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Coherent polarimetric SAR simulation of maize
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Abstract: This paper constructs a realistic three-dimensional scene of maize, and develops a coherent scattering model to
simulate the polarimetric Synthetic Aperture Radar (SAR)data by analyzing the structure characteristics of maize, especially
considering the relative spatial position and orientation of maize leaves. The multi-angle, multi-polarization backscattering
coefficients dataset acquired from the scatterometer are compared with that calculated from the simulated polarimetric SAR data,
showing that the amplitude information simulated by the model is valid. The HH-VV, HH-HV, and VH-VV phase difference of
the simulated data are analyzed, showing that the simulated phase information is valid. Besides, Polarization response method
and Cloude H-o. classification method are applied to validate the simulated PoISAR data from the viewpoint of scattering types.
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1 INTRODUCTION

With all-weather, day-night imaging and penetrating the
crops capability, Synthetic Aperture Radar (SAR) has become
one of the major tools to retrieve parameters of crop and underlying
ground surfaces, estimate the yield and monitor the crop growth
(Guo, 2000). Recently, the retrieval of the key physical parameters
of crops from polarimetric SAR data has become one of the
important applications of SAR remote sensing. While some
polarimetric SAR sensors, such as Alos_PalSAR, RadarSat-2
and so on, have been launched successfully recently, there are
still difficulties to meet the aforementioned research demands
for polarimetric SAR data with multi-frequency and
multi-angle. Therefore the simulation of polarimetric SAR data
is an effective way to study the method to extract the physical
parameters of crops.

To simulate SAR data of crops, a necessary step is to con-
struct a vegetation scattering model. Most of the early models
belong to the incoherent scattering model, which can only
simulate the amplitude of backscattering return. For example,
Attema and Ulaby (1978) proposed the water cloud model of
vegetation. Lang et al. (1983) firstly used distorted Bonn appro-
ximation method to study single-layer random medium. Sacchi
et al. (1994) developed a microwave backscattering model
aiming at the grass canopy. In these models, the vegetation
medium was simplified in terms of a homogeneous random
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medium (Karam & Fung, 1988; Ulaby et al., 1990).

Coherent scattering models have a capability of gaining not
only the amplitude but also the phase information of the back-
scattering return with different polarizations, which have
gradually become the hotspot in the development of SAR
model. Some scattering approximates provide a theoretical
basis for constructing coherent scattering models and simulat-
ing polarimetric SAR data, such as truncated infinite cylinder
approximation, GRG (generalized Rayleigh-Gans) approxima-
tion (Fung, 1994; Karam et al., 1988), and Foldy-Lax approxi-
mation (Tsang et al., 1985) and so on. Yueh et al. (1992) may
be the first to address the coherence effects caused by the vege-
tation structure. Lin ef al. (1999) realized the tree structure by
using fractal theory and developed the coherent scattering
model focusing on forests. Taking the soybean as example,
Chiu and Sarabandi (2000) studied the coherent scattering
model of the short branches vegetation during its whole grow-
ing season, and analyzed the difference between the C band and
L band. Generally, coherent scattering models construct the
three dimensional virtual vegetation based on the field survey,
then stimulate SAR backscattering return information by means
of superposition of scattering units or Monte Carlo sampling
method (Thirion et al., 2006). Cloude and Williams (2003,
2006) applied a coherent scattering model to simulate L band
and P band polarimetric SAR data of forests.

The planting area of maize, an important grain crop, is about
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20 million hectares in China. However, because of the special
structure of maize crop and the sensitivity of coherent scatter-
ing model to the structure, the existing polarimetric SAR simu-
lation methods are not suitable for maize, especially for the
leaves which are represented by a single shape, such as the
elliptical thin disk. The relative spatial position and the orienta-
tion follow a random distribution. Considering the relatively
large size of the maize leaf, a certain distribution of the orienta-
tion angle of maize leaf, and the variety of the orientation angle
of a single leaf, the existing simulation methods are limited for
maize leaf.

In this paper, a polarimetric SAR simulation for maize is de-
veloped that the relative spatial position and orientation of leaves
are considered. The model accuracy is validated using backscatter
measurements of a maize field obtained from the truck-mounted
scatterometer and some polarimetric characteristics of maize. The
new simulation method will provide theoretical and data supports
for retrieving the physical parameters of maize.

2 COHERENT SIMULATION OF MAIZE

Considering the sensitive of the coherent scattering to the
structure of observed targets, construction of realistic structures
of maize is one of the significant issues to simulate the polarimetric
SAR data. This paper proposes a strategy of constructing the
realistic three-dimensional scene of maize, by analyzing the
structure characteristics of maize, especially considering the
relative spatial position and orientation of leaves.

2.1 Leaf realization and simulation

The length and width of the maize leaf, relative to its thin
stem, is large, that indicates the significant contribution of
leaves to the whole backscattering of maize. In addition, not
only the orientation angles of leaves follow a certain distribut-
ing, but also the orientation angle of one single leaf is not con-
stant. So, if the maize leaf is represented as a single shape and
random orientation angle distribution, it is not suitable to simu-
late the coherent scattering.

In this paper, the realistic structures that reasonably describe
the relative positions and orientation angle of the leaves are
constructed. The leaves of maize are located evenly and directly
at the stem, rather than the random location of the canopy of
maize, because the maize only has a stem without branches. For
the orientation angles of leaves, they are also no longer mod-
eled as random distribution. Commonly, the orientation angle is
represented in terms of the plane angle and altitude angle. The
plane angle indicates the leaf direction in horizontal plan and
follows the uniform distribution. The altitude angle is the angle
between the orientation of the leaf and the normal line, namely
leaf inclination angle. Generally, the inclination angle of a sin-
gle maize leaf is not fixed and increases constantly from the
leaf root to leaf tip. For the convenience of measurement and
simulation, the leaf is divided into several sections. According
to the field survey, (1) the inclination angle of each section is
basically constant; (2) the inclination angles of sections with

the same serial number are close and follow the Gauss distribu-
tion. Therefore, only two parameters are needed to model the
inclination angle of sections with the same serial number,
namely the mean value and stand deviation.

In this coherent scattering model, the maize leaf is repre-
sented as a combination of several thin cuboids which are
placed end to end. The orientation angle of a cuboid is decided
by the plane angle and the inclination angle of the section
which the cuboid represents. The structure of maize in this
model is shown in Fig.1. So it can describe the spatial structure
characteristics of maize leaves accurately. Leaf scattering is
calculated in the GRG approximation (Ulaby & Elachi, 1990),
which can reduces the calculation time effectively. The input
parameters for simulating the leaf scattering include the length,
the width, the thickness, the water content, the inclination angle
of each segment, number of leaves in a maize, and so on.

Fig. 1 Three-dimensional structure diagram of maize
(The stem is formed by some cylinders and the leaf is formed by some
thin cuboids.)

2.2 Stems and ears realization and simulation

The stem of maize is basically vertical to the ground surface
with little variety. The spatial location of the root of a stem is
represented in terms of the plane coordinate and DEM where it
lies. In this paper, the stems and the ears both are modeled as
some thin cylinders. The truncated infinite cylinder approxima-
tion (Karam et al., 1988) can be applied to drive the scattering
solution. The dielectric constants of the stems, ears and the
leaves are all simulated by dielectric models proposed by
Elrayes & Ulaby (1987) and Ulaby & Elrayes (1987). The
length, radius, water content and average number of maize
plants per square meter of maize stem and ears are all necessary
parameters of the model.

2.3 Ground surface realization and simulation

The earth’s surface in this model is described as many small
triangular facets. Every resolution cell is composed of many
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facets with its own orientation to ensure fully-developed
speckle. The model for surface scattering is two-scale, in which
the small-scale model is used for each facet that adopts small
perturbation model (SPM) to stimulate its backscattering in-
formation, and the larger-scale used to construct DEM and the
location of each facet. For the dielectric constant of the ground
surface, different dielectric models will be used in correspond-
ing bands of electromagnetic wave (Dobson et al., 1985; Hal-
likainen et al., 1985). The roughness and volume moisture of
ground surface are input parameters.

2.4 Attenuation simulation of the maize canopy

The attenuation, experienced by the electromagnetic wave
propagating through the vegetation layer, is one of the major
factors to affect the backscattering return. The higher the fre-
quency is, the serious the attenuation will be. The effect of the
attenuation must be considered when simulating the scattering
of maize. The attenuation grids calculated from the
three-dimension structure are used to account for scattering in
this model. For the simulation of low or moderate resolution
polarimetric SAR data, the attenuation in the same vegetation
layer with the same height is similar. So, the same attenuation
can be used in the vegetation layer with the same height for
simplifying the computing progress. According to the structure
characteristics of maize, a three layers structure is applied in
this model and shown in Fig.2. The first layer (which is close to
the ground surface), in the condition of no shot vegetation in
the underlying surface, could be considered that there only exits
stems, which is a very thin layer for maize. The second layer
(middle layer) includes not only the stems but also the leaves
and the fruits. The third layer mainly includes leaves, also the
ears at some growing sections. The effective permittivity of
each layer is constant, but may be different between the three
layers, therefore resulting in the change of attenuation. Fig.3
shows the attenuation characteristics of the simulated SAR data
of maize, with HH and VV polarizations, C and L band and 30°
of incidence angle. The depth shown in Fig.3 indicates the dis-
tance from the upper surface of the vegetation, the attenuation
coefficient 1 shows no attenuation, 0 shows complete attenuation.

From Fig.3, we can get the following characteristics of
stimulated attenuation: (1) The attenuation in C band is larger
than that in L Band, corresponding to the feature that the lower
the frequency of electromagnetic wave is, the stronger the
penetration will be. (2) When the incident angle is 30°, the at-
tenuating at VVV polarization is higher than that at HH polariza-

Ground-vegetation
bounce scattering

Direct backscattering  Direct backscattering
from vegetation from the ground

Third layer

Second layer

First laver

Fig. 2 Diagram of the scattering mechanism of the maize
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Fig. 3 Attenuation simulation of the maize
(The incidence angle is 30°, the frequencies are C and L bands, the polariza-
tion stations are HH and VV.)

tion. (3) The change trend at the two polarizations is different
between the three layers, especially in C band. For example, the
attenuation at V'V polarization in the third layer is basically
equal to that at the HH polarization, this is relative to the wider
distribution of leaves’ orientation; after entering the second
layer, owing to the impact of maize stems, the attenuation trend
at VV polarization will increase; when the electromagnetic
wave propagates the first layer with only maize stems, the at-
tenuation trend of HH polarization is decreased. Therefore, the
location and orientation of stems and leaves will affect the at-
tenuation at different polarization.

2.5 Simulation of the scattering mechanism

Three scattering mechanisms are considered for the coherent
scatting model shown in Fig.2, which including:

(1) direct backscattering from the underlying rough surface;

(2) direct backscattering from vegetation;

(3) ground-vegetation or vegetation-ground bounce scattering.

3 VALIDATION AND ANALYSIS OF SIMULATED
RESULTS

To validate the coherent scattering model proposed in this paper,
the amplitude and phase information of the simulated polarimet-
ric SAR data will be validated respectively. In this section, we
will use the backscattering coefficients acquired from the scat-
terometer to validate the amplitude of the simulated data, use the
phase differences characteristics between typical polarizations to
validate the simulated phase. In addition, the polarimetric re-
sponse and the Cloud H-a classifier to validate the simulated
SAR data from the scattering mechanism point of view.

3.1 Validation of the backscattering coefficients

A maize field near the Heihe River, China is chosen as study
area. The HH and VV backscattering coefficients dataset was
collected on July 2, 2008, from the scatterometer over a wide
range of incidence angles. The picture of fieldwork using scat-
terometer is shown in Fig.4. The radar system input parameters
used in the simulation method are shown in Table 1, which are
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referred to RadarSat-2. The physical parameters dataset of the
ground and maize (Table 2) were also collected as input parame-
ters to simulate the polarimetric SAR data from different
incidence angles (20°—60° at 10° increment) at C band by using
this model. Fig.5 is the simulated polarimetric SAR RGB
pseudo-color composite image, where red, green and blue repre-
sent the VV, HV and HH polarization respectively. The circle in
the center of image indicates the maize, surrounded by bare soil.
Fig.6 and Fig.7 show the HH and VV simulated and meas-
ured backscattering coefficients by using the scatterometer
versus incidence angle at C-band, respectively. From them,
good agreement is obtained between the model predictions and
measured backscattering coefficients. However, there still exits
little deviation. One is that the backscattering coefficients acquired
from scatterometer is more fluctuating compared with that of
simulated polarimetric SAR data. The main reason is that the
irradiated area of the scatterometer is smaller than that of the
simulation, therefore the differences between the individual
structures of maize will significant affect the backscattering
coefficients acquired from the scatterometer, while the simula-
tion results emphasizes the average effects. Besides, the meas-
uring backscattering coefficients are larger relatively at high
incidence angles, especially at VV polarization which is
sensitive obviously to the incidence angle. This is caused by the

Fig. 4 Field measurement by using the scatterometer
(Provided by University of Electronic Science and Technology
of China - UESTC)

Table 1 Input parameters of simulated SAR system and the ground

Parameter Value
Band C(5.4GHz)
Resolution 15mx10m (azimuthxslant range)
Incidence angle 20°—60°
Platform altitude 798km
Roughness of ground
Large-scale 2.5cm
Small-scale 0.25cm
Moisture of ground (mv) 20%

Table 2  Input parameters of the maize

Parameter Value Parameter Value
Planting density 8/m? Leaf density 14 /plant

Plant height 175m Lenth of leaf 0.6m

Lenth of stem 1.17m Width of leaf 6.3cm
Radium of stem 1.45cm Thickness of leaf 0.024cm

Moisture of stem (mg) 0.9 Mositure of leaf (mg) 0.75

Inclination angle of stem 0—5° Inclination angle of leaf

Section 1 20

Section 2 35<

Section 3 80<

> Bare soil

Maize

Fig. 5 Simulation POLSAR image of Maize
(The incidence angle is 30°, the frequencies are C bands. Red: VV, Green:
HV, Blue: HH.)

calibration error brought by increasing the measuring area of
the scatterometer at high incidence angles. For all that, the
simulated backscattering coefficients are in good agreement
with the measuring data, which shows the simulated method is
effective for maize.

3.2 Contribution from different scattering mechanisms

Fig.6—8 show the scattering contributions from different
mechanisms versus incidence angle at HH, VV and HV typical
polarizations by utilizing the simulated SAR data.

From Fig.6—38, we can see that there is little backscattering
contribution from the ground at C band, due to the serious
attenuation of the electromagnetic wave which propagating
through the maize canopy, caused by the bloom simulated
maize canopy and shorter wave length at C band. Therefore the
scattering from the underlying ground surface will be reduced
serious, especially at high incidence angles.

At C band, it is found that the V'V backscattering coefficient
is dominated by the direct scattering from the maize, comparing

0 -
m
=
=
g 101
2
fi=
T 151
o
=
£ 201
L
£ el —— HH-all
E 25 1 e - - - HH-direct
S . —-—- HH-bounce
g =301 .. ++++ HH-ground
= N 4 HH-meas
—354
40 . . — : »

20 30 40 50 60
Incidence angle/(°)

Fig. 6 HH backscattering coefficient of the maize
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with contributions from direction scattering from ground and
the bounce scattering from ground and maize, especially at high
incidence angles. The reason is that bounce scattering at VV
polarization will rapidly weaken when the incidence angle in-
creases. At HH polarization, there is a comparable backscat-
tering contribution from the direct scattering from maize and
the bounce scattering, where the contribution from later mecha-
nism is little larger than that from the former mechanism at low
incidence angles, but at high incidence a significant contribu-
tion comes from the former mechanism. So, considering that
the direct scattering from the maize has nothing to do with the
ground surface, and it is dominated at VV polarization, the
physical parameters of maize can be obtained from VV back-
scattering coefficients with little impact from the ground.
Besides, it is obvious that the cross-polarized HV scattering
coefficient is dominated by the direct backscattering from the
maize at C band. The cross-polarized scattering is the difficulty to
be simulated. In this model, the cross-polarized scattering will be
small because the multiple scatter from the vegetation is not un-
der consideration. Another reason probably is the first-order ap-
proximation of ground-vegetation bounce scattering mechanism.

3.3 Validation of the phase

The advantage of the coherent scattering model is that it not
only can obtain the scattering intensity of the observing objects,
but also can acquire the phase information. The phase differ-
ence between different polarizations has a capability to reflect
the characteristics of terrain objects represent by a special dis-
tribution, which can be used to verify the validation of the
simulated phase. Fig. 9(a) shows the phase difference between

Fig. 9 Phase difference between typical polarizations
(a) Maize; (b) Bare soil
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some typical polarizations from the simulated SAR data of
maize. From the figure, the phase differences between HH-VV,
HH-HV and HV-VV of maize all perform as random distribu-
tion, which is identical to the phase characteristics of vegeta-
tion concluded by the field survey dataset (Ulaby & Elachi,
1990). Therefore, the simulated phase of maize is reliable. In
addition, the phase difference of bare soil from the simulated
polarimetric SAR data images is shown in Fig. 9(b), the simu-
lated result shows that the HH-VVV phase difference distributes
in the vicinity of 0°, which also confirms the validation of the
coherent scattering model in phase simulation.

3.4 Polarimetric response of simulated polarimetric
SAR Data

The polarimetric response represents the backscattering co-
efficients with different polarizations by using the three-di-
mension diagram, which includes co-polarization response and
cross-polarization response. The polarimetric response respects
the backscattering power change of the observing targets in the

Linear Pol/dB o= -5.07; o7,

HH

HY

specific polarization combinations to a certain extent. Generally,
the polarimetric responses are different for different types of
observing objects, which can be used to validate the simulated
polarimetric SAR data of maize. Fig.10 shows the co-pol re-
sponses and cross-pol responses from the simulated maize and
bare soil. It is in agreement with that derived from the real po-
larimetric SAR data described by Ulaby and Elachi (1990).

35 Cloude H-« classification of simulated polarimetric
SAR data

Cloude and Pottier (1997) developed a target matrix
decomposition method from polarimetric SAR data, which can
obtain the scattering types of terrain objects. Because the scat-
tering type can be used to classify terrain objects, Cloude de-
composition method can be used to validate the coherent scat-
tering simulation proposed in this paper, by comparing the
scattering type derived from the simulated SAR data of maize
and bare soil with that of the typical terrain objects.
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Fig. 10 Response of the simulated SAR data
(a) Maize; (b) Bare soil
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Fig.11 (a) is an H-a classification image of typical terrain
objects. From this figure, the terrain objects can be classified
into 9 different scattering types, between which the scattering
type of vegetation located in the center region 5, while the
scattering type of bare soil belongs to the region 7 which is
located in the left down corner. Fig. 11 (b),(c) are H-a scatter
diagram calculated from the simulated polarimetric SAR data

of maize and bare soil, respectively. It is clear that the H-a val-
ues of maize and bare soil are basically distributed in the region
5 and region 7, respectively, that better accords with the classi-
fication results of the typical objects on the ground in Fig.11 (a).
Consequently, the results show the simulated polarimetric SAR
data of maize is effective from the point of view of scattering

types.
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Fig. 11 Cloude H-a scatter diagram of the simulated SAR data
(a) Maize; (b) Bare soil; (c) H-a classification map (Source: report of H-A4-a theory from PoISARpro tool)

4 CONCLUSION

By analyzing the structure characteristics of maize, especially
considering the relative spatial position and orientation of maize
leaves, this paper constructs a realistic three-dimensional scene of
maize, and develops a coherent scattering model of maize. In this
model, the leaves of maize are located evenly and directly at the
stem, rather than the random location of the canopy of maize. For
the orientation angles of leaves, they are also no longer modeled
as random distribution, but a certain distribution pattern. The
maize leaf is divided into several sections, each of which is rep-
resented as a thin cuboids and allocated with corresponding in-
clination angle. Besides, the strategy of the attenuation and the
scattering mechanisms are also discussed in this paper.

Taking the structure characteristic and physical parameters
of maize collected from the field near Heihe river, China in July
as input parameters, the polarimetric SAR data of maize over a
wide range of incidence angles at C band will be simulated by
using the coherent scattering model of maize. The multi-angle,
multi-polarization backscattering coefficients dataset acquired
from the scatterometer is compared with the simulated PoISAR
data, showing that the amulitude information simulated by the
model is valid. The HH-VV, HH-HV, and VH-VV phase dif-
ference of the simulated data are analyzed, showing that the
simulated phase information is valid. Besides, polarization
response method and cloude H-a classification method are ap-
plied to validate the simulated PoISAR data from the viewpoint
of scattering types.
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