑣 ሺ11ሻ

For grown grasslands, 𝑎௦ ് 0 and 𝑎௩ ് 0 and, hence, 
the application of (11) results in the following system of 
equations: 

Fig. 1. The most common types of natural ground: Bare
soils, grasslands, and forest regions.

Parameter β , appearing in (7), is related to the sin-
gle bounce of the incident wave on the rough surface of
the ground soil. As given in the appendix, for a given
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look angle (θi) of the SAR, this parameter is uniquely de-
termined by the complex relative permittivity of the soil
(εrg, σg). On the other hand, the parameter α , appear-
ing in (7), is related to the double-bounce of the incident
wave on the right-angle corners formed by the horizontal
surface of the ground soil and the vertical surface of the
tree trunks. As given in the appendix, for a given look
angle (θi), this parameter depends on the complex rela-
tive permittivity of the soil and that of the tree trunks.
The complex dielectric constant of a tree trunk measured
at the trunk surface is usually constant for a specific fre-
quency and is weakly dependent on the water content
of the tree [14]. Thus, for a specific tree type, the pa-
rameter α is strongly dependent on the complex relative
permittivity of the ground soil (εrg, σg). As the electric
parameters (εrg, σg) of a ground soil of a specific type
are determined by its water content, parameters α and β

can be uniquely determined by the water content of the
ground soil beneath the vegetation.

A. Estimation of electric properties and water content
of the ground soil of forest regions

Regarding the decomposition of Σ̂ given by (6) for
all types of natural land covers, it should be considered,
for the forest regions, that as 6= 0 due to the significant
contribution of the single bounce of the incident wave
on the rough soil surface beneath the forest trees, ad 6= 0
due to strong contribution of double-bounce on the right-
angle corners formed by the horizontal ground surface
and vertical tree trunks, and av 6= 0 due to the volume
scattering from the huge tree canopy layer. Thus, the
three components of backscattering are all present in the
PolSAR data of the forest regions.

Considering av = 8 σ̂
2
hv as given by (7-b), the sys-

tem of equations given by (7) can be reduced to take the
following form:

as + ad = 1−8σ̂
2
hv, (8-a)

1−|β |2

1+ |β |2
as +

1−|α|2

1+ |α|2
ad = σ̂

2
vv− σ̂

2
hh, (8-b)

β

1+ |β |2
as +

α

1+ |α|2
ad = σ̂

2
hh,vv− σ̂

2
hv. (8-c)

In this case, the system (8) can be seen as composed
of four real equations and six real unknowns (as, ad , αr,
αi, βr, and βi). It seems that, unless other constraints are
imposed, the system given by (8) cannot have a unique
solution. Using (8-a) and (8-b), the coefficients as and ad
can be obtained in terms of the other complex unknowns
α and β as follows:

as = 1−8σ̂
2
hv−

σ̂2
vv− σ̂2

hh−
1−|β |2

1+|β |2
(
1−8σ̂2

hv

)
1−|α|2

1+|α|2
− 1−|β |2

1+|β |2

, (9-a)

ad =
σ̂2

vv− σ̂2
hh−

1−|β |2

1+|β |2
(
1−8σ̂2

hv

)
1−|α|2

1+|α|2
− 1−|β |2

1+|β |2

. (9-b)

A third complex equation can be formulated as a
quantity δF being equal to the difference between the
left-hand and right-hand sides of (8-c), where:

δF =
β

1+ |β |2
as +

α

1+ |α|2
ad− (σ̂2

hh,vv− σ̂
2
hv). (10)

The coefficients as and ad can be substituted from
(9) into (10) to get δF completely expressed in terms of
α and β which are uniquely determined by εrg and σg as
given by (A.9) and (A.10), respectively. In this way, the
problem is formulated as follows: Find the values of εrg
and σg to get δF = 0. Thus, a complex equation given by
(1) in two real unknowns (εrg and σg) is formulated. A
constraint on the relation between the two unknowns is
given by the ε-σ characteristic curve, expressed in (2),
that uniquely characterizes the soil beneath the vegeta-
tion. In this way, a unique solution for εrg and σg can be
obtained by minimizing δF given by (10), and, then, the
ε-σ characteristic curve can be used to uniquely deter-
mine the water content of the soil. Also, the parameters α

and β can be calculated using (A.9) and (A.10), respec-
tively, and substituted into (9) to get the unknown coef-
ficients as and ad . Thus, the contribution of each of the
three scattering mechanisms is determined by the triplet
(as,ad ,av) and, hence, the imaged land is classified.

B. Estimation of electric properties and water content
of the ground soil of grasslands

Regarding the expansion of Σ̂ given by (6) for nat-
ural land covers, it should be considered, for the grass-
lands, that as 6= 0 due to the significant contribution of
the single bounce of the incident wave on the rough soil
surface beneath the grass leaves, ad = 0 due to absence of
double-bounce, and av 6= 0 due to the volume scattering
from the dense leaves of the grass. Thus, for grasslands,
the normalized covariance matrix Σ̂ has only two com-
ponents of scattering and can be decomposed as follows:

Σ̂ = asĈs +avĈv. (11)
For grown grasslands, as 6= 0 and av 6= 0 and, hence,

the application of (11) results in the following system of
equations:

av = 8σ̂
2
hv, (12-a)

as = 1−8σ̂
2
hv , (12-b)

1−|β |2

1+ |β |2
(
1−8σ̂

2
hv
)
= σ̂

2
vv− σ̂

2
hh, (12-c)

β

1+ |β |2
(
1−8σ̂

2
hv
)
= σ̂

2
hh,vv− σ̂

2
hv. (12-d)

Equation (12-c) can be rearranged and written in the
following form:

1+ |β |2 =
2
(
1−8σ̂2

hv

)
1−8σ̂2

hv + σ̂2
vv− σ̂2

hh
. (13)
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The substitution from (13) into (12-d) gives the
following solution for β :

β =
2
(

σ̂2
hh,vv− σ̂2

hv

)
1−8σ̂2

hv + σ̂2
vv− σ̂2

hh
. (14)

A complex equation can be formulated as a quantity
δG being equal to the difference between the left-hand
and right-hand sides of (12-d), where,

δG =
β

1+ |β |2
(
1−8σ̂

2
hv
)
− (σ̂2

hh,vv− σ̂
2
hv). (15)

The equation δG = 0 has a unique solution for εrg
and σg and the corresponding water content can, then,
be directly determined from the ε-σ characteristic curve
of the specified type of the grassland soil. On the other
hand, the contributions of the single-bounce and volume
scattering mechanisms to Σ̂ is determined by the doublet
(as,ad) and, hence, the imaged land is classified.

C. Estimation of electric properties and water content
of bare soil

Regarding the expansion of Σ̂ given by (6), it should
be considered that, for the bare soil regions, only as 6= 0
due to the contribution of the single bounce of the in-
cident wave on the rough soil surface. For the other
two coefficients, one has ad = 0 and av = 0 due to
the absence of double-bounce and vegetation canopies,
respectively. Thus, for bare soil areas, the normalized
covariance matrix Σ̂ can be expressed as follows.

Σ̂ = asĈs. (16)
As the covariance matrices on both sides of (16)

are normalized, the following system of equations is ob-
tained:

as = 1 , (17-a)
|β |2

1+ |β |2
= σ̂

2
hh, (17-b)

β

1+ |β |2
= σ̂

2
hh,vv. (17-c)

Equation (17-b) can be rearranged and written in the
following form:

1+ |β |2 = 1
1− σ̂2

hh
. (18)

By substitution from (18) into (17-c) gives the fol-
lowing solution for β :

β =
σ̂2

hh,vv

1− σ̂2
hh
. (19)

A complex equation can be formulated as a quantity
δS being equal to the difference between the left-hand
and right-hand sides of (17-c), where:

δS =
β

1+ |β |2
− σ̂

2
hh,vv. (20)

The equation δS = 0 has a unique solution for εrg
and σg; then the corresponding water content can di-
rectly be determined from the ε-σ characteristic curve
of the specified type of the bare soil.

V. SIMULATION OF POLSAR IMAGES OF
NATURAL LANDS

PolSAR datasets (test images) are required for test-
ing the efficiency of the technique proposed in the
present work for the classification of natural lands of
clayey soil and estimation of water content. The natural
lands investigated include forest regions, natural grass-
lands, and bare soils. Such datasets can be obtained by
simulation. It is proposed to apply the target decompo-
sition theory with the three-component scattering model
as described in Section III to construct a covariance ma-
trix that describes the statistical properties of the PolSAR
data collected upon imaging the desired area of the nat-
ural land. The detailed procedure to generate a realistic
PolSAR image can be described as follows.

• The texture (composition of ingredients) of the
ground soil should be specified.

• The curves describing the relations between the
electromagnetic properties of the ground soil type
(with the texture specified in the previous step) and
the water content should be known.

• The ε-σ characteristic curves of the soil at the Pol-
SAR operating frequency should be known.

• The volumetric water content wre f of the ground
soil and the corresponding electric properties εrg re f
and σg re f should be determined.

• The azimuth and range dimensions of the land area
to be imaged (by simulation), LA and LR, should be
given.

• The desired azimuth and range resolutions ρA and
ρR, of the simulated PolSAR image should be given.

• Parameters αre f and βre f are evaluated by (A.9)
and (A.10) as given in the appendix. For the for-
est regions, the electric properties of the tree trunks
should be known (or assumed) to calculate αre f .

• The normalized basis covariance matrices Ĉs, Ĉd ,
and Ĉv are evaluated using (A.8-a), (A.8-b), and
(A.8-c) as given in the appendix.

• The desired contributions of the three scattering
mechanisms as re f , ad re f , and av re f are determined
according to actual constituents of the imaged land.

• A normalized covariance matrix, Σ̂re f , is con-
structed by composition using the three-component
scattering model given by (6) for the type of natural
land.

• The desired level of the backscattered power to the
power illuminating the SAR target (imaged land
area), Pre f , should be determined.



1063 ACES JOURNAL, Vol. 37, No. 10, October 2022

• The covariance matrix is calculated, Σre f =

Pre f Σ̂re f .

• The dimensions (size) of the simulated PolSAR im-
age in the azimuth and range directions are obtained
as M = LA/ρA and N = LR/ρR, respectively.

• Finally, the covariance matrix Σre f is used to gener-
ate a simulated three-channel image of M×N pixels
defined by Sm,n = {Shh,Shv,Svv}m,n.

VI. RESULTS AND DISCUSSIONS
This section presents the numerical results con-

cerned with, (i) Characterization of the clayey soil found
in most of the natural lands, especially the vegetal re-
gions. (ii) Application of the method proposed in Section
V that uses the theory of SAR target decomposition for
realistic simulation of PolSAR images. (iii) Application
of the method proposed in Section IV for estimation of
the electric properties and water content of the clayey
soil found in the forested areas, gardens, grasslands, and
bare lands being prepared to cultivate plants.

A. Texture of the clayey soil commonly found in nat-
ural lands

The clayey types of soil investigated in the present
work are characterized in [12] through experimental
measurements. The ingredients and volumetric density
of this type of soil are listed in Table 1. This is the most
common type of ground soil found in natural lands such
as natural grasslands, forest regions, and the bare soils
being prepared for cultivated crops.

Table 1: Composition of the clayey soil type used for
testing the method introduced in the present work to es-
timate the soil properties [12]

Soil Type
Soil Composition (%) Bulk Density

(gm/cm3)
Sand Slit Clay

Clayey 17.25 39.04 43.05 1.2

B. Dispersive electric properties and ε−σ character-
istic curves of the clayey soil

Clayey soil with the composite texture listed in
Table 1 and 30% water content has its complex dielec-
tric constant varying with the frequency as shown in
Fig. 2 (a) [12]. The electric properties of this soil are also
strongly dependent on its volumetric water content. The
PolSAR systems used for vegetation monitoring usually
operate at 1.27 GHz. For the clayey soil with the texture
listed in Table 1, the curves describing the dependence of
εrg and εig on the volumetric water content at 1.27 GHz
are deduced from those available in [12] at 900 MHz by

the aid of the frequency dispersion curves presented in
Fig. 2 (a). The curves describing the dependence of εrg
and σg on the water content at 900 MHz and 1.27 GHz
are presented in Fig. 2 (b). The continuous change of
the soil water content leads to simultaneous continuous
monotonic variations of its electric properties as shown
in Fig. 2 (b). At any microwave frequency, the electric
properties εrg, and σg are strongly correlated and, hence,
a curve can be fitted between them as previously men-
tioned in Section II.

C. Realistic simulation of PolSAR datasets for natural
lands

PolSAR datasets (test images) are required to test
the methods introduced in the present work for the clas-
sification of natural lands of clayey soil and estimation
of water content. The procedure described in Section V
is applied to generate three datasets for the three types of
natural lands investigated in this work.

For the simulated PolSAR images, it is considered
that the working frequency is 1.27 GHz and the ground
soil is clayey with the mixture of ingredients listed
in Table 1. The ground soil has the ε-σ characteristic
curves presented in Fig. 2 (c), the water content is 44%
and the corresponding electric properties are εrg re f =
25.16 and σg re f = 0.489 S/m. The electric properties
of the tree trunks are εrw = 4, and σw = 0.01 S/m.
The corresponding values of α and β , given by (A.9)
and (A.10), respectively, are αre f = 4.7091− j0.2981,
and βre f = 0.4073 + j0.0132. Using these values, the
normalized basis covariance matrices for the single-
bounce, Ĉs, double-bounce, Ĉd , and volume scattering,
Ĉv, mechanisms can be calculated using (A.8-a), (A.8-b),
and (A.8-c).

C.1. Covariance matrix for PolSAR images of
forested areas

Consider a forested area with equal contributions
of the three basic constituents (single-bounce, double-
bounce, and volume scattering) to the backscatter data
collected by a PolSAR system, i.e., as = ad = av = 1/3.
Considering that this forested area has a clayey soil of
water content of 44%, the application of (6) with the ob-
tained normalized covariance matrices, Ĉs, Ĉd , and Ĉv,
the normalized covariance matrix, Σ̂Fre f , for the three-
channel PolSAR image data of this forest region can be
calculated.

C.2. Covariance matrix for PolSAR images of grass-
lands

Consider a grassland area for which the contribu-
tion of the double-bounce to the PolSAR data vanishes
whereas the volume scattering caused by the grass leaves
is twice that of the single-bounce scattering caused by the
soil rough surface, i.e., as = 1/3, ad = 0, and av = 2/3.
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Fig. 2: Dependence of the complex relative permittivity 
of the clayey soil on the frequency and volumetric water 
content. (a) Dispersive properties at 30% water content, 
(b) Dependence of 𝜖௥௚ and 𝜎௚ on the water content, (c) 

𝜖-𝜎 characteristic curves. 
 
C.1. Covariance Matrix for PolSAR Images of 
Forested Areas 

Consider a forested area with equal contributions of 
the three basic constituents (single-bounce, double-
bounce, and volume scattering) to the backscatter data 
collected by a PolSAR system, i.e., 𝑎௦ ൌ 𝑎ௗ ൌ 𝑎௩ ൌ
1/3. Considering that this forested area has a clayey soil 
of water content of  44%, the application of (6) with the 
obtained normalized covariance matrices, 𝐶መ௦, , 𝐶መௗ, and 

𝐶መ௩, the normalized covariance matrix, 𝛴෠𝐹𝑟𝑒𝑓
, for the 

three-channel PolSAR image data of this forest region 
can be calculated. 
 
C.2. Covariance Matrix for PolSAR Images of 
Grasslands 

Consider a grassland area for which the contribution 
of the double-bounce to the PolSAR data vanishes 
whereas the volume scattering caused by the grass leaves 
is twice that of the single-bounce scattering caused by 
the soil rough surface, i.e., 𝑎௦ ൌ 1/3, 𝑎ௗ ൌ 0, and 𝑎௩ ൌ
2/3. Considering that this grassland area has a clayey 
soil of water content of 44%, the application of (6) with 
the obtained normalized covariance matrices 𝐶መ௦, , 𝐶መௗ, and 

𝐶መ௩, the normalized covariance matrix, 𝛴෠𝐹𝑟𝑒𝑓
, for the 

three-channel PolSAR image data of this grassland. 
 
C.3. Covariance Matrix for PolSAR Images of Bare 
Soil Areas 

An area of bare clayey soil with 44% water content 
has its backscattering attributed only to the single-
bounce mechanism and, hence, the normalized 
covariance matrix for the three-channel PolSAR image 

data can be given directly as 𝛴෠𝑆𝑟𝑒𝑓
ൌ 𝐶ො𝑠 

 
C.4. Simulated PolSAR Images 
 
C.4.1. Ground Truth Images of Natural Lands with 
Clayey Soil 

To visualize the classified natural lands by 
monitoring the water content of the ground soil, a color 
map may be appropriate for this purpose. The RGB 
colors used for indicating the three basic scattering 
mechanisms in the natural land of the clayey soil 
described in Section VI-A, single-bounce, double-
bounce, and volume scattering are, respectively, 
expressed as follows: 

𝑅𝐺𝐵ௌ஻ ൌ ሺ0.6, 0.6, 0.4 ሻ, ሺ21-aሻ

𝑅𝐺𝐵஽஻ ൌ ሺ0.8, 0.2, 0.0 ሻ, ሺ21-bሻ

𝑅𝐺𝐵௏ௌ ൌ ሺ0.2, 0.6, 0.2 ሻ. ሺ21-cሻ

The RGB colors used to indicate the type of the natural 
land while monitoring the water content of the soil can 
generally be composed as follows: 

𝑅𝐺𝐵ே௔௧௨௥௔௟௅௔௡ௗ ൌ ሺ𝑎௦ 𝑅𝐺𝐵ௌ஻
൅ 𝑎ௗ 𝑅𝐺𝐵஽஻
൅ 𝑎௩ 𝑅𝐺𝐵௏ௌሻ 

ሺ1 െ 𝑤ሻ଴.଻, 

ሺ22ሻ

where 𝑤 is the volumetric water content.For example, 
the RGB color codes for the pure land types (forest, 
grasslands, and bare lands) of clayey soils are, 
respectively expressed as follows: 

Fig. 2. Dependence of the complex relative permittivity
of the clayey soil on the frequency and volumetric water
content. (a) Dispersive properties at 30% water content,
(b) Dependence of εrg and σg on the water content, (c)
ε-σ characteristic curves.

Considering that this grassland area has a clayey soil of
water content of 44%, the application of (6) with the ob-
tained normalized covariance matrices Ĉs, Ĉd , and Ĉv,
the normalized covariance matrix, Σ̂Fre f , for the three-
channel PolSAR image data of this grassland.

C.3. Covariance matrix for PolSAR images of bare
soil areas

An area of bare clayey soil with 44% water con-
tent has its backscattering attributed only to the single-
bounce mechanism and, hence, the normalized covari-
ance matrix for the three-channel PolSAR image data
can be given directly as Σ̂Sre f = Ĉs.

C.4. Simulated PolSAR Images
C.4.1. Ground truth images of natural lands with
clayey soil

To visualize the classified natural lands by monitor-
ing the water content of the ground soil, a color map may
be appropriate for this purpose. The RGB colors used for
indicating the three basic scattering mechanisms in the
natural land of the clayey soil described in Section VI-
A, single-bounce, double-bounce, and volume scattering
are, respectively, expressed as follows:

RGBSB = (0.6, 0.6, 0.4 ) , (21-a)
RGBDB = (0.8, 0.2, 0.0 ) , (21-b)
RGBV S = (0.2, 0.6, 0.2 ) . (21-c)

The RGB colors used to indicate the type of the nat-
ural land while monitoring the water content of the soil
can generally be composed as follows:
RGBNaturalLand =(as RGBSB +ad RGBDB +av RGBV S)

(1−w)0.7, (22)
where w is the volumetric water content.For example, the
RGB color codes for the pure land types (forest, grass-
lands, and bare lands) of clayey soils are, respectively
expressed as follows:

RGBForset =

(
1
3

RGBSB +
1
3

RGBDB +
1
3

RGBV S

)
(1−w)0.7, (23-a)

RGBGrassLand =

(
1
3

RGBSB +
2
3

RGBV S

)
(1−w)0.7,

(23-b)
RGBBareLand = RGBSB(1−w)0.7. (23-c)

The color map shown in Fig. 3 is appropriate for
simultaneous monitoring of the natural land type and the
water content of the ground soil beneath the vegetation.

𝑅𝐺𝐵ி௢௥௦௘௧ ൌ 

ቀ
ଵ

ଷ
𝑅𝐺𝐵ௌ஻ ൅

ଵ

ଷ
𝑅𝐺𝐵஽஻ ൅

ଵ

ଷ
𝑅𝐺𝐵௏ௌቁ, 

 ሺ1 െ 𝑤ሻ଴.଻ 
ሺ23-aሻ

𝑅𝐺𝐵ீ௥௔௦௦௅௔௡ௗ ൌ 

ቀ
ଵ

ଷ
𝑅𝐺𝐵ௌ஻ ൅

ଶ

ଷ
𝑅𝐺𝐵௏ௌቁ ሺ1 െ 𝑤ሻ଴.଻, ሺ23-bሻ

𝑅𝐺𝐵஻௔௥௘௅௔௡ௗ ൌ 𝑅𝐺𝐵ௌ஻ሺ1 െ 𝑤ሻ଴.଻. ሺ23-cሻ

The color map shown in Fig. 3 is appropriate for 
simultaneous monitoring of the natural land type and the 
water content of the ground soil beneath the vegetation. 
The RGB colors shown in this figure are generated using 
(23). For all the types of natural lands, the darkness of 
the corresponding color indicates the water content of the 
ground soil. 

 
 
Fig. 3: Color map for classification of the natural lands 
with indication of the soil water content. 
 
C.4.2. Simulated PolSAR Images for Natural Lands 

An optical satellite image obtained from Google 
Maps for a region of cultivated land near Luxor Luxury 
Villa, in Luxor city, Egypt, is presented in Fig. 4a. A 
corresponding image is presented in Fig. 4b to classify 
the different types of natural lands with the color code 
listed Table 2. The total dimensions of the land region to 
be imaged in the azimuth and range directions are 𝐿஺ ൌ
365 𝑚 and 𝐿ோ ൌ 400 𝑚, respectively. 

The procedure described in Section V is applied to 
get the three-channel PolSAR images, where the 
corresponding resolutions are set as 𝜌஺ ൌ 0.65  𝑚 and 
𝜌ோ ൌ 0.71 𝑚, respectively. Thus, the size of the 
simulated PolSAR image is 560 ൈ 565 pixels in the 
azimuth and range directions, respectively. A ground-
truth image is presented in Fig. 5a to indicate the land 
type by monitoring the soil water content according to 
the color map shown in Fig. 3. The generated three-
channel PolSAR images are presented in Figs 5b, c, and 
d. The image of the cross-polarization HV-
channel, |𝑆௛௩|, Fig. 5c, shows a high level of the cross-
polarized backscatter from the vegetal areas (forests and 
grasslands) whereas the water surface and bare lands 
have almost zero cross-polarization. Also, for the regions 
characterized by single-bounce scattering like water 
surface and bare land, the backscatter of the co-

polarization VV-channel, |𝑆𝑣𝑣|, is significantly larger 

than |𝑆ℎℎ|, of the HH-channel. 
 

 
(a) 

 
(b) 

 
Fig. 4: Region of cultivated land near Luxor Luxury 
Villa, in Luxor city, Egypt, (a) satellite image obtained 
from Google Maps, (b) Color-coded classification image 
according to the type of land; Table 2 for legend. 
 
D. Estimation of Electric Properties of Clayey Soil in 
Natural Lands 

The proposed method is used to estimate the electric 
properties of different soil types. 
D.1. Estimation of Electric Properties of Clayey Soil 
in Forest Regions 

The method described in Section IV-A is used to 
estimate the properties of the ground soil of the forested 
area named “Forest 3”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
 
Table 2: Color code for classification of natural land 
types included in the imaged region presented in Fig. 4. 

Color code 
Type of 
natural 
land 

Soil water 
content  

Dielectric 
constant

Electric 
conductivity 

(S/m) 

 
Forested 

area 19 % 8.907 0.1109

 
Forested 

area 29 % 14.45 0.2416

Fig. 3. Color map for classification of the natural lands
with indication of the soil water content.
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The RGB colors shown in this figure are generated using
(23). For all the types of natural lands, the darkness of
the corresponding color indicates the water content of
the ground soil.

C.4.2. Simulated PolSAR Images for Natural Lands
An optical satellite image obtained from Google

Maps for a region of cultivated land near Luxor Luxury
Villa, in Luxor city, Egypt, is presented in Fig. 4 (a). A
corresponding image is presented in Fig. 4 (b) to clas-
sify the different types of natural lands with the color
code listed Table 2. The total dimensions of the land re-
gion to be imaged in the azimuth and range directions are
LA = 365 m and LR = 400 m, respectively.

The procedure described in Section V is applied to
get the three-channel PolSAR images, where the cor-
responding resolutions are set as ρA = 0.65 m and
ρR = 0.71 m, respectively. Thus, the size of the simu-
lated PolSAR image is 560× 565 pixels in the azimuth
and range directions, respectively. A ground-truth image
is presented in Fig. 5 (a) to indicate the land type by
monitoring the soil water content according to the color
map shown in Fig. 3. The generated three-channel Pol-
SAR images are presented in Figs. 5 (b), (c), and (d).
The image of the cross-polarization HV-channel, |Shv|,
Fig. 5 (c), shows a high level of the cross-polarized
backscatter from the vegetal areas (forests and grass-
lands) whereas the water surface and bare lands have al-
most zero cross-polarization. Also, for the regions char-
acterized by single-bounce scattering like water surface
and bare land, the backscatter of the co-polarization VV-
channel, |Svv|, is significantly larger than |Shh|, of the
HH-channel.

Table 2: Color code for classification of natural land
types included in the imaged region presented in Fig. 4

Table 2: Color code for classification of natural land 
types included in the imaged region presented in Fig. 4. 
 

Color code 
Type of 
natural 
land 

Soil water 
content  

Dielectric 
constant

Electric 
conductivity 

(S/m) 

 
Forested 

area 19 % 8.907 0.1109

 
Forested 

area 29 % 14.45 0.2416

 
Forested 

area 44 % 25.16 0.4980

 
Forested 

area 54 % 33.56 0.7067

  Grassland 25 % 12.10 0.1860

  Grassland 39 % 21.33 0.4060

  Grassland 49 % 29.22 0.5958

  Bare land 34 % 17.68 0.3172

  Bare land 56 % 35.40 0.7567
 

 

   
(a)                                   (b) 

   
(c)                                 (d) 

Fig. 5: Simulation of three-channel PolSAR image for 
the land region in Luxor city, (a) Ground-truth image 
showing the land type with indication of the soil water 
content, (b) |𝑆ℎℎ|, (c) |𝑆ℎ𝑣|, (d) |𝑆𝑣𝑣|, channels. 
 
The quantity 𝛿ி, expressed in (10), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 6. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 6. It is shown 
that 𝛿ி has a sharp minimum of 8 ൈ 10ିହ at the point 
𝜖௥௚ ൌ 25.2 and 𝜎௚ ൌ 0.519 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 6, where the corresponding water content of the 
soil is 44.57%. The estimated values of the electric 

properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 3 with the resulting estimation errors. It is found 
that the percentage estimation errors are very small 
which reflects the efficiency of the proposed method to 
estimate the electric properties and water content of the 
soil using. 
 

 
                           (a)                                       (b) 
 
Fig. 6: Estimation of soil parameters for the forest region 
named “Forest 3”. Plots of the quantity 𝛿ி given by (10) 
versus the real dielectric constant 𝜖௥௚ and conductivity 
𝜎௚ of a clayeysoil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 3: The ground soil parameters used for generating 
the SAR data for the forested area named “Forest 3”; see 
Table 2. The estimated values of these parameters using 
the proposed method and the resulting estimation errors 
are listed in the last two rows of the table. 

Soil 
Parameter 

Dielectric 
Constant 

𝜖௥௚

Conductivity 
(S/m) 
𝜎௚ 

Water 
Content 

𝑤
Ground Truth  25.16 0.498 44.00 %
Estimated  25.20 0.519 44.57 % 

Percentage 
Error 

0.16 % 4.1 % 1.3 %

 
D.2. Estimation of Electric Properties of Clayey Soil 
in Grasslands 

The method described in Section IV-B is used to 
recover the electric properties of the ground soil of the 
grassland area named “Grass 1”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
The quantity 𝛿ீ, expressed in (15), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 7. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 7. It is shown 
that 𝛿ீ has a sharp minimum of 9 ൈ 10ିସ at the point 
𝜖௥௚ ൌ 11.6 and 𝜎௚ ൌ 0.181 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 7, where the corresponding water content of the 
soil is 24.1%. The recovered values of the electric 
properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 4 with the resulting estimation errors. It is found 
that these errors are very small, which reflects the 

D. Estimation of electric properties of clayey soil in
natural lands

The proposed method is used to estimate the electric
properties of different soil types.
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The color map shown in Fig. 3 is appropriate for 
simultaneous monitoring of the natural land type and the 
water content of the ground soil beneath the vegetation. 
The RGB colors shown in this figure are generated using 
(23). For all the types of natural lands, the darkness of 
the corresponding color indicates the water content of the 
ground soil. 

 
 
Fig. 3: Color map for classification of the natural lands 
with indication of the soil water content. 
 
C.4.2. Simulated PolSAR Images for Natural Lands 

An optical satellite image obtained from Google 
Maps for a region of cultivated land near Luxor Luxury 
Villa, in Luxor city, Egypt, is presented in Fig. 4a. A 
corresponding image is presented in Fig. 4b to classify 
the different types of natural lands with the color code 
listed Table 2. The total dimensions of the land region to 
be imaged in the azimuth and range directions are 𝐿஺ ൌ
365 𝑚 and 𝐿ோ ൌ 400 𝑚, respectively. 

The procedure described in Section V is applied to 
get the three-channel PolSAR images, where the 
corresponding resolutions are set as 𝜌஺ ൌ 0.65  𝑚 and 
𝜌ோ ൌ 0.71 𝑚, respectively. Thus, the size of the 
simulated PolSAR image is 560 ൈ 565 pixels in the 
azimuth and range directions, respectively. A ground-
truth image is presented in Fig. 5a to indicate the land 
type by monitoring the soil water content according to 
the color map shown in Fig. 3. The generated three-
channel PolSAR images are presented in Figs 5b, c, and 
d. The image of the cross-polarization HV-
channel, |𝑆௛௩|, Fig. 5c, shows a high level of the cross-
polarized backscatter from the vegetal areas (forests and 
grasslands) whereas the water surface and bare lands 
have almost zero cross-polarization. Also, for the regions 
characterized by single-bounce scattering like water 
surface and bare land, the backscatter of the co-

polarization VV-channel, |𝑆𝑣𝑣|, is significantly larger 

than |𝑆ℎℎ|, of the HH-channel. 
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Fig. 4: Region of cultivated land near Luxor Luxury 
Villa, in Luxor city, Egypt, (a) satellite image obtained 
from Google Maps, (b) Color-coded classification image 
according to the type of land; Table 2 for legend. 
 
D. Estimation of Electric Properties of Clayey Soil in 
Natural Lands 

The proposed method is used to estimate the electric 
properties of different soil types. 
D.1. Estimation of Electric Properties of Clayey Soil 
in Forest Regions 

The method described in Section IV-A is used to 
estimate the properties of the ground soil of the forested 
area named “Forest 3”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
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ground soil. 
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Villa, in Luxor city, Egypt, (a) satellite image obtained 
from Google Maps, (b) Color-coded classification image 
according to the type of land; Table 2 for legend. 
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properties of different soil types. 
D.1. Estimation of Electric Properties of Clayey Soil 
in Forest Regions 

The method described in Section IV-A is used to 
estimate the properties of the ground soil of the forested 
area named “Forest 3”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
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Fig. 4. Region of cultivated land near Luxor Luxury
Villa, in Luxor city, Egypt, (a) satellite image obtained
from Google Maps, (b) Color-coded classification image
according to the type of land; Table 2 for legend.

D.1. Estimation of electric properties of clayey soil in
forest regions

The method described in Section IV-A is used to es-
timate the properties of the ground soil of the forested
area named “Forest 3”, see Fig. 4, from the correspond-
ing PolSAR data presented in Figs. 5 (b), (c), (d) with the
ground truth shown in Fig. 5 (a).

The quantity δF , expressed in (10), is plotted as a
function of εrg and σg in a three-dimensional plot as
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area 44 % 25.16 0.4980
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  Grassland 39 % 21.33 0.4060

  Grassland 49 % 29.22 0.5958

  Bare land 34 % 17.68 0.3172

  Bare land 56 % 35.40 0.7567
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Fig. 5: Simulation of three-channel PolSAR image for 
the land region in Luxor city, (a) Ground-truth image 
showing the land type with indication of the soil water 
content, (b) |𝑆ℎℎ|, (c) |𝑆ℎ𝑣|, (d) |𝑆𝑣𝑣|, channels. 
 
The quantity 𝛿ி, expressed in (10), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 6. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 6. It is shown 
that 𝛿ி has a sharp minimum of 8 ൈ 10ିହ at the point 
𝜖௥௚ ൌ 25.2 and 𝜎௚ ൌ 0.519 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 6, where the corresponding water content of the 
soil is 44.57%. The estimated values of the electric 
properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 3 with the resulting estimation errors. It is found 
that the percentage estimation errors are very small 
which reflects the efficiency of the proposed method to 
estimate the electric properties and water content of the 
soil using. 
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Fig. 6: Estimation of soil parameters for the forest region 
named “Forest 3”. Plots of the quantity 𝛿ி given by (10) 
versus the real dielectric constant 𝜖௥௚ and conductivity 
𝜎௚ of a clayeysoil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 3: The ground soil parameters used for generating 
the SAR data for the forested area named “Forest 3”; see 
Table 2. The estimated values of these parameters using 
the proposed method and the resulting estimation errors 
are listed in the last two rows of the table. 

Soil 
Parameter 

Dielectric 
Constant 

𝜖௥௚

Conductivity 
(S/m) 
𝜎௚ 

Water 
Content 

𝑤
Ground Truth  25.16 0.498 44.00 %
Estimated  25.20 0.519 44.57 % 

Percentage 
Error 

0.16 % 4.1 % 1.3 %

 
D.2. Estimation of Electric Properties of Clayey Soil 
in Grasslands 

The method described in Section IV-B is used to 
recover the electric properties of the ground soil of the 
grassland area named “Grass 1”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
The quantity 𝛿ீ, expressed in (15), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 7. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 7. It is shown 
that 𝛿ீ has a sharp minimum of 9 ൈ 10ିସ at the point 
𝜖௥௚ ൌ 11.6 and 𝜎௚ ൌ 0.181 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 7, where the corresponding water content of the 
soil is 24.1%. The recovered values of the electric 
properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 4 with the resulting estimation errors. It is found 
that these errors are very small, which reflects the 
efficiency of the proposed method to estimate the soil 
parameters. 
 

Fig. 5. Simulation of three-channel PolSAR image for
the land region in Luxor city, (a) Ground-truth image
showing the land type with indication of the soil water
content, (b) |Shh|, (c) |Shv|, (d) |Svv|, channels.

shown in Fig. 6. The ε-σ characteristic curve of the soil
is also plotted in the (εrg-σg) plane of Fig. 6. It is shown
that δF has a sharp minimum of 8× 10−5 at the point
εrg = 25.2 and σg = 0.519 S/m, which almost lies on the
ε-σ characteristic curve of the clayey soil as shown in
Fig. 6, where the corresponding water content of the soil
is 44.57%. The estimated values of the electric proper-
ties, εrg and σg, and the water content are listed in Table 3
with the resulting estimation errors. It is found that the
percentage estimation errors are very small which re-
flects the efficiency of the proposed method to estimate
the electric properties and water content of the soil using.

Table 3: The ground soil parameters used for generating
the SAR data for the forested area named “Forest 3”; see
Table 2. The estimated values of these parameters using
the proposed method and the resulting estimation errors
are listed in the last two rows of the table
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Constant
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Conductivity
(S/m)
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Water
Content
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Ground Truth 25.16 0.498 44.00 %

Estimated 25.20 0.519 44.57 %
Percentage

Error
0.16 % 4.1 % 1.3 %
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in Fig. 6, where the corresponding water content of the 
soil is 44.57%. The estimated values of the electric 
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which reflects the efficiency of the proposed method to 
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soil using. 
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Fig. 6: Estimation of soil parameters for the forest region 
named “Forest 3”. Plots of the quantity 𝛿ி given by (10) 
versus the real dielectric constant 𝜖௥௚ and conductivity 
𝜎௚ of a clayeysoil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 3: The ground soil parameters used for generating 
the SAR data for the forested area named “Forest 3”; see 
Table 2. The estimated values of these parameters using 
the proposed method and the resulting estimation errors 
are listed in the last two rows of the table. 
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Estimated  25.20 0.519 44.57 % 

Percentage 
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D.2. Estimation of Electric Properties of Clayey Soil 
in Grasslands 

The method described in Section IV-B is used to 
recover the electric properties of the ground soil of the 
grassland area named “Grass 1”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
The quantity 𝛿ீ, expressed in (15), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 7. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 7. It is shown 
that 𝛿ீ has a sharp minimum of 9 ൈ 10ିସ at the point 
𝜖௥௚ ൌ 11.6 and 𝜎௚ ൌ 0.181 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 7, where the corresponding water content of the 
soil is 24.1%. The recovered values of the electric 
properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 4 with the resulting estimation errors. It is found 
that these errors are very small, which reflects the 
efficiency of the proposed method to estimate the soil 
parameters. 
 

Fig. 6. Estimation of soil parameters for the forest region
named “Forest 3”. Plots of the quantity δF given by (10)
versus the real dielectric constant εrg and conductivity σg
of a clayeysoil; (a) 3D, (b) 2D, plot.

D.2. Estimation of electric properties of clayey soil in
grasslands

The method described in Section IV-B is used to
recover the electric properties of the ground soil of the
grassland area named “Grass 1”, see Fig. 4, from the cor-
responding PolSAR data presented in Figs. 5 (b), (c), (d)
with the ground truth shown in Fig. 5 (a).

The quantity δG, expressed in (15), is plotted as a
function of εrg and σg in a three-dimensional plot as
shown in Fig. 7. The ε-σ characteristic curve of the soil
is also plotted in the (εrg-σg) plane of Fig. 7. It is shown
that δG has a sharp minimum of 9×10−4 at the point
εrg = 11.6 and σg = 0.181 S/m, which almost lies on the
ε-σ characteristic curve of the clayey soil as shown in
Fig. 7, where the corresponding water content of the soil
is 24.1%. The recovered values of the electric properties,
εrg and σg, and the water content are listed in Table 4
with the resulting estimation errors. It is found that these
errors are very small, which reflects the efficiency of the
proposed method to estimate the soil parameters.
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Fig. 7: Estimation of soil parameters for the grassland 
region named “Grass1”. Plots of the function 𝛿ீ given 
by (15) versus the real dielectric constant 𝜖௥௚ and 
conductivity 𝜎௚ of a clayey soil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 4: The ground soil parameters used for generating 
the SAR data for the forested area named “Grassland 1”; 
see Table 2. The recovered values of these parameters 
using the proposed method and the resulting percentage 
estimation errors are listed in the last two rows of the 
table. 

Soil 
Parameter 

Dielectric 
Constant 

𝜖௥௚ 

Conductivity 
(S/m) 
𝜎௚ 

Water 
Content 

𝑤
Ground 
Truth  

12.10 0.186 25.0 %

Estimated  11.60 0.181 24.1 %
Percentage 

Error 
4.1 % 2.7 % 3.6 %

 
D.3. Estimation of Electric Properties of Clayey Bare 
Soil 

The method described in Section IV-C is used to 
recover the electric properties of the ground soil of the 
area named “Bare Land 2”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
The quantity 𝛿ௌ, expressed in (20), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 8. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 8. It is shown 
that 𝛿ௌ has a sharp minimum of 9 ൈ 10ିସ at the point 
𝜖௥௚ ൌ 35.4 and 𝜎௚ ൌ 0.757 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 8, where the corresponding water content of the 
soil is 56.0%. The recovered values of the electric 
properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 5 with the resulting estimation errors of the 
retrieved values. It is shown that the percentage errors 
are very small, which indicates the accuracy of the 
proposed method. 
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Fig. 8: Estimation of soil parameters for the bare land 
region named “Bare Land 2”. Plots of the function 𝛿ௌ 
given by (20) versus the real dielectric constant 𝜖௥௚ and 
conductivity 𝜎௚ of a clayey soil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 5: The ground soil parameters used for generating 
the SAR data for the forested area named “Bare Land 2”; 
see Table 2. The recovered values of these parameters 
using the proposed method and the resulting percentage 
error of the estimated values are listed in the last two 
rows of the table. 

Soil 
Parameter 

Dielectric 
Constant 

𝜖௥௚

Conductivity 
(S/m) 
𝜎௚ 

Water 
Content 

𝑤
Ground 
Truth 

35.40 0.759 56.0 %

Estimated  35.40 0.757 56.0 %
Percentage 

Error 
0.0 % 0.26 % 0.0 %

 
VII. CONCLUSIONS 

A new method is proposed to estimate the electric 
properties and water content of ground soil by applying 
the Target Decomposition (TD) theory for PolSAR 
images with the help of the 𝜖-𝜎 characteristic curves of 
the soil which are unique for each soil type at a specific 
frequency. This method is examined for the clayey type 
soil which is found in most naturally vegetated land 
areas. Also, a new method is developed based on the 
reverse of PolSAR TD theory, for realistic PolSAR 
images simulation of natural lands. Numerical results are 
presented for realistic PolSAR datasets using the 
proposed inverse TD theory method for Luxor city in 
Egypt. Also, numerical results are presented for 
quantitative assessment of the method proposed for the 
retrieval of the electric properties and water content of 
the clayey soil using the generated datasets. It is found, 
through the numerical investigations and quantitative 
assessment, that the dielectric constant, electric 
conductivity, and water content of the investigated 
clayey types of soil are accurately estimated. 

 
APPENDIX 

A.1 Covariance Matrix for Polarimetric SAR Data 

Fig. 7. Estimation of soil parameters for the grassland re-
gion named “Grass1”. Plots of the function δG given by
(15) versus the real dielectric constant εrg and conductiv-
ity σg of a clayey soil; (a) 3D, (b) 2D, plot.
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Table 4: The ground soil parameters used for generating
the SAR data for the forested area named “Grassland 1”;
see Table 2. The recovered values of these parameters
using the proposed method and the resulting percentage
estimation errors are listed in the last two rows of the
table

Soil
Parameter

Dielectric
Constant

εrg

Conductivity
(S/m)

σg

Water
Content

w
Ground Truth 12.10 0.186 25.0 %

Estimated 11.60 0.181 24.1 %
Percentage

Error
4.1 % 2.7 % 3.6 %

D.3. Estimation of electric properties of clayey bare
soil

The method described in Section IV-C is used to re-
cover the electric properties of the ground soil of the area
named “Bare Land 2”, see Fig. 4, from the correspond-
ing PolSAR data presented in Figs. 5 (b), (c), (d) with the
ground truth shown in Fig. 5 (a).

The quantity δS, expressed in (20), is plotted as a
function of εrg and σg in a three-dimensional plot as
shown in Fig. 8. The ε-σ characteristic curve of the soil
is also plotted in the (εrg-σg) plane of Fig. 8. It is shown
that δS has a sharp minimum of 9×10−4 at the point
εrg = 35.4 and σg = 0.757 S/m, which almost lies on the
ε-σ characteristic curve of the clayey soil as shown in
Fig. 8, where the corresponding water content of the soil
is 56.0%. The recovered values of the electric properties,
εrg and σg, and the water content are listed in Table 5
with the resulting estimation errors of the retrieved val-
ues. It is shown that the percentage errors are very small,
which indicates the accuracy of the proposed method.
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Fig. 7: Estimation of soil parameters for the grassland 
region named “Grass1”. Plots of the function 𝛿ீ given 
by (15) versus the real dielectric constant 𝜖௥௚ and 
conductivity 𝜎௚ of a clayey soil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 4: The ground soil parameters used for generating 
the SAR data for the forested area named “Grassland 1”; 
see Table 2. The recovered values of these parameters 
using the proposed method and the resulting percentage 
estimation errors are listed in the last two rows of the 
table. 
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Water 
Content 

𝑤
Ground 
Truth  

12.10 0.186 25.0 %

Estimated  11.60 0.181 24.1 %
Percentage 

Error 
4.1 % 2.7 % 3.6 %

 
D.3. Estimation of Electric Properties of Clayey Bare 
Soil 

The method described in Section IV-C is used to 
recover the electric properties of the ground soil of the 
area named “Bare Land 2”, see Fig. 4, from the 
corresponding PolSAR data presented in Fig. 5b, c, d 
with the ground truth shown in Fig. 5a.  
The quantity 𝛿ௌ, expressed in (20), is plotted as a 
function of 𝜖௥௚ and 𝜎௚ in a three-dimensional plot as 

shown in Fig. 8. The 𝜖-𝜎 characteristic curve of the soil 
is also plotted in the (𝜖௥௚-𝜎௚) plane of Fig. 8. It is shown 
that 𝛿ௌ has a sharp minimum of 9 ൈ 10ିସ at the point 
𝜖௥௚ ൌ 35.4 and 𝜎௚ ൌ 0.757 𝑆/𝑚, which almost lies on 

the 𝜖-𝜎 characteristic curve of the clayey soil as shown 
in Fig. 8, where the corresponding water content of the 
soil is 56.0%. The recovered values of the electric 
properties, 𝜖௥௚ and 𝜎௚, and the water content are listed 
in Table 5 with the resulting estimation errors of the 
retrieved values. It is shown that the percentage errors 
are very small, which indicates the accuracy of the 
proposed method. 
 

 
(a)                           (b) 

 
Fig. 8: Estimation of soil parameters for the bare land 
region named “Bare Land 2”. Plots of the function 𝛿ௌ 
given by (20) versus the real dielectric constant 𝜖௥௚ and 
conductivity 𝜎௚ of a clayey soil; ሺaሻ 3D, ሺbሻ 2D, plot. 
 
Table 5: The ground soil parameters used for generating 
the SAR data for the forested area named “Bare Land 2”; 
see Table 2. The recovered values of these parameters 
using the proposed method and the resulting percentage 
error of the estimated values are listed in the last two 
rows of the table. 

Soil 
Parameter 

Dielectric 
Constant 

𝜖௥௚

Conductivity 
(S/m) 
𝜎௚ 

Water 
Content 

𝑤
Ground 
Truth 

35.40 0.759 56.0 %

Estimated  35.40 0.757 56.0 %
Percentage 

Error 
0.0 % 0.26 % 0.0 %

 
VII. CONCLUSIONS 

A new method is proposed to estimate the electric 
properties and water content of ground soil by applying 
the Target Decomposition (TD) theory for PolSAR 
images with the help of the 𝜖-𝜎 characteristic curves of 
the soil which are unique for each soil type at a specific 
frequency. This method is examined for the clayey type 
soil which is found in most naturally vegetated land 
areas. Also, a new method is developed based on the 
reverse of PolSAR TD theory, for realistic PolSAR 
images simulation of natural lands. Numerical results are 
presented for realistic PolSAR datasets using the 
proposed inverse TD theory method for Luxor city in 
Egypt. Also, numerical results are presented for 
quantitative assessment of the method proposed for the 
retrieval of the electric properties and water content of 
the clayey soil using the generated datasets. It is found, 
through the numerical investigations and quantitative 
assessment, that the dielectric constant, electric 
conductivity, and water content of the investigated 
clayey types of soil are accurately estimated. 

 
APPENDIX 

A.1 Covariance Matrix for Polarimetric SAR Data 

Fig. 8. Estimation of soil parameters for the bare land
region named “Bare Land 2”. Plots of the function δS
given by (20) versus the real dielectric constant εrg and
conductivity σg of a clayey soil; (a) 3D, (b) 2D, plot.

VII. CONCLUSIONS
A new method is proposed to estimate the electric

properties and water content of ground soil by apply-

Table 5: The ground soil parameters used for generating
the SAR data for the forested area named “Bare Land 2”;
see Table 2. The recovered values of these parameters
using the proposed method and the resulting percentage
error of the estimated values are listed in the last two
rows of the table

Soil
Parameter

Dielectric
Constant

εrg

Conductivity
(S/m)

σg

Water
Content

w
Ground Truth 35.40 0.759 56.0 %

Estimated 35.40 0.757 56.0 %
Percentage Error 0.0 % 0.26 % 0.0 %

ing the Target Decomposition (TD) theory for PolSAR
images with the help of the ε-σ characteristic curves of
the soil which are unique for each soil type at a specific
frequency. This method is examined for the clayey type
soil which is found in most naturally vegetated land ar-
eas. Also, a new method is developed based on the re-
verse of PolSAR TD theory, for realistic PolSAR images
simulation of natural lands. Numerical results are pre-
sented for realistic PolSAR datasets using the proposed
inverse TD theory method for Luxor city in Egypt. Also,
numerical results are presented for quantitative assess-
ment of the method proposed for the retrieval of the elec-
tric properties and water content of the clayey soil using
the generated datasets. It is found, through the numer-
ical investigations and quantitative assessment, that the
dielectric constant, electric conductivity, and water con-
tent of the investigated clayey types of soil are accurately
estimated.

APPENDIX
A.1. Covariance matrix for polarimetric SAR data

The reciprocity of backscattering of the radar pulse
implies that Shv = Svh. Hence, the 3× 3-element covari-
ance matrix of the data collected by the four-channel Pol-
SAR system can be expressed as three-channel data as
follows.
Σ = [c11 c12 c13 c21 c22 c23 c31 c32 c33 ]

=
[
σ

2
hh

√
2σ

2
hh,hv σ

2
hh,vv

√
2σ

2
hv,hh 2σ

2
hv

√
2σ

2
hv,vv σ

2
vv,hh

√
2σ

2
vv,hv σ

2
vv

]
. (A.1)

The elements of the covariance matrix are the
ensemble averages of the autocorrelation and cross-
correlation of the scattering coefficients of the three
channels [13]:

Σ =
[
¡|Shh|2¿

√
2¡ShhS∗hv¿

¡ShhS∗vv¿
√

2¡ShvS∗hh¿ 2¡|Shv|2¿
√

2¡ShvS∗vv¿ ¡SvvS∗hh¿
√

2¡SvvS∗hv¿ ¡|Svv|2¿
]
. (A.2)
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The backscattered power for each of the three chan-
nels (HH, HV, VV) is given by main diagonal elements
c11, c22, and c33:

c11 = σ
2
hh, c22 = 2σ

2
hv, c33 = σ

2
vv. (A.3)

The total ratio of the backscattered power to the
power illuminating the SAR target can be formulated as
the sum of the main diagonal elements of Σ:

σ
2
P = c11 + c22 + c33 = σ

2
hh +2σ

2
hv +σ

2
vv. (A.4)

The correlation between the co-polarized and cross-
polarized channels (HH, HV) and (HV, VV) is described
by the elements c23 and c32:

c12 = c∗21 =
√

2σ
2
hh,hv, c23 = c∗32 =

√
2σ

2
hv,vv. (A.5)

The correlation between the co-polarized channels
(HH, VV) is given by the elements c13 and c31:

c13 = c∗31 = σ
2
hh,vv. (A.6)

A normalized covariance matrix Σ̂ of the PolSAR
data have unity ratio of the backscattered power. It can be
obtained by dividing the elements of Σ by σ2

P expressed
in (A.4):

Σ̂ =
1

σ2
P

Σ

=
[
σ̂

2
hh

√
2σ̂

2
hh,hv σ̂

2
hh,vv

√
2σ̂

2
hv,hh 2σ̂

2
hv

√
2σ̂

2
hv,vv σ̂

2
vv,hh

√
2σ̂

2
vv,hv σ̂

2
vv

]
(A.7)

A.2. Elementary covariance matrices
The theory of PolSAR target decomposition using

the MCSM can be applied to expand the covariance
matrix of the PolSAR data collected during microwave
imaging of land covers involving both natural and man-
made constituents [15–17].

A.2.1. Covariance matrices of the PolSAR backscat-
ter data for elementary types of natural ground cov-
ers

The matrices Ĉs, Ĉd , and Ĉv are the normal-
ized elementary covariance matrices characterizing the
backscattering due to single bounce, double bounce, and
volume (vegetation), respectively, which may constitute
the natural ground covers and can be evaluated using the
following approximate analytic expressions:

Ĉs =
1
Ps

[
|β |2 0 β 0 0 0 β

∗ 0 1
]
, Ps = 1+ |β |2.

(A.8-a)

Ĉd =
1
Pd

[
|α|2 0 α 0 0 0 α

∗ 0 1
]
, Pd = 1+ |α|2.

(A.8-b)

Ĉv =
1
Pv

[1 0 1/3 0 2/3 0 1/3 0 1 ] , Pv =
8
3
, (A.8-c)

where α and β are defined as follows [17]:

α = e j2 (γh−γv)
Γgh Γgv
Γwh Γwv

, (A.9)

where Γgh and Γgv are the horizontal and vertical Fres-
nel reflection coefficients of the ground surface. Simi-
larly, Γwh and Γwv are Fresnel reflection coefficients of
the horizontal and vertical wall surface. The symbols γh
and γv denote the phase attenuation of the horizontal and
vertical electromagnetic waves, respectively.

β is the ratio of the HH backscatter to the VV
backscatter of the single-bounce scattering model:

β =
Shh

Svv
. (A.10-a)

In the first-order Bragg surface case β is defined as:

β =
Γh

Γv
, (A.10-b)

where,

Γh =
coscos θi−

√
εr−θi

coscos θi +
√

εr−θi
, (A.11-a)

Γv =
(εr−1) [θi− εr (1+θi ) ][
εrcoscos θi +

√
εr−θi

]2 , (A.11-b)

where θi and εr are the incidence angle and the dielectric
constant of the surface, respectively.

A.2.2. Covariance matrices of the backscatter from
Man-made structures

The matrices Ĉh and Ĉw are the elementary covari-
ance matrices characterizing the helix (rotating) scatter-
ing mechanism and wire (edge) scattering mechanism,
respectively, which are found in the man-made structures
and can be evaluated using the following approximate
analytic expressions [17]:

Ĉh =
1
4

[
1 ju
√

2 −1 − ju
√

2 2 ju
√

2 −1 ,− ju
√

2 1
]
,

u = {1, f or right helix −1, f or le f t helix .
(A.12-a)

Ĉw =
1

1+ |γ|2 +2|ρ|2
[
|γ|2
√

2γρ
∗

γ
√

2γ
∗
ρ 2|ρ|2

√
2ρ γ

∗ √2ρ
∗ 1
]
,γ =

Shh

Svv
, ρ =

Shv

Svv
. (A.12-b)
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