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Abstract of Dissertation

Methodology of Modeling Multiple Scattering Effects
in Microwave Remote Sensing of Vegetation

Understanding microwave scattering and emission from vegetation is an important
research topic in the study of remote sensing of the Earth’s resources. New satellite
missions, such as European Space Agency’s Soil Moisture and Ocean Salinity (SMOS)
and NASA’s Soil Moisture Active and Passive (SMAP), employ L-band active and/or
passive microwave sensors which can provide useful data to understand vegetation
properties. Thus, the theoretical verification of these satellite measurements by using
physics-based vegetation models is essential to estimate the vegetation biomass. This
research focuses on investigating multiple scattering effects in microwave forest remote
sensing models.

A newly developed method, Fresnel Double Scattering (FDS) approximation, is
presented herein to accurately and efficiently calculate the scattering cross section
from two tree branches not necessarily in the far field of each other at L-band fre-
quencies. The FDS method is based on the physical mechanism of single and double
scattering. It is demonstrated that the FDS method provides a good approximation
to the exact solutions of two branches modeled as one scatterer. The FDS method is
employed to study the multiple scattering effects in a Caucasian fir tree.

The Caucasian fir tree has been the subject of an intense measurement campaign

vil



at the European Microwave Signature Laboratory (EMSL), Joint Research Centre
(JRC), Ispra, Italy. Data on its trunk, branch and needle locations have been ob-
tained, as well as its dielectric properties and radar scattering signatures. The ge-
ometry and dielectric data for this tree have been used to construct an accurate tree
simulation. Calculated radar cross sections with multiple scattering included are com-
pared with the experimental data that have been collected in an anechoic chamber
at the JRC. This accurate simulation of the tree will eventually lead to improved

estimates of forest biomass.
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Chapter 1 Research Motivation and Scope

1.1 Forest Remote Sensing

Monitoring and predicting global climate change are urgent worldwide research
topics. Climate change affects the ecosystems on the Earth. It is one of the major di-
rect drivers causing ecosystem degradation and biodiversity loss, however, ecosystems
also can help mitigate the change. Terrestrial ecosystems, occupying approximately
28% of Earth’s surface, can regulate climate through its carbon cycle. Global warming
due to terrestrial carbon-cycle feedbacks may be an important component of poten-
tial global climate change [1]. The carbon in the terrestrial ecosystem, therefore, is a
critical concern in the study of the world’s climate.

Carbon pools accumulate or release carbon. Forests, one of the most important
carbon pools, provide a large and persistent carbon net sink on the Earth. Recent
analyses show that forests absorb 2.4 petagrams of carbon per year globally based
on forest inventory data during the study period from 1990 to 2007 [2]. Researchers
are actively engaged in investigating carbon stocks in forest ecosystems, due to the
importance of the forests in the global carbon cycle. Carbon is stored in the forest
biomass, including the above- and the below- ground biomass. The below-ground
biomass, e.g., biomass in roots, is directly proportional to the above-ground biomass

[3]. Thus, the above-ground biomass is a key quantity for accessing carbon in forest



ecosystems.

The assessment of above-ground biomass is usually carried out by means of on-site
surveying (ground campaign) and remote sensing. On-site surveying is limited due to
the large area of forests. It provides, however, valuable ground truth data that can
be applied to remote sensing retrieval. Because of complex forest structures, accurate
remote sensing of biomass is challenging. Active remote sensing in both optical or
microwave frequency regimes is a beneficial approach to study forests on regional and
global scales.

Forest height is a very important retrieval parameter in the remote sensing of
forests. Optical remote sensors in particular light detection and ranging (lidar), have
been found to be quite reliable in measuring the forest heights from which the biomass
information can be calculated [4].

Spaceborne waveform lidar techniques have been successfully demonstrated by
the Ice, Cloud, and Land Elevation Satellite (ICESat) mission. ICESat carried the
Geoscience Laser Altimeter System (GLAS) that made measurements along a single
track with 70m diameter footprints. It is about the size needed to characterize vege-
tation in low- or moderate- slope areas [5]. Airborne laser sensors, on the other hand,
usually offer a better spatial resolution compared to spaceborne lidar. For example,
the Lidar Vegetation Imaging System (LVIS) can collect waveforms with 25m diame-
ter footprints contiguously across swaths over 2km in width. Data from LVIS can be
used to provide canopy structure combined with images from other sensors.

Lidar application in forest remote sensing is limited by the sparse sampling that

lidar can provide, and it is also highly restricted by weather conditions. Practically,



making lidar measurements is not recommended in hazy or low cloud cover conditions
and is not possible in rainy or misty weather. Nevertheless, the use of lidar data has
been one of the useful methods to study forest carbon stocks.

With all-weather remote sensing demands, sensors at microwave frequencies, usu-
ally at P-; L-, C- and X- bands, become preferable for forest remote sensing due
to their ability to penetrate the ionosphere and their sensitivity to biomass [6, 7].
Canopy volume information can be retrieved by microwave radar measurements and
may not be able to be obtained by other means [8]. Recent research results demon-
strate that the Synthetic Aperture Radar (SAR) plays a significant role in the remote
sensing of forests [9]. SAR backscatter measurements are usually directly related to
biomass. Spaceborne or airborne SAR can provide biomass map products at a fine
spatial resolution, although signals may saturate for forests with a large biomass [10],
depending on the radar operation frequency.

The development of polarimetric SAR interferometry (Pol-inSAR) has been ad-
dressed in microwave remote sensing [11, 12]. It is a technique for estimating the
height locations of scatterers by characterizing the phase difference in radar images
obtained from spatially separated receivers [13]. The high sensitivity of the inter-
ferometric phase and coherence to vegetation height and density make Pol-inSAR
outstanding for forest remote sensing. The retrieval from Pol-inSAR images, how-
ever, is challenging. Inversion of the Pol-inSAR data by applying the Random Volume
over Ground (RVoG) model can retrieve the forest heights [14] from which biomass
can be estimated.

In the course of studying forest remote sensing, physics-based scattering mod-



els are needed to understand the interaction of electromagnetic waves with vegeta-
tion canopies. Accurate tree model simulations with realistic input data, such as
tree geometric and electric information, will lead to better characterizations of radar
backscattering or bistatic scattering signatures. Scattering model study can theo-
retically validate the data collected by remote sensors. It will also help to develop
and improve the existing retrieval algorithms for future remote sensing missions. Mi-
crowave modeling of forest, therefore, is of great importance.

Although the major concern of this dissertation is forest biomass remote sensing,
it is worth mentioning another remote sensing parameter, soil moisture. It serves as
a link of exchanging water and heat between the land surface and the atmosphere
by means of evapotranspiration. Thus monitoring soil moisture by employing remote
sensing techniques is essential in predicting short-term weather patterns and long-
term climate change [15]. The forest condition is closely associated with soil moisture
if the remote sensing of soil moisture occurs on a forested surface (e.g., [16]). Hence
forest scattering models are indeed required to investigate the impact of water content
of the forest soil.

As a subject of vegetation scattering modeling, the electromagnetic simulation of
radar signatures from forests is of particular interest in this dissertation. It eventually
leads to a better understanding of microwave scattering and emission measurements
from forests. The remote sensing data, in global and regional scales, are mainly

measured through spaceborne or airborne missions.



1.2 Future Missions

The Soil Moisture Active and Passive (SMAP) [17] mission, scheduled to launch
in 2015, is one of the first Earth observation satellites being developed by NASA in
response to the National Research Council’s Decadal Survey. SMAP carries L-band
SAR and radiometer. Although soil moisture is the main parameter concerned in
the SMAP mission, the integration with global forest biomass has to be addressed
because of the land coverage of the forests on the Earth.

The European Space Agency (ESA)’s candidate for the Earth Explorer mission,
BIOMASS [18], is aimed to improve current estimates of forest carbon stocks, in-
cluding estimates of terrestrial carbon sink change. It will be equipped with P-band
Pol-inSAR if it is selected by the ESA. The HV polarized backscattering coefficient
will be used as a major parameter to retrieve the forest structure and biomass. The
biomass retrieval will be based on a regression model [4].

In addition to space missions, the Airborne Microwave Observatory of Subcanopy
and Subsurface (AirMOSS) mission [19] also offers the opportunities to estimate
biomass. AirMOSS is currently ongoing. Valuable remotes sensing data are provided
through the airborne P-band SAR measurements and ground campaign activities.
The measured data can be used for biomass retrieval if collected in a forested region.

SMAP, BIOMASS, AirMOSS and many other missions will provide the resources
to develop and improve the scattering models for microwave remote sensing of vege-

tation.



1.3 Multiple Scattering in Microwave Forest Models

The scattering properties from vegetation can be characterized via empirical (in-
cluding semi-empirical) or physics-based models. Of these two types of models, em-
pirical ones (e.g., in [20]), simple in formulations, have been used to characterize tree
volume scattering. But the lack of physical insights limits empirical modeling. In this
regard, physics-based methods are more preferable.

Physics-based forest models are usually constructed by replacing tree components
by finite lossy dielectric cylinders and disks [21]. Both coherent [22-25] and incoherent
[26-28] single scattering techniques have been used to compute the radar backscatter
from forests and to estimate their emissivity. These theories assume that the forest
scattering elements are independent of one another and that double scattering and
higher order multiple scattering are not important.

As the frequency increases, multiple scattering becomes more important. In sens-
ing forest biomass, cross polarized returns are often preferred since they are not
sensitive to ground returns. Multiple scattering usually appears stronger in cross
polarized returns [29, 30]. In measuring soil moisture over a forested landscape (e.g.,
[31]), forest models are needed. Active remote sensing systems often use the like
polarized radar returns to obtain the ground information [16]. Multiple scattering
effects also have been observed in like polarized returns in [29] at L-band frequencies.

The point at which multiple scattering effects start to appear depends on the size
and the geometry of the scattering elements and their density; very often multiple

scatter first appears in the cross polarized returns. Forests usually contain a large



number of tree components, such as trunks, branches and leaves or needles. A mature
pine tree, for instance, can have thousands of tree branches. Multiple scattering
effects between scattering elements can be noticeable, even though some of the tree
components are small or thin. A tree having N scattering elements will have N
single scattering contributions and N (/N — 1) double scattering contributions to the
scattered field. Even though the single scattering contributions may be strong, the
double scattering contributions may be comparable or stronger since the number of
them occurring is more numerous.

When a forest is modeled as a discrete medium, tree components are placed in
an average background medium where many scattering elements are in close proxim-
ity at L-band frequencies. The electromagnetic coupling interaction due to multiple
scattering between neighboring tree components may be important. Calculations of
multiple scattering can be applied to both active and passive remote sensing appli-
cations. For example, [29] considers the active application while [32] focuses on the
passive case, and [30] takes both into consideration. In their studies, multiple scat-
tering effects appear at L-band or higher frequencies. Thus, a question that naturally
arises is: how should one accurately calculate multiple scattering effects when some
scatterers are not necessarily in the far field of each other? Two techniques that are
used to calculate forest scatter including the multiple scattering effects are: radiative
transport theory [32-34] and the direct use of Maxwell equations (e.g., [30]).

Transport theory is an incoherent method and thus coherent effects are not in-
cluded. More importantly, however, transport theory assumes scatterers to be in the

far field of one another. At L-band frequencies, this is certainly not the case for most



large branches in an individual tree.

Analytical and numerical techniques based on Maxwell equations can be used to
compute scattering from forests. In order to take multiple scattering into account,
an analytical method based on the reciprocity theorem has been proposed to model
an adjacent cylinder-sphere or cylinder-cylinder pair including the multiple scattering
up to the second order (double scattering) effects [35-37]. These analytical methods
are usually limited by shape, size and geometry of the scatterers.

As computer capability developed, numerical modeling of trees has been employed.
Researchers have attempted to fully take into account the interaction between the
scatterers by modeling a simulated tree as a whole scatterer numerically [30, 38—
41]. This approach is often referred as the full-wave solution. The problem in the
application of the full-wave techniques, however, is that the number of unknowns
needed is so large that only a simple tree, a small section of a complex tree or a
tree at very low frequencies can be considered. Hence, seeking a computationally
efficient and accurate method is very important for numerical modeling of vegetation

components in remote sensing problems.

1.4 Dissertation Overview

In order to improve the estimates of forest biomass, accurate microwave modeling
of forests is required. Based on this demand, the primary goals of the dissertation

research herein are listed as follows:

1. To utilize the existing methods of computational electromagnetics to study mul-



tiple scattering effects between vegetation components in microwave regimes;

2. To develop a simple and robust approach, based on existing methods, to treat

scattering problems from a collection of vegetation components; and

3. To employ the proposed method in the application of tree volume scattering.

In pursuit of these goals, the research work has been performed. The description of
the research and the outcomes are documented in this dissertation. The dissertation
is organized into six chapters with two appendices. The current chapter, Chapter
1, is an introduction of the research background. It demonstrates the need for this
research and the motivation. From the research background, the importance of the
multiple scattering in microwave remote sensing from forests is addressed.

Chapter 2 begins with the literature review on solutions to electromagnetic scatter-
ing problems of dielectric objects, particularly focusing on integral equation methods.
The mathematic framework of the volume integral equations is then introduced. The
formulations of the discrete dipole approximation, based on the Maxwell equations,
are provided as a representative numerical integral equation solver. With the full-
wave numerical integral equation techniques, the modeling of vegetation components
(dielectric objects) is demonstrated. The multiple scattering effects are observed and
studied in the microwave remote sensing applications by using these numerical tools.

Chapter 3 aims to develop a physics-based method to compute scattering from an
ensemble of scatterers. For this purpose, the Fresnel double scattering method has
been introduced to calculate the scattering from two tree branches that are not neces-

sarily in the far field of each other. It is assumed that only first and double scattered



fields are important. The restriction is reasonable since double scattering will be the
first multiple scattering effect to appear as the frequency is increased. The coupling
interaction between scatterers is taken into account in computing double scattering.
For the simulated numerical cases provided in this chapter, it is demonstrated that
this new method provides a good approximation to the exact approach where all the
multiple scattering interactions are included.

Chapter 4 reviews an experiment to study the microwave scattering from a fir tree.
The experiment, namely the JRC tree experiment, has been performed in a large
anechoic chamber, which is part of the European Microwave Signature Laboratory
(EMSL) at the Joint Research Centre (JRC) in Ispra, Italy. The radar has been
operated in the backscattering and the bistatic scattering modes to measure the
scattering properties of the tree in the 1-10 GHz range. In addition, a network
analyzer has been used to measure the dielectric constant of the tree parts. The
location and size of representative portions of the tree architecture have been recorded
and a vectorization technique has then been employed to reconstruct the complete
tree architecture from this sampled data.

Chapter 5 gives a detailed theoretical study of tree scattering. The study subject
is the fir tree described in Chapter 4. Simulations of radar responses from the tree
are performed. The idea of mean wave propagating with attenuations in an effective
medium is developed and adapted. The single and multiple scattering techniques are
incorporated with the tree modeling in a discrete random medium. In the course of
the physics-based modeling of the fir tree, the characteristic parameters of the JRC

anechoic chamber and the JRC antennas are appropriately taken into consideration.
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Therefore, the model simulations mimic the actual JRC experiment environment.
The simulated radar responses from the tree are analyzed and interpreted in this
chapter with the single and multiple scattering effects being investigated. Results are
also compared with the measured data.

At last, but not least, Chapter 6 offers the conclusion and contributions of the
accomplished dissertation work, as well as potential future research with tentative

plans.
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Chapter 2 Scattering from Dielectric Objects

As discussed in Chapter 1, microwave vegetation models, including forests models,
are widely used to capture scattering properties of vegetation. These models are
usually derived from radiative transport theory or electromagnetic wave theory (the
direct use of Maxwell’s equations). The research work continued in this dissertation
is developed based on the wave theory in which the effect of coherence (the phase
interaction within scattered fields) is included. This will result in more accurate
calculations of the fields in a scattering problem.

In this chapter, a brief review of solutions to electromagnetic scattering from
dielectric bodies is provided. Integral equation methods are addressed in the review.
The volume integral equation is derived from Maxwell’s equations. A numerical
technique, the discrete dipole approximation, is applied to solve the integral equations
inside the scatterer. This numerical method is carefully examined and validated by
comparing with other analytical or numerical solutions.

Following the theoretical derivations for integral equation approaches, numerical
calculations are provided. We first consider a scattering problem from leaves. Nu-
merical results are analyzed in order to study the multiple scattering effects in leaves.
Then the scattering properties of a tree with primary branches over the ground are

studied. Multiple scattering results are compared with single scattering results. They
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suggest that coherent multiple scattering effects in trees can be significant.

2.1 Literature Review

The remote sensing of a forested terrain usually involves the vegetation volume and
the ground surface. The modeling of surfaces is beyond the scope of this dissertation.
But it can be considered as a topic for the future work. In discrete vegetation canopy
models, vegetation components are modeled by dielectric scatterers. For forests,
leaves can be represented by circular or elliptical disks (e.g., for deciduous broad-leaf
trees) or needles (e.g., for conifers), while branches or trunks can be represented by
circular cylinders in principle. Therefore, scattering from dielectric objects, disks and
cylinders in particular, is one of the theoretical fundamentals for vegetation remote

sensing. It can be treated via analytical or numerical methods.

2.1.1 Analytical Methods

The exact analytical solution to a scattering problem of a finite dielectric object
exists when the scatterer is spherical, homogeneous and isotropic [42-44]. For other
shapes, such as disks and cylinders, the vector wave equation may not be separable.
Approximations, therefore, need to be made in order to find the scattering for these
dielectric scatterers.

The Rayleigh-Gans approximation [45] is applicable to tenuous particles in the
cases where the phase variation is negligible inside the scatterers. This method is

developed based on the Rayleigh scattering [46, 47] where the approximation of the

13



inner field is valid for very small scatterers. In further studies by Acquista [48]
and Cohen et al. [49], the Rayleigh-Gans approximation method can be used to
model scattering elements with low polarizability and small phase variation across
the dimension of the scatterer. A generalized Rayleigh-Gans approximation proposed
by Schiffer and Thielheim [50] is valid for a nontenuous scatterer with at least one of
its dimensions small compared to the wavelength. The Rayleigh-Gans approximation
has been well studied and applied to microwave vegetation scattering (e.g., the work
by Karam et al. in [51]).

The Physical Optics (PO) approximation is also commonly used in modeling scat-
terers in the microwave regime. Seker and Schneider have proposed a PO method for
dielectric cylinders with the length being much larger than the radius [52]. In their
work, it is assumed that the internal fields induced within the finite-length cylinder
can be approximated by those within an infinite-length cylinder. These internal fields
are then used to calculate the scattering in terms of the cylinder’s physical dimensions,
orientation, and dielectric properties. The scattering from a disk can be found by the
PO method implemented by Le Vine et al. [53, 54]. This approach approximates the
fields inside the disk with the fields induced inside an identically oriented dielectric
slab having the same thickness and permittivity. Kurum et al. [55, 56], Chai et al.
[57], Chiu and Sarabandi [58], Lang et al. [59] and many others have employed PO
approximations in their vegetation models.

Analytical solutions to scattering from dielectric objects, in general, are compu-
tationally efficient. On the use of analytical electromagnetic methods, the scatterers

must be electrically small compared to the wavelength of the incident wave. It may
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be suitable to model leaves or needles with small cross sections along one dimension
at microwave frequencies (e.g., at L band) by employing analytical methods. But
the use of these approaches may resort to over-simplifying assumptions for branches
and trunks whose sizes are usually electrically large. Furthermore, we would like to
consider cases with several or many scatterers where multiple scattering occurs in
this dissertation. It is difficult to implement analytical methods to accurately es-
timate scattering from components in close proximity of one another at microwave

frequencies.

2.1.2 Numerical Methods

Numerical electromagnetic solvers, in contrast to the analytic methods, are theo-
retically applicable to arbitrary scatterers. The multiple scattering interaction can be
easily treated in numerical solutions. Numerical techniques are based on differential
or integral equations.

Differential equation methods, such as the Finite Element Method (FEM) [60]
and the Finite-Difference Time-Domain (FDTD) method [61, 62] can be used to
find the scattering from dielectric objects (as demonstrated in [63] and [64]). They
can be further extended to vegetation remote sensing problems. For instance, Lin
et al. have employed FDTD to study leaf moisture [65]. The differential equation
approaches are applied to solve for the fields permeating all the space. In other words,
they require the discretization of the entire domain. For this reason, an absorbing

boundary is necessary to find the scattering from the dielectric elements in order
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to satisfy the radiation conditions [66]. Alternatively, the problem domain can be
divided into the interior where differential equations are solved and the exterior where
boundary-integral equations are applied to enforce the radiation conditions [67-69].
It is actually a hybrid approach in which the integral equations are involved. The
use of differential equations may not be as convenient as integral equation methods
by which scattering problems are solved for the sources instead of the entire space.
Nevertheless, the differential equation methods are powerful electromagnetic solvers,
especially for inhomogeneous bodies.

Integral equation methods, on the other hand, are commonly employed for homo-
geneous objects, requiring smaller number of unknowns and being flexible in geometry
handling [70]. Integral equations are derived from Maxwell’s equations and formu-
lated with Green’s functions [71] satisfying the radiation conditions. The Method of
Moments (MoM) is widely employed to discretize surface or volume integral equa-
tions, yielding a set of linear equations that can be solved by inverting the impedance
matrix [72, 73].

Resonance may occur in the surface integral equations. In order to avoid the
resonant problem, a Combined Field Integral Equation (CFIE) is proposed by com-
bining the electric and magnetic field integral equations [74]. Poggio-Miller-Chang-
Harrington-Wu-Tsai (PWCHWT) [75-77] and Miiller formulations [78] can also be
used. The equivalent surface currents are obtained by solving surface integral equa-
tions with the MoM. The surface of the homogeneous volume is often represented
by triangular patches upon which the Rao-Wilton-Glission (RWG) basis functions

[79] can be applied. In special cases with rotationally symmetric bodies, one can use
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the Body of Revolution (BOR) method developed in [80-82]. These surface integral
methods are known as stable and accurate, although their performance may vary [83].

Scattering problems can also be solved by using volume integral equations where
the internal fields are found. The volume integral equation method is clear in concept
and simple in execution, which will be shown in formulations in later sections. The
Discrete Dipole Approximation (DDA), introduced by Purcell and Pennypacker [84]
and summarized by Draine and Flatau [85], is a volume integral method to solve the
light-scattering problems for arbitrary shaped particles, yet applicable to microwave
remote sensing. Applying the DDA, the volume of the scatterer is discretized into
cells with an electric dipole of an appropriate polarizability representing each cell. It
has been used to find scattering cross sections [86], as well as near-field scattering
[87], showing a great convenience to compute scattering numerically.

The conventional DDA may not yield accurate results for scatterers with a high
permittivity. But special methods [88-90] can resolve this issue. The computational
complexity for the DDA is O(M?) with M being the number of dipoles, but can
be further reduced to O(M log, M) by advanced numerical techniques, such as the
Conjugate Gradient - Fast Fourier Transform (CG-FFT) method [91].

There are numerous examples with integral equation methods being applied to
microwave remote sensing from vegetation. The MoM with RWG basis functions can
be utilized to study problems involving vegetated rough surfaces (e.g., in [92, 93]) or
vegetation components (e.g., in [94]). The BOR has been employed to model tapered
vegetation structures as demonstrated in [95, 96]. The DDA is widely used in remote

sensing society for modeling scatterers [97]. It has been proven to be suitable to find
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volume scattering from trees [98-101]. Other volume equation techniques, equivalent
or similar to the DDA, are also applicable to forest remote sensing. Examples can be
found in [30, 38, 39, 41].

Efforts have been made to bring the commercial electromagnetic software into
scattering problems in vegetation remote sensing [94, 102]. These commercial codes
with CAD interfaces, for instance, HF'SS [103] and FEKO [104], have been found very
reliable and convenient in scattering modeling. They offer the ease of implementing
computer simulations in remote sensing from vegetation.

In general, vegetation electromagnetic modeling is challenging considering the
complexity of natural scatterers. Ever since the advent of the numerical techniques,
considerable progress has taken place in the development of treating complex geome-
tries in vegetation remote sensing. The integration of the physical and fast com-
putational electromagnetic approaches, the supercomputing resources (e.g., clusters
and Graphic Processing Units [105]) and the implementation of parallel computing
(e.g., Massage Passing Interface [106] and OpenMP [107]) in electromagnetic prob-
lems provides a powerful tool to utilize numerical techniques in the application of

remote sensing of nature media and surfaces.

2.2 Volume Integral Equation

The numerical volume integral equation method is considered in this dissertation

research. We start from Maxwell’s equations to derive the volume integral equation.

—twt

Note that the time dependence convention e is used and suppressed hereafter in
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the formulations, w being the angular frequency of time-harmonic electromagnetic
waves (w = 27 f where f is the frequency).

Consider an electromagnetic scattering problem with a plane wave of frequency f
and electric field E™¢ incident in free space on a scatterer. The free space permittivity
(dielectric constant) and permeability are denoted by €, and g respectively. The
scatterer, with volume V', has a relative permittivity of ¢, and a relative permeability
of y1,.. The geometry is shown in Figure 2.1. Assume that the scatterer is homogeneous
and isotropic. Assume its relative permeability u, = 1. Given the position vector r
as r = rX+yy + 2z, the corresponding Maxwell’s equations for the electric field E(r)
and the magnetic field H(r) in this electromagnetic scattering problem in Figure 2.1

read as

V x H(r) = —iwee(r)E(r) + J(r); (2.1)
V x E(r) = iwpoH(r); (2.2)
V. E(r) = f—g; (2.3)
V- H(r) =0 (2.4)

where the relative permittivity e(r) = 1 if r ¢ V and €(r) = ¢, if r € V; J(r) is the
current density of an arbitrary electric source in free space; p, is the volume electric
charge density.

Following the Maxwell equations, the electric field E(r) obeys the vector wave
equation:

V x V x E(r) — kje(r)E(r) = iwped (r) (2.5)
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Figure 2.1: Scattering from a dielectric object: the geometry
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with kg being the propagation constant in free space

k() = Wy/€o 0. (26)

Equation (2.5) can be expressed in a more abstract notation:

(L-V)-E=g (2.7)

In the above, dyadic operators £ and V are used along with a source vector g. They

are defined as follows:

L=V xVxI-FKIL (2.8)
V=l (2.9)
g = iwpod (2.10)

where 1 is the unit dyadic denoted by a boldfaced symbol with an underline

L= X% 499 + 22. (2.11)

The scalar v is

v(r) = ki(e(r) — 1). (2.12)
Note that the incident wave E™¢ is the solution to (2.7) if the scatterer is absent, i.e.,
L -E" =g (2.13)

Further, we can denote the induced currents by an equivalent source term g, that

only exists inside the scatterer as the sources for the scattered field:

8eq = E - E. (214)
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Then (2.7) can be expressed as
L-E=g+ g (2.15)

It is useful to relate the equivalent source term g, to the incident field that actually

induces this source using a transition operator 7 [108, 109]
Beq = I . Einc' (216)

Note that this transition operator differs from Waterman'’s transition operator [110]
which relates the scattered field to the incident field directly. Using (2.14) and (2.16),

the electric field inside the scatter can be expressed in terms of the incident field:
E=V ' . T -E", (2.17)

When r ¢ V| the electric field E can be written as a summation of the incident field

E™¢ and the scattered field E* i.e.,
E = E" + E*, (2.18)

Multiplying the inverse of £, i.e., £, on both sides of (2.15) and applying (2.13),

(2.17) and (2.18), (2.15) becomes
Esce — é_l . Z .E = é_l . 7_— . Einc. (219)

The operator £~' when applied to an arbitrary function f(r) is given in terms of

the free space dyadic Green’s function G(r,r’) as follows:
P = [ Gl (2.20)
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where 1’ is the source position vector. Define a position vector

R=r-r". (2.21)

Let R be the unit vector pointing from r’ to r and let

R=|r—1|. (2.22)

Then

R = RR. (2.23)

The scalar Green’s function g(r,r’) in free space is given by

eikoR

- AR

g(r,1’) (2.24)

Note that the singularity occurs in the Green’s function when r = r’. The singularity
will be treated later separately. Hence, the dyadic Green’s function in Equation (2.20)

when r # r’ can be written as

G(r,r') =1+ kioQVV)g(r,r’). (2.25)

By taking the double differentiation in Equation (2.25), one can show that

eik:()R

- (1 — ikoR)
Amki R3

g(r7 r/) = R2

{k;g(—Pﬂ +RR) + (R’ — 3RR)} (2.26)

when r # r'.

By substituting Equation (2.19) into (2.18), it is clear that

E=E™ 4+, V- E. (2.27)
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Equation (2.27) is an abstract notation of the volume integral equation. More explic-

itly, it reads as the following by employing (2.9), (2.12) and (2.20)
E(r) = E™(r) + ko° /g(r, r') - (e, — 1)E(r')dr'. (2.28)
%

Furthermore, considering the singularity at r = r/, a delta function contribution can
be added to the dyadic Green’s function and then extracted from the volume integral

when r = r’. Hence, the volume integral equation becomes
E(r) = E™(r) + /{:02][ G(r,r') - (e, — E(r")dr' — (e, — 1)L - E(r) (2.29)
1%

where f denotes the Cauchy principal value integral and L is the source dyadic [111]

given by

Rn'
L=- ds'. 2.30
= / 47 R? ( )
Ss
Here, Ss is the surface of the infinitesimal volume where the singularity occurs; n’ is
the normal unit vector pointing outwards of the surface Ss.

When r € V, the internal field E(r) induced by the incident field E™¢(r) can be

obtained by solving (2.29) with numerical methods.

2.3 Scattered Field

With the knowledge of the internal field, the scattered field outside the scatterer,

i.e.,, E**(r) (where r ¢ V), can be found from (2.19)

E*(r) = k2 /g(r, r') - (e, — 1)E(r')dr'. (2.31)
v
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If the observation point r is located in the far-field zone with respect to the source,

we have

2

D
v > (2.32)

where D is the maximum size of the source and A is the free-space wavelength.
Position vector r can be expressed in the spherical coordinates as r = rr. Here r is
the magnitude of r. The unit vector r pointing from the origin to the observation

point is defined as ¥ = r/r. In the far field, the following approximations can be used

v —1'|~r—1-1; (2.33)

1
~Y
v — |

(2.34)

S | =

where the symbol ~ is used to indicate that the approximation is valid in the far-field

zone. The scalar Green’s function shown in (2.24) can be approximated as

eikor

g(r,1') ~v ——e kot (2.35)

Employing (2.35), the dyadic Green’s functions becomes

G(r,r') ~ (I f«f)eikor ~thofr’ (2.36)
~ (I- e : :
- - 47y
Finally, the far-field scattered field is
ke, — 1) , I
E*(r) ~ %emo’“@ — £F) - / E(r')e* ot gy, (2.37)
1%

In other words, the abstract operator £~ ' in the far-field zone, namely é;ol, is
defined by (2.20) with the far-field Green’s function (2.36) substituted into it, such
that

E*““(r) ~ L - T -E™. (2.38)
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Scattering amplitudes and scattering cross sections are more often used to charac-
terize the scattering properties of a scatterer. They are obtained from the scattered
field. The details regarding polarized waves, scattering amplitudes and scattering

cross sections are provided in Appendix A.

2.4 Discrete Dipole Approximation

From the previous section, it is clear that the induced internal field E governs
the scattered field. Numerical techniques can be applied to solve for the internal
field in the volume integral equation. In this section, we choose the Discrete Dipole
Approximation (DDA) as an example to find the field. The DDA can discretize the
volume integral equation into a summation form upon which matrix equations can
be established.

The scatterer V' in Figure 2.1 with an arbitrary shape is geometrically represented
by a collection of N small volumetric cells with certain shapes in order to apply the
DDA, as shown in Figure 2.2 with cubic cells. It is assumed that the fields are constant
if within a cell. Essentially, the DDA can be interpreted as replacing the scatterer by
a set of interacting dipoles [112], each of dipoles being at the center of a cell. Let r,,
and r, be the position vectors pointing from the origin to the geometric centers of
the mth and nth cells respectively (Figure 2.2). The volume integral equation (2.29)

can be written into a discretized form:

N
E"(r) = Z G(rp, 1) (6 = DE(r,)AV, (2.39)
+(6, — DL - E(ry), n=1,.,N



Figure 2.2: Scattering from a dielectric object: the discretized representation

where AV, is the volume for the nth cell. The self terms, i.e., source dyadic L,
can be explicitly determined depending on the shape and orientation of each cell
[111]. Rectangular parallelepipeds and cubes are used in this dissertation to model
vegetation scattering components. The explicit form for L can be find in Appendix
B.

Equation (2.39) can be written in a matrix form as
[E™] = [A][E] (2.40)

where [E™¢] and [E] are column vectors whose elements are E™“(r,,) and E(r,)

respectively and [A] is a matrix of dyadics

A(rma rn) - I - kOQ(GT - 1)Avng(rm7 rn) + (Er - 1)L

(2.41)

The explicit form of [G(r,,,r,)] is provided in Appendix B. The internal field
matrix [E] can be found by solving the matrix equation (2.40). After obtaining
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E(r,,), the scattered field E*** can be found at a specific position r by using the

discrete form of (2.31), i.e.,

E*(r) = ko*(e, — 1) ) G(r,1,) - B(r,) AV, (2.42)

n=1

If r is in the far field, E** is obtained by following the discrete form of (2.37)

ki(e, — 1

N
E*(r) ~ )eikor(l — i) - > E(r,)e MFmAY, (2.43)
n=1

4dmr
from which the scattering amplitudes can be computed.

In the course of applying the DDA, Clausius-Mossotti relation has to be used
to connect the permittivity to the polarizability [84]. Radiative corrections are also
required to ensure that the computed scattering obeys the law of energy conservation.

The details can be found in [86, 98].

2.5 Validation of DDA

The formulation of the volume integral equation and its implementation, the DDA
has been derived. Validation of the DDA code, therefore, is required before employing
the DDA to solve microwave remote sensing problems. For the validation purpose,
two numerical cases are considered in this section.

We first examine scattering cases with one individual thin disk. The Physical
Optics (PO) approximation has been found quite reliable especially when the disks
are thin (kOTd\/H < 1 where Ty is the disk thickness). An implementation of the
PO method for computing scattering from a dielectric disk [53] is used here to check
the DDA results. In the course of testing, it is found that the DDA results have
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Figure 2.3: Scattering from a dielectric disk: the geometry

Disk parameters: relative permittivity = 20 4 7¢; radius = 5 cm; thickness = 0.1 mm;
the disk center is located in the y-z plane; the disk is tilted with by 45° with respect
to the y-z plane. Incident wave: frequency = 1.4 GHz; incident angle 6; = 0°; h- and
v-polarized. Scattered wave: elevation angle 6, varies from 0° to 180° and azimuthal
angle ¢, = 10°.
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shown a good agreement with the PO results for thin disks. For example, we consider
the disk in Figure 2.3. It has a relative permittivity of 20 + 77, a radius of 5 cm and
a thickness of 0.1 mm. The disk center is located in the y-z plane. It is tilted with
by 45° with respect to the y-z plane. The incident wave has a frequency of 1.4 GHz
with h- and v-polarized. The incident angle is fixed as 6; = 0°. The disk is meshed
into 56 rectangular parallelepiped volumetric cells to implement the DDA method.
Each cell has dimensions of 1 cm x 1 ecm x 0.1 mm. The bistatic scattering cross
sections of the disk, observed at the scattering elevation angle 6, varying from 0° to
180° and azimuthal angle ¢4, = 10°, are plotted in Figure 2.4. The DDA results follow
the PO results very closely for all the polarizations, showing the validation of the
DDA for a thin disk. (Note that the polarization of the incident and the scattered
wave, the incident and scattering angles and the scattering cross sections are defined
in Appendix A.)

Further, we examine a case with one individual dielectric cylinder to check the
DDA code. Considering the geometry in Figure 2.5, the radius and the length of
the circular cylinder are 2 cm and 20 cm, respectively. Its vertical axis is z-axis and
base center is the origin. The relative permittivity of the cylinder €, is 10 4+ 3i. The
incident wave at 1.4 GHz frequency travels with a direction (6;, ;) where ¢; = 0°
is fixed. The bistatic scattering cross sections are observed at 0° < 6, < 360° and
ps = 0°.

Results are computed by three numerical methods (DDA, FEKO and BOR) in
order to test the performance of the DDA code for cylindrical scatterers. In the DDA

solution, about 1,000 cubic cells with 1 cm edge length are used to represent the
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Figure 2.4: Scattering from a dielectric disk: bistatic scattering cross section

The agreement between DDA and Physical Optics (PO) results is presented here for
the thin disk case at L. band. The geometry of the thin disk is shown in Figure 2.3.
The disk is meshed into 56 rectangular parallelepiped volumetric cells to implement
the DDA method. Each cell has dimensions of 1 cm x 1 cm x 0.1 mm.
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Figure 2.5: Scattering from a vertical dielectric cylinder: the geometry

Cylinder parameters: relative permittivity = 10 + 3¢; radius = 2 c¢m; length = 20 cm;
Incident wave: frequency = 1.4 GHz; incident angle §; = 15° and 45°, ¢; = 0°; h- and
v-polarized. Scattered wave: elevation angle ¢ varies from 0° to 360° and azimuthal
angle ¢, = 0°.
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Figure 2.6: Scattering from a vertical dielectric cylinder: bistatic scattering cross
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Figure 2.7: Scattering from a vertical dielectric cylinder: bistatic scattering cross
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cylinder geometry. In the solution provided by the software FEKO, the surface of
the cylinder is meshed in to approximately 3,000 triangular patches to implement
the MoM with RWG basis functions. In the BOR solution, the code tested in [95] is
used. Examples of like-polarized results are illustrated in Figures 2.6 and 2.7 where
the incident angle 6; is 15° and 45° respectively. The cross-polarized signals are not
presented since they are not important for this vertical cylinder in Figure 2.5. In
each plot, three curves follow one another closely. It indicates that the DDA program
yields reasonable results.

In this section, the DDA program has been validated for dielectric disks and cylin-
ders that are usually used in modeling vegetation components in discrete models. The
DDA code will be used to study realistic scattering problems in microwave vegetation

remote sensing.

2.6 Calculation of Scattering from a Cluster of Leaves Using DDA

Numerical results in the prior section using the DDA method have shown a good
agreement with the results obtained by employing the physical optics approximation
for a single thin disk in free space. To find the scattering from vegetation with many
leaves, we can model each leaf as a disk. Consider three nearby leaves that form a
cluster as in soybean plants; and assume that each leaf is not in the far field of the
other leaves in the cluster. The multiple scattering interaction between neighboring
leaves may be important. It is convenient to employ the DDA method to find the

scattering from scatterers with multiple scattering effects. A numerical calculation of
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scattering from a cluster of leaves is provided in this section to examine the multiple
scattering effects.

A plane wave is assumed incident on a cluster of leaves whose orientation is pre-
scribed; the leaves are modeled by dielectric circular disks. A matrix equation is
formulated by applying the DDA method and the volume integral equation is solved
for the internal field within the leaves. Using these internal fields, the scattering am-
plitude of the whole cluster (i.e., fuuster) is computed. To demonstrate the multiple
scattering in the leaf scattering problem, single scattering is needed. The bistatic scat-
tering amplitudes for each individual leaf in the cluster (i.e., ficaf1, fiear2 and fiears)
are also calculated by the DDA method by assuming the other scatterers (leaves)
are not present. The total scattering cross section for the cluster is computed in the

following three methods:

1. Exact approach: the scattering amplitude is obtained by treating the cluster
of leaves as a whole scatterer, so that the coupling interactions are included.
Mathematically, the bistatic scattering cross section o of this cluster by using

the exact approach can be expressed as

Oexact = 4 | fcluster |2 . (244)

2. Coherent Single Scattering (CSS) approximation: the total scattering amplitude
of the cluster is the summation of the scattering amplitudes of each leaf in the
cluster. In this approach, the phase variation of the scattering amplitudes due
to different locations of the leaves are captured, but the coupling interactions
due to multiple scattering among leaves in the cluster are not included. The
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calculation is carried out by the following equation

0css = 4T | fieapt + freara + freaps |- (2.45)

The phase shift term for each leaf due to the physical displacement is not needed
in Equation (2.45), since the scattering amplitude is obtained by the numerical
method. It differs from the analytic solutions in which the scattering ampli-
tude is first found in local coordinates and then shifted and rotated into global

coordinates via the phase shift (displacement) term.

. Incoherent Single Scattering (ISS) approximation: each leaf in the cluster is
considered to be an independent scatterer. The total cross section of the cluster
is the summation of the cross sections of each leaf. Thus, the phases of the

scattering amplitudes of each leaf are ignored. Thus,

0158 = 47T(| fleafl |2 + | flean |2 + | fleafS |2) (246)

Note that more generalized formulations for scattering from multiple scatterers by

applying the exact and the single scattering methods will be derived in Chapter 3.

As a specific example, clusters of three leaves are considered (Figure 2.8). To

simplify considerations we will neglect the stem and just consider the three leaves

as a cluster. Each leaf has a radius of 5 cm, a thickness of 1 mm, and a relative

permittivity ¢, = 20 + 7:. Their positions and orientations are listed in Table 2.1,

where the leaf center C; (i = 1,2,3) is expressed in Cartesian coordinates, and the

angles of the surface normal vector fi; (i = 1,2, 3) are given.

The bistatic scattering cross sections are computed using the three approaches
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Einc

Figure 2.8: Scattering from a cluster of three leaves: the geometry

Center C; Normal Vector i,
7 (em) |y (em) [ = (cm) | 6C) | o)
Leaf #1 6 0 6 45 90
Leaf #2 0 6 6 45 0
Leaf #2 7 7 0 10 45

Table 2.1: Position and orientation of a cluster of three leaves
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(exact, CSS and ISS) described above. In Figure 2.9, the bistatic scattering cross
sections for the three-leaf cluster are shown where each of the three leaves is in
the close proximity of another. The incident wave has a frequency of 1.4 GHz and
propagates parallel to the -z direction (6; = 0°). The azimuthal angular direction has
been chosen to be the y-z plane where ¢; = ¢, = 90°. Each leaf is divided up into
56 rectangular parallelepiped cells. Each cell has dimensions of 1 cm x 1 ¢cm x 1
mm. The plots are shown as a function of the scattering angle, 6;. They show that
the results using the exact approach differ substantially from the ISS. Comparing
the exact and the CSS results, in the backscatter direction (6; = 0°), the exact and
the coherent results differ by 4 dB for both like polarizations. An interaction effect
due to multiple scattering is observed in the backscattering direction and its nearby
angular region. When 6, > 20°, the interaction effect becomes weaker as 6, increases;
when 6, > 90°, the multiple scattering disappears. In general, the interaction is
slightly stronger for VV polarization than it is for HH polarization for this case. The
incoherent results do not approximate the exact results very well for both HH and
VV polarizations shown in Figure 2.9.

Backscattering from the cluster of three leaves in Figure 2.8 by employing the
exact and the CSS approaches are computed. The results are shown in Figure 2.10
as a function of incident angle 6; varying from 0° to 180° with an increment of 20°.
The incident angle ¢; is 90°. The exact and the coherent results can differ by 3
dB for both HH and VV polarizations. The multiple scattering effect provides an
enhancement effect for the backscattering cross sections from 6; = 80° to 180°. Here,

the enhancement (or cancellation) is used to describe the difference between the exact
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Figure 2.9: Scattering from a cluster of three leaves: bistatic scattering cross
sections (a)HH; (b)VV
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results and the CSS results. When 40° < 6; < 80°, the exact results approach the
CSS results. The incoherent method is not considered in this discussion, since the
coherence effects are not included in the ISS.

In this section, the scattering properties of a cluster of plant or tree leaves are
studied emphasizing the mutual interaction effect due to multiple scattering. A nu-
merical volume integral equation method, the DDA, is utilized. The numerical cases
presented in this section have shown that the multiple scattering effect plays a signif-
icant role in the scattering problems at L band. The results computed by numerical
methods here indicate that the interaction can be important in the backscattering
directions. The interaction effect is observed either as an enhancement or as a cancel-
lation for the scattering cross sections with respect to the coherent single scattering
result. To study the multiple scattering in microwave vegetation scattering model, the
average scattering results over different realization simulations are needed. Also, it is
common that scattering effects are stronger for branches than for leaves in vegetation
electromagnetic modeling. Thus, the discussions regarding scattering from branches

and averaging the results will be provided in the next section.

2.7 Scattering from a Simple Tree Using MoM

We shall extend the study of multiple scattering effects to a more realistically
structured tree. In the nature, tree trunks and many of branches are electrically large
at L-band frequencies. They can be in close proximity of one another. The multiple

scattering effects between them may be noticeable. As shown before, the collection
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of leaves can be represented by volumetric cells with the DDA method. For a large
homogeneous scatterer with a regular shape, however, surface integral methods of-
ten require less cells by employing the surface equivalent currents. To this extent,
the MoM with RWG basis functions is selected to simulate scattering from a simple
tree over a dielectric half space. Multiple scattering and single scattering results are
compared; differences point out where multiple scattering can be important. The in-
clusion of the ground is meant to investigate the impact of soil moisture, i.e., whether
or how soil moisture affects multiple scattering within the tree in this case. Due to the
computational constraints, only the trunk and primary branches that are connected
to the trunk are considered. We use the commercial simulation tool FEKO to find
the scattering solutions with the MoM. This effort provides an example of utilizing
commercial electromagnetic solver in forest remote sensing.

For the tree shown in Figure 2.11, three important types of multiple scatter-
ing interactions occur. They are: (1) branch-to-branch, (2) branch-to-trunk, (3)
branch/trunk-to-ground. The conventional MoM with RWG basis functions is em-
ployed to find the induced surface currents. The bistatic scattering cross sections
then are computed with the knowledge of these currents.

With a given tree geometry, the procedure described above is the exact solution
including all multiple scattering and coherence effects. A Monte-Carlo simulation is
performed by generating multiple realizations (tree samples) through rotation of a
single tree in azimuth. The average bistatic scattering cross section is obtained by
averaging the results for all realizations. In this manner, the average scattering cross

section includes the contribution of multiple scattering.
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Figure 2.11: A tree with 9 primary branches over the ground

Tree Components | Radius | Length Base Center | Orientation
on z-axis (0, D)
Trunk 5 cm 5 m the origin Z-axis
4.61 m (45°,240°)
Short branch 2cm | 0.5m 4.45 m (45°,120°)
4.10 m (45°,70°)
3.87 m (45°,40°)
Intermediate branch | 2 cm I m 3.56 m (45°,145°)
321 m (45°,290°)
2.68 m (45°,270°)
Long branch 2 cm 2m 2.50 m (45°,0°)
2.35m (45°,135°)

Table 2.2: Geometric and dielectric information of the trunk and the branches
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Consider the tree sample that is generated by using the information given in Table
2.2. The tree geometry is illustrated in Figure 2.11 with a trunk and nine primary
branches. These primary branches are categorized into short, intermediate and long
branches based on their length. Their position (the coordinates of the base center of
the branches) and azimuthal orientation (®) are selected as listed in Table 2.2. The
region z < 0 is the flat ground with relative permittivity ¢, = 12 4 3i. The truck has
a relative permittivity 20 4+ 7¢ and the branches have 40 + 12¢. A plane wave at 1.4
GHz is incident in the x-z plane (¢; = 0°) at an angle of 6; = 45° with respect to
the z-axis. The trunk and the branches are modeled by dielectric circular cylinders.
A total of about 30,000 triangular meshes are used to compute the exact results by
using FEKO. The reflection coefficient approximation (the image theory) is employed
in FEKO to take account of the branch/trunk-to-ground interaction with the direct-
reflected and the reflected terms (double bounce scattering terms) [16]. In this study,
three approaches (Exact, CSS and ISS) are used to predict the scattering from the
tree, similar to those in the prior section. The exact, CSS and ISS scattering cross
sections are found by following the same ideas as shown in Equations (2.44), (2.45)
and (2.46), respectively. Note that the single scattering solutions are also obtained
by FEKO simulations.

The bistatic scattering cross section for the single sample tree is shown in Fig-
ures 2.12 and 2.13 as a function of the scattering angle, 6, in the principle plane,
ie., ¢, = 0° and ¢, = 180°. The exact results including multiple scattering effects
are marked in blue solid lines, while the CSS and ISS results are marked in green

dash-dot lines and red dashed lines respectively. The difference between the exact
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Figure 2.12: Scattering from a tree: bistatic scattering cross sections at L. band
(a)HH; (b)VV
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and the CSS results confirms the existence of the multiple scattering in this tree con-
figuration. For like polarization returns in Figure 2.12; there is a 2-3 dB difference
in the backscattering direction (65 = 45°). In the region where —20° < 6, < 20°,
strong multiple scattering can be observed by comparing the exact and the CSS re-
sults. In the specular direction, i.e., 8, = —45°, the CSS results match the exact
results, showing that multiple scattering is negligible at this particular observation
angle. The ~5 dB difference between CSS and ISS at 6§, = —45° for HH and VV,
however, shows a strong coherent interaction effect. For cross polarization returns in
Figure 2.13, the multiple scattering effect is generally quite strong; the exact and CSS
results can differ by nearly 30 dB at some scattering angles, (e.g., s = 60° in HV
polarization). In the backscattering direction, HV and VH polarization results are
identical due to reciprocity. It is also observed that in the backscattering direction
the CSS method overestimates the scatter from the tree by about 3 dB. In addition
to the presented multiple scattering effects, Figures 2.12 and 2.13 also demonstrate
that the CSS results are closer to exact results than ISS results are, indicating the
phase interaction between tree branches (and trunk) plays an important role.

The average bistatic cross sections over azimuthal rotations of the tree are fur-
ther examined in Figures 2.14 and 2.15. The random variable ® in Figure 2.11 is
introduced to represent an arbitrary azimuthal rotation. The tree, with the same
geometry as in Figure 2.11, can be rotated by every 10° in the ® direction, resulting
36 rotations, to mimic a tree stand with branches having uniform, independent and
identical distribution in azimuthal direction. The average bistatic scattering cross

section of the tree stand can be obtained by averaging the bistatic scattering cross
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Backscattering direction | Specular direction

Polarization
Exact | CSS 1SS Exact | CSS ISS
HH 13.48 | 14.86 13.59 22.30 | 22.90 | 18.10
\AY 7.01 7.20 8.39 21.18 | 22.03 | 18.25

HV/VH -16.08 | -14.07 | -13.88 | -10.48 | -8.92 | -4.13

Table 2.3: Average scattering cross sections (dB) of a tree in backscattering and
specular directions

sections for all ®. The results are plotted in Figures 2.14 and 2.15 with the same
incident wave (6; = 45° and ¢; = 0°) and observation directions (¢s = 0°) as used
before.

In Figures 2.14 and 2.15, the curves are smoother than those in Figures 2.12 and
2.13 due to the averaging process. The difference between the exact results and the
single scattering (CSS and ISS) results still exist. The readings in the backscattering
(0s = 45°) and the specular (5 = —45°) directions are summarized in Table 2.3.

In the backscattering direction, multiple scattering is noticeable for HH polariza-
tion (about 1.5 dB difference between the exact and the CSS results) and very weak
for VV polarization. In the cross polarization cases, the CSS method overestimates
the scattering by about 2 dB in the backscattering direction due to the exclusion of
the multiple scattering effects. In the specular direction, multiple scattering is also
noticeable in the cross polarizations, where the difference between the exact and the
CSS results is about 1.5 dB. The ~6 dB difference between the ISS and the exact
results suggests that the ISS method fails to predict the scatter from the tree in the

specular direction for HV and VH polarizations.
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Figure 2.14: Scattering from a tree stand: average like-polarized bistatic scattering
cross sections at L band (averaged over over 36 azimuthal realizations)
(a)HH; (b)VV

50



o, [dB]

-2
-60 -40 -20 0 20
Scattering Angle 9S [deg]

(a)

40 60 80

o, [dB]

-20
-80 -60 -40 -20 0 20 40 60 80

Scattering Angle es [deq]
(b)

Figure 2.15: Scattering from a tree stand: average cross-polarized bistatic scattering
cross sections at L band (averaged over over 36 azimuthal realizations)
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From Figures 2.14 and 2.15, it is clear that the performance of the single scatter-
ing techniques is not satisfactory when —20° < 6, < 20° in this tree configuration,
especially in the cross polarization returns. Single scattering methods usually over-
estimate the scatter from the simulated tree here by several dB in this observation
region. In general, multiple scattering is exhibited in this case for all polarization.
The cross polarizations usually show a stronger multiple scattering effect than the
like polarizations. Note that the ISS method is less accurate than the CSS method
since it does not take the coherence effects into consideration. For example, the ISS
results do not follow the CSS and the exact results in the observation region close to
the specular direction.

Since the backscattering is usually of particular interest for remote sensing appli-
cations, the backscattering cross sections of the tree stand are computed and plotted
in Figure 2.16 where the incident angle 6; varies from 15° to 75° with a 5° step. Only
exact and CSS results are plotted. For HH results, the two curves are very close, indi-
cating multiple scattering is weak. For VV results, single scattering tends to following
exact results. But the difference between the two curves exists, possibly owing to the
trunk-branch multiple scattering, since the trunk contributes a strong VV return.
Apparently, the multiple scattering is strong for cross-polarized backscattering cross
sections, illustrated by the HV/VH curves.

An examination of the water content of the branch and the soil is presented in
Figures 2.17 and 2.18 by varying the branch or the soil permittivities. For a dry
branch case in Figure 2.17, we use the same parameters as those used in plotting

Figure 2.16 except the branch permittivity. The difference between the exact and the

52



10 20 30 40 50 60 70 80
Incident Angle ) [deg]

Figure 2.16: Scattering from a tree stand: average backscattering cross sections (the
branch and the ground relative permittivities are 40 4+ 127 and 12 + 3, respectively)
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Figure 2.17: Scattering from a tree stand: average backscattering cross sections (the
branch and the ground relative permittivities are 15 + 5i and 12 + 34, respectively)
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Figure 2.18: Scattering from a tree stand: average backscattering cross sections (the
branch and the ground relative permittivities are 15 + 5i and 3 + 0.94, respectively)
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CSS results confirms the occurrence of multiple scattering. For results from a dry
soil moisture case, as shown in Figure 2.18 where the soil permittivity is changed,
multiple scattering is still noticeable. The exact and the CSS can differ by 3 dB. The
amplitudes of the radar returns, compared to those in Figure 2.17, are reduced due
to the impact of the soil moisture. But it does not necessarily weaken the multiple
scattering effects.

In this section, the multiple scattering properties of a tree with a trunk and
primary branches are studied using the MoM method with RWG basis functions. For
the tree simulated here, briefly summarizing the findings from these plots, the results
have shown the importance of modeling the multiple scattering effects in the scattering
problems at L band. Monte-Carlo simulations of the average bistatic scattering and
backscattering cross sections are performed by rotating the sample tree. The averaged
results have illustrated that the averaging process over the azimuthal rotations of the
tree does not necessarily reduce the scattering cross section to the single scattering
solution. For the cases presented, multiple scattering exists for both dry and wet
branches. Soil moisture can affect the amplitudes of radar responses but does not

necessarily vanish the multiple scattering effects.

2.8 Summary

We have illustrated the existence and the importance of multiple scattering ef-
fects between vegetation components in this chapter. The analytical and the numer-

ical methods for calculating the scattering from vegetation components have been

56



reviewed. In particular, the volume integral equation method has been carefully de-
rived from the Maxwell equations. The observation of the multiple scattering has
been accomplished using the full-wave numerical approaches, the discrete dipole ap-
proximation and the MoM with FEKO.

To demonstrate the methodology and to accommodate the computational resource
constraints, we have confined the numerical cases selected in the current chapter to
clusters of several vegetation components. The full-wave numerical solvers, when
treating the entire cluster as one scatterer, fully take account of the coupling inter-
action including multiple scattering within the cluster. In principle, these methods
provide accurate results so that they can be referred as exact solutions from the
multiple scattering perspective.

In remote sensing applications, scattering from a collection of large amount of veg-
etation components is usually involved. In this regard, full-wave numerical techniques
are usually computationally expensive, depending on the frequency and the size of
scatterers. They are also short of physical details of multiple scattering (i.e., the suc-
cessive scattering mechanism). Therefore, we are seeking for an approach that can

meet the demands of accuracy and efficiency, which is the topic in the next chapter.
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Chapter 3 Fresnel Double Scattering Method

A Fresnel Double Scattering (FDS) method has been developed in this chapter
to calculate the scattering from two tree branches that are not necessarily in the far
field of each other. It is assumed that only first and double scattered fields are impor-
tant. The restriction is reasonable since double scattering will be the first multiple
scattering effect to appear as the frequency is increased. The coupling interaction
between scatterers is taken into account in computing double scattering. For the sim-
ulated numerical cases provided in this chapter, it will be demonstrated that the FDS
method provides a good approximation to the exact approach where all the multiple

scattering interactions are included.

3.1 Methodology

The methodology of the Fresnel Double Scattering (FDS) approach is provided
in this section. Consider an electromagnetic scattering problem with a plane wave
of frequency f and electric field E™¢ incident in free space on a cluster with N,
elements. To compute scattering from this cluster, we can treat these N, elements

as one scatterer and apply (2.5) to (2.25) to find the scattered field from this cluster.
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We will call the scattered field computed in (2.19) the exact solution, i.e., EZ? , as

Esca — é_l .

exact

M~

S Dl (3.1)

~ LT -E™ (3.2)

since the scattered field includes all the multiple scattering interaction between Nj
elements. Here 7T is the transition operator for the entire cluster. The computational
cost for finding an exact solution may be very high or not even affordable at all
for electrically-large scatterers with arbitrary geometries. Seeking approximations to
exact approaches may be necessary.

Considering the fact that the cluster contains Ny elements, each element can be
treated as a scatterer having its operators T ; (i = 1,2, ..., Ny), then the total coherent

single scattered field from all the N, elements is

Ns

Seg=> LT T,-E™ (3.3)
=1
N,

~> L) T, BT (3.4)

The approach described by (3.3) is often called the Coherent Single Scattering
(CSS) approximation. Using the CSS method, the phase difference due to different
locations of the scatterers is captured, but the coupling interaction due to multi-
ple scattering is not included. It is certainly not a good approximation if multiple
scattering effects are important between scatterers.

In order to improve the single scattering approximation, the FDS approach is
presented to compute the scatter from a cluster of N, scattering elements with dou-
ble scattering taken into account. A general implementation of the FDS method is
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described in the following steps:
1. Each element is treated as an isolated scatterer.

2. With a plane wave incident on the ith scatterer (i = 1,2,..., Ny), as shown in
Figure 3.1, its induced source (T, - E™¢) is calculated assuming that the other

scatterers are not present.

3. By using the induced source in the ith scatterer, its scattered field (£~ 7,-E°)

can be computed.

4. This scattered field is then the incident wave on the jth (j = 1,2,..., Ny and
Jj # i) scatterer. The induced source (7T - L' T, -E™) in the jth scatterer

is computed without any other scatterers being present. Using this source, the

double scattered field (L' T - L7 T, - E™) in Figure 3.1 is obtained.

5. Finally, the total scattered field is the coherent summation of Ny single scatter-

ing terms and N(Ng; — 1) double scattering terms:

Ns Ns Ns
Fhs =D LT ToEM+) D LT LT TET (39)

=1 i=1 j=1

3

N, Ns Ng
NZéo_olIZEan+ZZ£o_olzjé_lzzElnc (36)

i=1 i=1 j=1

J#

Both the single and double scattering effects are considered by employing the FDS
method. The double scattering effects are added coherently to approximate the exact
solution. Since the elements are separated in a cluster, the FDS treats each element

in a cluster as an individual scatterer and neglects the interaction due to higher order
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multiple scattering effects between scatterers. (Here, higher order means any order
larger than 2.) Thus, it is accurate if the higher order multiple scattering is not too
strong. Essentially, (3.6) is the second order iteration of the Foldy-Lax self-consistent

multiple scattering equations, i.e., the first two terms of the Born series [98].

3.2 Numerical Implementations

The FDS method is a general methodology that can be applied to collections of N
scatterers. An analytical implementation of the FDS method for thin cylinders has
been recently developed by Hooker and Lang [113] to compute the double scattering
of scatterers in the Fresnel zone of each other. In this section,the DDA method
introduced in Chapter 2 will be applied to solve for the induced currents inside each
individual scatterer in a cluster. The DDA is based on the volume integral method.
It has been found that it is convenient for treating dielectric cylinders but other
numerical methods could have been used.

The FDS method specified previously in (3.6) will now be implemented using the
DDA approach. Consider a wave E incident on the ith scatterer whose complex
dielectric constant is €,.; and whose volume is denoted by V;. The field, E;(r’), induced
inside the scatterer, assuming none of the other scatterers are present, satisfies the

volume integral equation
B (r) = By(r) — kOQJ[ Gr.1) - (6 — DE)dr + (e — DL-Ei(r)  (3.7)
Vi
where { denotes the Cauchy principal value integral and L is the source dyadic.

62



The DDA method is employed to discretize the volume integral equation by mesh-
ing the scatterer into N volumetric cells. If r,, and r, are the position vectors for

the mth and nth cell, the volume integral equation can be written into a discretized

form:
E"(r,,) = — k2 Z G(rpm, 1) - (6 — 1)Eq(r,) AV,
(3.8)
n;ém
+(€m_1)LEz(rn)7 m = ].,...7N

where AV, is the volume for the nth cell in the ith scatterer and r,, € V;. The self
terms, i.e., source dyadic L, can be explicitly determined depending on the shape and
orientation of each cell. If the scatterer is meshed into cubic cells, then L = I/3.

After obtaining the induced field, the scattered field E** can be found
Ei“(r) = kg (e — /G r,v') - E;(r")dr'. (3.9)
The discretized form of (3.9) is
N
E(r,,) = ZQ Ty ) - (6 — DE;i(r,) AV, (3.10)

where r,, ¢ V;.

Discretized equations (3.8) and (3.10) can be used to provide the matrix repre-
sentation for the operator £~' and T, respectively. Equation (3.8) can be written in
a matrix form as

[E™] = [A][E/] (3.11)
where [E™¢] and [E;] are column vectors whose elements are E™¢(r,,) and E;(r,)

respectively and [A,] is a matrix of dyadics

Ai(rma rn) = 1 - kOQ(Eri - 1)Avng(rm> rn) + (Eri - 1)L (312)
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By inverting (3.11) and comparing it with (2.17), a matrix representation of operator

T, can be found as

[T = v[A]™ (3.13)

Ex)

where v is given in (2.12). By comparing (3.10) with (2.19), a matrix representation

for £7! can also be found. Writing (3.10) into a matrix form gives
[E;*] = v[L7][Ed] (3.14)
where the matrix element of [£7'] is
Ly = G, 1) AV, (3.15)

The scattered field under the FDS approximation, as given in (3.6), can be written

in matrix form as

Bipel = Yo 1L TR+ Y Y e T TR (336)
=1 i=1 i;i

where £ and T; are given in (3.15) and (3.13) respectively. The scattering cross

2

section of a cluster of scatterers can be easily found with the scattered field obtained
by the FDS method.
Note that the matrix expression for the scattered field under the CSS approxima-

tion is the first term in (3.16), i.e.,
N, '
[Bg5s) = > _[L7T]E™]. (3.17)

=1

The matrix expression for the exact scattered field is

[Efea] = [L7[T][E™] (3.18)

exact
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where matrix [T represents the operator 7. Matrix [T]| does not have the subscript i
here, because the cluster of N, scatterers are treated as one whole scatterer by using

the exact method.

3.3 Validation of FDS

In this section, the FDS method described in (3.6) is used to find the backscat-
tering from two thick branches that are in close proximity to each other. The FDS
results are compared with the exact solutions obtained by using (2.19) and the CSS
results obtained by using (3.3) in order to observe multiple scattering effects and the
accuracy of the FDS method.

To study the multiple scattering effects between two tree branches with different
locations, the concept of Fresnel zone [114] is used in this paper to describe how
far tree branches are separated from each other. Considering that tree branches are
modeled as long, lossy, dielectric cylinders, the interbranch separation s is defined as
the distance between the centers of cylinders. This distance is measured in terms of
Fresnel zones (D?/)\)

pu— P— -].
s 3 (3.19)

where P is a scale factor indicating the order of the Fresnel zone, A is the free-space
wavelength, and D is the length of the longer branch (cylinder). In principle, if P > 1
and kos > 1, the two branches are both in the far field of one another. If the branches
are not in the far field, on the other hand, the double scattering may be the most

important multiple scatter term. It is shown that this is the case for the two examples
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considered. To test the FDS method, results obtained using the exact method, the
FDS and the CSS approximations are examined by studying two numerical cases.
Note that the DDA is also implemented in finding the internal files when employing
the exact and the CSS methods.

For both cases, a plane wave having frequency 1.4 GHz is incident on a cluster of
two tree branches. The sizes of branches are chosen as given in Table 3.1. The radii
of cylinders represent thick tree branches. The lengths of branches are comparable
to the wavelength. Branches have a constant relative dielectric constant €, = 12 + 44
that is representative of many tree branches at L-band frequencies. The orientation
of the branches is described by an axial vector lying along the axis of each cylinder.
Branch #1 is centered at the origin with its axis along the z-axis as shown in Figure
3.2 and 3.3. The orientation of Branch #2 is different for the two cases in order to
show the effects of two different branch configurations. A unit vector n lies along the
axis of Branch #2. The direction of n is indicated by the spherical angles # and ¢ as
shown in Table 3.1. In both Cases 1 and 2, the center (C) of Branch #2 is placed in
three locations to provide sufficient changes of inter-branch distance s. The values of
s are given in Table 3.1 in terms of Fresnel zones (D?/)).

Each branch is meshed with cubic cells of 1 cm on a side to implement the DDA
method. The bistatic scattering amplitude is computed by using the FDS method

0 is calculated as in Appendix A and presented

and the backscattering cross section o
here.
In the first case shown in Figure 3.2, Branch #2 is perpendicular to Branch #1

and lies in the y-z plane. Its center C in the y-z plane is along the line emanating from
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Size Axial Unit

Radius Length Vector (6, ¢) Inter-cylinder separation s

Case 1 (a) (b) (c)

Cylinder #1  4cm 30cm z axis 9 9 9
Cylinder #2  4cm  30cm  1(90°,90°) 0.T5D%/A 15D/A 15D%/

Case 2 (a) (b) (c)

Cylinder #1  4cm 40cm z axis 9 9 2
Cylinder #2  4cm 30cm n(15°,0°) 0.5D%/ DA 15D%/A

Table 3.1: Geometry Information of the Branches in a Cluster

the origin and having a direction § = 135° and ¢ = 90°. The azimuthal incident angle
¢; is 90°. Plots in Figure 3.4 are shown like-polarized backscattering cross section
as a function of the incident angle 6; (see Figure 3.2) varying from 20° to 70° with
an increment of 5°. Circular markers that are not connected with lines represent the
FDS results computed at each incident angle; solid lines represent the exact results
and dashed lines represent the CSS results. Plots for s = 0.75D?/\, s = 1.5D%/\ and
s = 15D?/X > D?/X are shown in Figures 3.4a, 3.4b and 3.4c, respectively. In this
configuration, the cross-polarized returns do not exist for the observation location.
Backscattering patterns exhibit a symmetry along the line where 6; = 45° for HH and
VV polarizations. For all the plots in Figure 3.4, the FDS results always follow the
exact results, showing that the FDS is accurate. In Figure 3.4a, the difference between
exact and CSS results is substantial for both HH and VV polarizations. The CSS

technique loses its accuracy but the FDS can provide a very good approximation to
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the exact solution. As the separation s increases by s = 0.75D?/) to 1.5D%/\ shown
in Figure 3.4b, the interaction effects due to multiple scattering become weaker but
still noticeable, especially in HH polarization for some incident angles. When the
branches are in the far field of each other (Figure 3.4c), the results obtained by three
methods are approximately same. This indicates that the FDS method is also valid
when the interaction due to multiple scattering becomes very weak for branches that
are far apart.

In the second case, Branch #2 is tilted 15°. from the z axis in the z-z plane as
is shown in Figure 3.3. Its center C is on the y axis. The primary branch #1 is 10
cm longer than Branch #2. In this configuration, the axes of two cylinders are not
in the y-z plane in which the incident wave propagates (¢; = 270°) and as a result,
cross-polarized results are observed. Similar to Figure 3.4, plots in Figures 3.5, 3.6
and 3.7 are shown as a function of the incident angle 0; (see Figure 3.3) varying from
20° to 70° with an increment of 5° for both the like and cross polarizations. The same
legend is applied as in Figure 3.4.

In Figure 3.5, the inter-branch separation s is 0.5D?/\ (approximately s = 2)).
Plots show that the FDS results are the same as the exact results except for large
0; in VV, HV, and VH polarizations. The difference between the exact and the CSS
results can be about 5 dB in like-polarization and nearly 10 dB in cross polarization for
some incident angles. Therefore, the interaction effects are very strong and cannot be
neglected in this case. The FDS results for like polarizations follow the exact solutions
quite closely. The cross-polarized returns when 6; > 65° are different from the exact

results indicating that higher order interaction terms are important. It should be
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noted that HV and VH returns are the same for all angles as required by reciprocity.

As the separation increases to D?/\ in Figure 3.6, the FDS results follow the exact
solutions for all incident angles. The mutual interaction between two branches still
exists in the backscattering direction with incident angles close to perpendicular to
the vertical axis of Branch #1. The FDS method approximates the interaction very
accurately. When the branches are in the far field of each other, such as s = 15D?%/\
the FDS and exact results in Figure 3.7 reduce to the CSS results. The double
scattering effects are very weak here.

In the two cases examined in this section, it is clear that in most cases, the
double scattering is stronger than other higher order multiple scattering effects for
tree branches that are not in the far field of one another at L. band. The FDS method
takes the double scatter into account and neglects higher order interaction. It is
more accurate than the CSS approximation and more efficient than the exact method
with negligible loss in the accuracy to compute the scatter from a cluster of multiple
scatterers. During the numerical tests, it is found that for the configurations where
the branches are touching or very close such as s < D?/)\ in Case 2, the FDS methods
may fail to provide valid approximation for some incident angles. It indicates that
higher order multiple scattering effects are strong and need to be included. The cases
we have studied in this section suggest that double scattering cannot be ignored if
the two branches are separated by a Fresnel zone.

Table 3.2 shows the computational cost in terms of the CPU time for both cases.

The values in the table demonstrate that the time consumed by the FDS method is
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FDS
E ,t . . .
xact | Single Scattering | Double Scattering Total
Terms Terms
Case 1 | 489 130 144 277
Case 2 | 764 223 225 448

Table 3.2: Computational time (sec) for Case 1 and Case 2

about 60% of the computation time used by in the exact method.

Moreover, a brief study of backscattering cross section as a function of branch size
is reported in Figure 3.8. We fix the orientation and the radius/length ratio for both
branches in Case 2 as shown in Figure 3.3. Then, the variation of the boundary of
the first-order Fresnel zone D?/) is now related to the branch radius. Assuming both
branches have the same radius and the inter-branch distance is D?/), let the radius
change from 0.5 to 4 cm. The v-polarized plane wave is incident at 6; = 60° and
¢; = 270°. In Figure 3.8, the upper group of three curves shows the VV polarized
backscattering cross sections obtained by FDS, exact and CSS methods. The group
of three curves below shows the HV results. The FDS results are very close to the
exact results, validating the FDS method. The difference between the exact and the
CSS results confirms the existence of the multiple scattering effects even in the small
branch case where the radius is 0.5 cm (about 1 dB difference between the exact and

CSS results in VV polarization and about 1.5 dB difference in HV polarization).
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Figure 3.8: Backscattering cross section as a function of branch size

The branches are of the same radius and are oriented as shown in Figure 3.3. The
radius/length ratio is fixed for both branches. Interbranch separation is D?/\ and
the excitation is incident in direction § = 60° and ¢ = 270°.
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3.4 In Comparison with Far-field Approximation

Comparing the FDS and CSS results in Section 3.3, it has been observed that the
double scattering effects between two branches are weak if the inter-branch distance is
large. This can be verified by examining Figures 3.4 and 3.5-3.7. When the scatterers
are in the far field of each other, the CSS results agree with the exact solution.
However, in a multiple scattering problem where many scatterers are involved, double
scattering can be important. Its behavior as distance gets large needs to be examined
separately.

In this section, the double scattering properties between two tree branches are
studied in comparison with the far-field results that are utilized by radiative transport
theory. We will only show the double scatter calculation of Case 2 in Section 3.3.

In Figure 3.3, the double scattered field E3{* has been obtained in the process
of implementing the FDS method in Section 3.1. The bistatic cross section due to

double scattering from the first tree branch (cylinder) to the second one is

7"2 IA) . Esca 2
|—21|2 p.q € {h,v} (3.20)

pq _ :
09 = 4mlim

g B
where p and ¢ are the polarizations for the scattered wave and the incident wave,
respectively; r is the distance between the observation point and the origin O.

On the other hand, in transport theory, the two branches are assumed to be in
the far field of one another. Applying the far-field approximation, the bistatic cross
section due to double scattering from the first scatterer to the second scatterer in
Figure 3.3 is

D2

(s> T> (3.21)
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where f, and f, are the dyadic scattering amplitudes of the first and second scatterers
respectively. The scattering amplitudes are computed by using the interior fields due
to single scattering inside each scatterer.

Numerical double scattering calculations are given in Figures 3.9 and 3.10 with
the configuration in Figure 3.3. The incident direction is taken as #; = 60° and
¢; = 270°. The bistatic scattering cross section due to the double scattering between
two branches in Figure 3.3 is observed at ¢, = 270° and the plots are shown in
Figures 3.9 and 3.10 as a function of the scattering angle, 6, varying from —180° to
180° for both the like and cross polarizations. The plots show that the FDS results
are quite different from the far-field approximation results when the branches are
separated by s = 0.5D%/\ as shown in Figure 3.9. The far-field method does not
predict the interactions between the adjacent branches correctly and produces totally
different patterns compared to the FDS scattering cross section in both like and cross
polarizations. The difference between results using the two techniques is very large.
They can differ by more than 30dB for certain scattering angles. As the separation
between the branches increases, the far-field and the FDS results approach to one
another. It is found that far-field approximation results approach the FDS results
slowly as the separation increases. Only in cases where the separation is sufficiently
large is the far-field approximation valid as expected. For example, Figure 3.10 shows
the agreement between the two techniques when s = 100D?/\.

From results presented in this section, it is demonstrated that if the scatterers are
close to each other, the far-field approximation fails to give accurate double scattering

calculations for both the like and cross polarizations. In general, the double scatter-
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ing terms may be small for two branches with comparable sizes to the wavelength.
However, when considering a tree with thousands of branches, the double scattering

effects may be quite noticeable, a question that will be considered in Chapter 5.

3.5 Summary

The Fresnel Double Scattering (FDS) method has been developed in this chapter
to model the double scatter from two adjacent tree branches. The FDS method
is based on the physical mechanism of double scattering from two scatterers. The
discrete dipole approximation is used to solve for the interior fields numerically. The
FDS method does not assume that the scatterers are in the far field of one another,
thus this method can be used when the scatterers are in close proximity of one another.
The results have shown that as the distance between two branches increases, the
FDS results approach the far-field approximation results. The FDS method can be
employed as a correction to the vegetation scattering models that only consider the
single scattering. This technique provides the feasibility of integrating coherent double
scattering into modeling trees. The FDS method will be extended to model a tree by

taking the double scattering between tree components into account in Chapter 5.
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Chapter 4 Scattering from the JRC Tree: the Experiment

Previously, we presented the modeling of multiple scattering effects in microwave
remote sensing of vegetation. This chapter reports on a microwave indoor experiment.
The study object was a Caucasian fir tree, which will be the subject of interest of the
physics-based modeling work in Chapter 5.

The indoor radar experiment was preferred, rather than the field campaigns, since
it was more convenient to study tree scattering properties and to validate scattering
models. Once the tree was placed indoor, the environmental and experimental vari-
ations can be controlled onto a minimum level. The geometric and the dielectric
information of the target was specified with a high accuracy. Accordingly, this exper-
iment can provide valuable resources to study the electromagnetic interaction with
the tree.

The microwave tree experiment was performed in June, 1996 in the anechoic
chamber of the European Microwave Signature Laboratory (EMSL) [115] at the Joint
Research Centre (JRC) in Ispra, Italy. This experiment was mainly conducted by R.H.
Lang from the George Washington University, R. Landry from the Canada Centre for
Remote Sensing and the research group of A. Franchois, Y. Pineiro, G. Nesti and A.
Sieber from the Institute for Space Applications, JRC [116].

The Caucasian fir tree is one of the subspecies of the Nordmann fir (Abies nord-
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manniana). The tree was transplanted into a large pot (planter) several weeks before
the experiment and transported to the experiment site carefully. A photograph of
the fir tree in the JRC anechoic chamber is presented in Figure 4.1. The dendro-
metric parameters of the tree, such as Diameter at Breast Height (DBH)!, have been
measured and are listed in Table 4.1.

During this microwave tree experiment, the measurements of polarimetric radar
responses of the tree were made. Once radar measurements were completed, the tree
was removed from the chamber. The tree architecture and dielectric measurements
then were made. The experiment methodology, equipment and results are provided in
this chapter where we address the experiment procedures, rather than result analysis.
The tree simulations, based on the experiment configurations, will be demonstrated
in the following chapter where the experimental data will be compared with the
theoretical results.

Hereafter, we will call this Caucasian fir tree as the JRC tree and this experiment

as the JRC tree experiment.

4.1 Radar Measurements

During the JRC tree experiment, the tree with its planter was placed in the
JRC anechoic chamber. The geometry of the chamber is demonstrated in Figure
4.2. The chamber, which is spherical in shape, has a radius of 9.56 meters. The

distance between the top of the turntable and the focus is 1.3 meters. The tree

'DBH is measured at 1.3 m from the ground.
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Figure 4.1: The fir tree in the anechoic chamber at the JRC

Parameter Value
Height 5 m
Age 21 yr
DBH 9.2 cm
Maximum crown diameter | 3.4 m

Table 4.1: Dendrometric parameters of the fir tree
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Figure 4.2: The anechoic chamber geometry for the JRC tree experiment
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was positioned on the turntable. The planter and the turntable were covered with
microwave absorbers so that only volume scattering from the tree would be observed.

Two broadband dual polarized horn antennas, which were located on a great circle
in the chamber shell, were used to make polarimetric backscattering and bistatic scat-
tering measurements. The characteristics of the antenna have been well documented
by Tarchi et al. [117]. An HP 8510B network analyzer in the stepped frequency mode
was employed as a transmitter/receiver.

The radar measurement of the JRC tree was composed of four parts: an imaging, a
backscatter, a bistatic and a forward scatter portion. The SAR radar imaging portion
has been described and studied by Fortuny and Sieber [118]. In the backscatter case,
both antennas in the chamber were brought in close proximity of each other. The
calibration of the radar was made first by placing a disk at the chamber focus and
then by using a mesh. Polarimetric data was taken at antenna angles of incidence, 67,
as shown in Figure 4.2, from 20° to 60° in increments of 10° for the frequency range
from 1.0 GHz to 10 GHz. Here the antenna angle of incidence 6, is measured from
the zenith direction to the antenna boresight. These backscatter measurements were
repeated at 10° increments for one complete azimuthal rotation of the tree, resulting
36 rotations. The data, taken in this manner, can be averaged over the azimuthal
variable to provide backscattering cross sections which are independent of the fine
details of the tree architecture. The empty room cross sections were subtracted from
the data and then the data was transformed into the time domain and gated, so
that only the tree response was observed. Before the measurements were made, the

chamber was calibrated with a circular plate and a dihedral corner reflector. During
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the progression of the JRC tree experiment, the tree was watered daily. Overhead
lights in the chamber were kept on in order to replicate the sunlights. Such a constant
artificial illumination can reduce the day-night effect.

As an example, the measured backscattering cross sections as a function of fre-
quencies are shown in Figure 4.3 where 67, = 20°. This data was an average over the
tree azimuthal rotations. The measurements collected with the frequency less than
1.5 GHz showed uncommon variations in amplitude, thus the useful measurements
were counted from 1.5 GHz. In order to obtain the backscattering cross sections at a
particular frequency, a local average over neighboring frequencies was performed. As
a result, the average backscattering cross sections at an L-band frequency 2 GHz are
presented in Figure 4.4. (As a matter of fact, the average data is available starting
from 2 GHz rather than 1.5 GHz, since the average over local frequencies was taken.)
We will skip the data analysis and proceed to the description of other procedures
of the JRC tree experiment. The measured and simulated radar responses will be

analyzed with details in the next chapter.

4.2 Tree Architecture Measurements

The knowledge of the tree architecture is essential to the interpretation of both
optical and microwave forest remote sensing images. The tree vectorization method
[119], therefore, was proposed to meet the need for fine architectural information of
forest trees in support of tree remote sensing modeling studies. The JRC tree archi-

tecture measurements were collected by following this method after the completion
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of the radar measurements of the JRC tree. The general goal of this work has been
to reconstruct a statistically accurate three-dimensional representation of the original
in-situ tree via sampling of the tree and the tree reconstruction algorithms. The
sample acquisition was at three levels, namely trunk section and primary branch in-
ventory, branching structure and foliage. Fach level had a specific methodology and
provides a separate set of data.

The sampling strategy proceeded by first making a trunk inventory. The trunk of
the JRC tree was sampled into 10 straight cylindrical sections in the vertical direction,
with each section being 0.5 m long. The trunk base center was chosen as the origin
of a global Cartesian coordinate system, while the vertical direction of the trunk
was the z-axis. The horizontal axes x and y were also specified. This coordinate
system was used to specify the location of each components of the JRC tree. The
position information of the trunk sections was measured and recorded in terms of
the coordinates of the intersection centers. The diameter of each section was also
measured and recorded.

In the JRC tree, all the branches were viewed as circular cylinders. The primary
branch inventory was performed with the knowledge of trunk sections. The primary
branches, also called supporting branches, were the ones emanating from the JRC
tree trunk regardless of its size. The spatial distribution of all primary branches was
established. More specifically, the following data were acquired for primary branches
attached to a trunk section: diameter, height (relative to forest floor) and orientation
angles (azimuthal and elevation). These parameters were measured by caliper, tape,

compass and inclinometer. The branch geometry data was further processed to obtain
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the coordinates of branch top and bottom centers. In addition, the live or dead status
of each primary branch was recorded.

In order to characterize the JRC tree branching structure, a sufficient number of
branches were sampled to get a representative variation of the branch structure along
the trunk axis. For the samples, the three-dimensional coordinates of the branch
intersections were measured. Thus, a branch segment or link, defined as the portion
between two adjacent branch intersections or ramification points, was the unit of sam-
pling. A surveying instrument, Leica (Wild) TC1000 Total Station, was employed
to measure the spatial location of the branching nodes. This instrument had a high
precision within 3 mm in a 2 km range and within 3 seconds of arc in angular mea-
surements, more than adequate for the purpose of branching location identification.
Each sampled segment was tagged and attributes such as segment number, connect-
ing segment (parent) numbers and diameter were recorded. The sampled branch
segments were processed to rebuild the other branches and then the whole tree by
a reconstruction algorithm based on similarity principles. The reconstruction proce-
dure resulted in a statistically and seemingly realistic three-dimensional simulation
of the fine architecture of trees having 18,858 branch segments, with the knowledge
of spatial distribution of the sampled branch segments.

Concurrent with branching structure sampling, the needle data was also recorded
for individual branch segments. The quantity of the needles on the sampled branch
segments was estimated by comparing with a reference segment. This reference seg-
ment was completely filled with needles with the amount counted. The needle length

and its diameter, was also measured for representative samples and then averaged.
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The sampled needle data was extended to the complete tree via the branch recon-
struction process. The total amount of needles in the JRC tree was estimated as
2,890,384.

The detailed tree vectorization procedures can be found in [119]. With the tree
vectorization method, a complete data set of the JRC tree geometry has been ac-
quired. The three-dimensional wire representation of the JRC tree is clearly shown
in Figure 4.5 where each trunk section or branch segment is represented by a straight
line. The detailed geometry list of all the tree components and extensive data of
parameters and statistics on the generated tree have been stored in computer files.

These files include the following information:

1. coordinates of the top center and the bottom center of each trunk section and

each branch segment;

2. diameter of each trunk section and each branch segment;

3. number of needles on each branch segment and the needle size.

4.3 Dielectric Measurements

The tree permittivity physically affects the remotely sensed signals, playing a
significant role in the remote sensing of forests. In active microwave remote sensing,
it links the radar response of wood to its water content. The complex-valued tree
permittivity can be acquired by physical models (e.g., [120]) or in-situ measurements
where portable dielectric probes are used. Under the JRC tree experiment condition,
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it was possible to measure the permittivities of trunks, branches and needles via
destructive tree sampling.

The dielectric experiment were carried out using an open-ended coaxial probe
reflection technique with a rational function approximation model for the probe tip
aperture admittance. In this manner, sufficiently accurate results for dielectric con-
stant and the loss factor were obtained. Note that calibration on reference liquids
was not required.

The measurement of complex permittivity of tree components was made over
a frequency range of 1 GHz to 10 GHz. The measurement setup consisted of an
HP 8510B vector network analyzer, an open-ended probe, which was a piece of 15
cm in length and 3 mm in outer diameter semi-rigid coaxial cable connected to the
network analyzer via a flexible HP 85134 test port cable and a computer for control,
acquisition, and processing. The position of cable and probe tip, against which the
tree samples were pressed, remained unchanged during the measurements. To reduce
measurement errors resulting from varying contact conditions, each measurement was
repeated three times in a row, with interruption of the contact, and was accepted only
if the standard deviation was sufficiently small. For this purpose, a fast preliminary
complex permittivity assessment, based on a simple lumped-element model of the
probe tip-sample interface, had been used [121]. The duration of such a sequence was
typically less than 30 sec.

Complex permittivity measurements were performed on trunk sections taken from
0, 1.3 m, 2.3 m, and 3.3 m above ground. The probe was oriented along a radial

direction relative to the growth rings and positioned a few centimeters away from the
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Tree Components Frequency | o (g, 5.5 GHz 9.1 GHz
Trunk phloem 39.14+10.3¢ | 33.0 4+ 11.4% | 29.0 + 12.2¢
Trunk xylem 24.7+5.81 | 20.5+6.67 | 18.0+ 7.0z
Lower branch phloem 39.6 +10.3¢ | 33.2+ 11.0¢ | 29.3 + 11.42
Upper branch phloem 45.9 +12.0¢ | 39.7 +13.0¢ | 35.3 + 14.5¢
Branch xylem exterior 253+ 750 | 21.0+7.4¢ | 183+ 7.9¢
Branch xylem interior 10.3 + 2.4z 8.6 +2.71 7.7+ 288
New needles 449+ 1142 | 39.8 +12.6¢ | 35.5 + 15.2¢
Old needles 30.747.61 | 26.7+9.00 | 23.54 10.5¢

Table 4.2: Average complex relative permittivities for the JRC tree, measured at 1.9
GHz, 5.5 GHz and 9.1 GHz

sawing section. Measurements were done across the phloem and xylem by pealing
layers of tissue with a sharp cutting tool. Alternatively, measurements of the xylem
were sometimes performed with the probe tangential to the growth rings. The spatial
average permittivities over all the trunk sections for trunk phloem and xylem are
recorded in Table 4.2.

Four branches were selected from different heights in the tree. For each branch,
some measurements were done at the bottom, middle, and top locations, for example,
the exterior and the interior surfaces of the phloem layer, the exterior surface of the
xylem, and the interior of the xylem. The phloem values appear to increase somewhat
for the higher branches and sometimes toward the top of the branch. Thus there is a

distinction between phloem spatial averages for the upper and lower branches.
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Some new and old needles were removed from the four representative branches.
The new needles had a bright green color, while the old needles were colored darker.
The new needles had significantly higher values than the old needles and yield together
with the cambium the maximum complex permittivity values for this tree. Variations
from branch to branch are not so important, in particular, for the new needles. It
was suggested to model new and old needles with a single average value, regardless
of their positions in the tree.

The dielectric data of the JRC tree has been well documented in [122]. A summary

of the data is provided in Table 4.2.
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Chapter 5 Scattering from the JRC Tree: Simulations

In this chapter, the theoretical modeling work of the JRC tree is considered. The
simulations of radar signatures from the JRC tree are accomplished by employing
vegetation models. The mean wave propagation theory in an effective medium has
been developed and used by numerous authors. For example, the approach of mod-
eling vegetation by discrete random media has been employed by Lang [108] where
the Foldy and the first order Distorted Born approximation (DBA) are used in the
case of sparsely distributed discrete scatterers. It has been assumed that multiple
scattering effects are negligible when the first order DBA is used. However, the mul-
tiple scattering may be important, as demonstrated in prior chapters. We consider
the Fresnel Double Scattering (FDS) approximation introduced in Chapter 3 as a
candidate approach to calculate the scattering from the tree with multiple scattering
included. Effectively, we incorporate the FDS with the tree modeling in a discrete
random medium.

In the process of implementing the physics-based modeling of the JRC tree, the
characteristic parameters of the JRC anechoic chamber and the JRC antennas are
taken into account. The model simulations mimic the actual JRC experiment environ-
ment. The simulated radar responses from the JRC tree are analyzed and interpreted

in this chapter with the single and multiple scattering effects being investigated. Since
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L-band frequencies are of concern in this dissertation research and the JRC experi-
ment data was not available for frequencies below 2 GHz, all the JRC tree simulations

are performed at the 2 GHz frequency.

5.1 Antenna Characterization

In this section, the characteristics of the antenna gain are presented. We also
consider that the antenna and the scatterers may not have the same coordinates.
Consequently, the polarization transforms between the antenna and the scatterer co-
ordinate systems are required. The antenna voltage gain function and the polarization
transform operator are expressed into a 2 x 2 matrix form. In this fashion, it is con-
venient to apply the matrices to the scattering amplitude matrix of the JRC tree in

order to calculate the received field at the antenna end.

5.1.1 Antenna Gain

The JRC transmitting and receiving antennas shown in Figure 4.2 have identical
specifications. They can be slided along the mounted track as close to each other as
possible. In this fashion, the monostatic configuration is obtained. Both antennas
share the same focus point in the anechoic chamber. The antenna boresight is the
axis pointing from the antenna to the focus in both transmitting and receiving modes.

Three general assumptions are made for the two antennas:

1. The antenna is azimuthally isotropic, i.e., its gain function G is independent of
the azimthal direction. Thus G = G(04) where 04 is the antenna look angle
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defined as the angle from the antenna boresight.
2. The antenna pattern is identical for like-polarization modes.
3. Ideal cross-polarization isolation is achieved.

The gain is approximately normalized to 0 dB at the boresight where 84 = 0°.
The normalized antenna gain as a function of the antenna look angle 64 is plotted in
Figure 5.1. In this plot, patterns at three operation frequencies (2, 6 and 10 GHz)
are provided. The angle 6, varies from 0° to 9°, because the entire tree can be
illuminated by the antenna with a look angle 8, < 9° during the JRC experiment.
The three smooth curves in Figure 5.1 are obtained by the linear interpolation from
the marked (with circles, squares or triangles) values. These markers represent the
original measured main-beam data extracted from the JRC report by Tarchi et al.
[117]. Other interpolation methods such as cubic splines can also be applied and will
yield similar curves. The antenna gain at any other frequencies may be obtained with
interpolation or extrapolation from the plot.

With the normalized gain Gy = 10log,, G in dB, the antenna voltage pattern

function Vj is calculated as
Va(6,4) = 10Ca804)/20 (5.1)

where V), depends on the look angle of the transmitting antenna 64. We define a

2 x 2 matrix F4 to characterize the antenna voltage pattern for the JRC antennas

Va 0 } . (5.2)

Fa(0a) = {O Vi
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A Superscript T'x can be used to indicate the transmitting antenna with a look angle
0L as FL* = F4(0%%). Similarly, we have FE* = F4(05%) for the receiving antenna.

If the backscatttering mode is configured, F{* = F%=.

5.1.2 Polarization Transformation

In addition to the voltage patterns of the antennas in the anechoic chamber, the
antenna polarization modes are also of concern during the course of the tree simu-
lations. The JRC antennas operating in antenna horizontal or vertical polarization
mode transmit or receive electromagnetic waves separately. We shall define the unit

polarization vectors of the transmitting antenna as horizontal h%® and vertical v1*

by
R Rz % 51
= 22 (5.3)
7 5T x
Vit = hl x k; (5.4)

where vectors h%” and ¥4® are located in the plane orthogonal to the direction of

incidence k;. The subscript A and the superscript T'x imply that the polarizations
are defined within the transmitting antenna local coordinates where the reference
normal axis 247 is selected as the boresight axis.

The polarizations of the incident waves incoming to a scatterer, on the other
hand, are defined with the reference z-axis in the global Cartesian coordinates for all
the scatterers as shown in Appendix A. Therefore, polarization transformations in
between the local and the global coordinates for the incident waves are required in

order to incorporate the transmitting antenna into the simulations.
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We now can express the incident field E™ of any polarization with components

in le and V; directions, namely Ej, and E,. Alternatively, E”¢ can be decomposed
into h’%* and ¥v%* components, E,, and E, . Hence, we can show that

E" = E,h; + E,V;

and
E" = B, h}" + E,, V" (5.6)

To obtain Ej, from Ej, and E,, transmitted by the antenna, we dot product flz with

E™ and apply Equations (5.5) and (5.6), yielding

E,=h;-hW"E,, +h, - vi"E,,. (5.7)
Similarly,
E,=%;-hWi"E,, + v, - V}*E,,. (5.8)
Equations (5.7) and (5.8) can be written into a matrix form as
-
where matrix
o= o] o

transforms the polarizations of the incident wave from the transmitting antenna local

coordinates to the global coordinates.
We shall also define a matrix FE&* transforming the polarizations of the scattered

wave from the global coordinates to the receiving antenna local coordinates by

R h}A“-hS hﬁx-\?s
Fp' = |ohe f ofe .5 (5.11)
VA * S VA 'VS
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in which hf* and v£* are defined in a similar manner as Equations (5.3) and (5.4),
but using the normal vector 2§, The direction of 2% is the direction of the boresight
axis in the receiving mode. Polarization vectors h, and v, are introduced in Appendix

A. The normal vectors 2" and z5* can be found in Figure 5.5.

5.2 Tree Geometric and Dielectric Characterizations

In Chapter 4, the measurements of the JRC tree architecture and dielectric prop-
erties were discussed. The information of the tree geometry and permittivities has
been stored in data files. In this section, the geometric and dielectric parameters
associated with the JRC tree model simulations are determined based on the data

files generated during the JRC experiment.

5.2.1 The Trunk

During the tree structure measurement part of the JRC experiment, the trunk was
cut into 10 sections whose length and diameter information was recorded individually.
For simplicity, we model the trunk by one vertical circular cylinders instead of a
tapered-cylinder structure. The base center is the origin of the global Cartesian
coordinates. Its vertical axis is the z-axis. Note that all the branch coordinate files
are also in this global Cartesian coordinate system. The length of the cylinder is 5
meters as the height of the tree. The 3 cm radius is the average over all the sections.

For the selection of the trunk permittivity, we refer to Table 4.2. The trunk

phloem may be too thin to affect the radar signal at 2 GHz. Thus we select the
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relative permittivity of the trunk as 24.7 + 5.8¢ which is the value from the trunk

xylem.

5.2.2 Branches

The JRC tree branches are modeled by circular cylinders. Their geometry has
been saved in files including the coordinates of the top center and the bottom center
as well as the diameters. Since the majority of the scattering elements of the JRC tree
are branch segments (or links), they play an important role in tree scattering. We
further process the tree data files collectively to study the statistics of the branching
structures.

Firstly, all the 18,858 branch segments (cylinders) of the JRC tree are counted
based on the length types as shown in Table 5.1 where Types L01 to L.10 are defined.
It has been found that the length of the longest branch segment is 29.4 cm, while the
length of the shortest is 1.6 cm. Most branches are less than 12 cm in length. The
branches with Types L01 to L03 are mainly segments from the primary branches that
are connected to the trunk, most of them being almost horizontal with respect to the
vertical z-axis in the JRC chamber. Since we intended to employ the DDA here to
find the scattering from cylinders, branch length characterization help to estimate
the number of dipole cells required to mesh the cylinders. Thus the computational
load can be predicted.

Secondly, and even more importantly, branches are characterized and sorted by

their diameters. Scattering from a cylinder may increase substantially as the cylinder
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Type Length Quantity
LO1 27 — 30 cm 9
LO2 24 — 27 cm 0
LO3 21 — 24 cm 23
Lo4 18 =21 ecm 19
LO5 15— 18 cm 600
L06 12 —-15cm 1880
LoO7 9—12 cm 2700
LO08 6—9 cm 8162
L09 3—6cm 5105
L10 0—3cm 360
Total branch segments | 18,858

Table 5.1: Branch size characterization based on branch length

Type Diameter Quantity
D01 1.8 — 2.0 cm 23
D02 1.6 — 1.8 cm 17
D03 1.4—1.6 cm 46
D04 1.2—-1.4cm 82
D05 1.0 - 1.2 cm 91
D06 0.8 —1.0 cm 165
D07 0.6 — 0.8 cm 621
D08 0.4 —0.6 cm 1199
D09 0.2—0.4 cm 4854
D10 0.0—-0.2 cm 11760
Total branch segments | 18,858
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diameter increases. Among all the branches, thicker cylinders usually contribute more
to scattering than the thinner ones do. For these reasons, we count the quantity of
branches with each type (Type D01, D02, etc) categorized by diameters in Table
5.2. The branch diameters range from 0.2 cm to 2.0 cm. For the JRC tree, 88%
branches are Types D09 and D10, diameters being less than 0.4 cm. Types D01 to
D07 have 2,244 branch segments, only 12% of the total. Types D01 and D02 with
diameters from 1.6 to 2.0 cm are mainly segments of the primary branches. We
can further study the branch statistics by making a scatter plot of the branch size
(diameter versus length) as Figure 5.2. From the figure, the branches with a 0.2 cm
diameter are usually 2 to 10 cm long in the JRC tree, clearly showing that the JRC
tree branches are mainly thin and short.

Using Table 5.2, the branch geometry files are processed and reorganized by de-
creasing diameters for the convenience of the tree simulation work. In this fashion,
we can include or exclude thin branches to study the scattering effects as a parameter
of the branch diameter in the simulations.

In order to determine the permittivity of the branches, we first assume that all the
branches and all the parts of each branch have the same permittivity for modeling
easiness. Similar to the trunk, the branch phloem is not considered in modeling
since they are very thin. For the branch xylem, the values of the interior and the
exterior have been measured as demonstrated in [122]. In the modeling work, we
shall consider two cases for the selection of the branch permittivity: (a) Case I:
neglecting the xylem exterior, the relative permittivity is chosen as 10.3 + 2.47; (b)

Case 2: including the exterior, the value 17.8 + 5.0¢ is used as the average of the two
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parts.

5.2.3 Needles

There are 2,890,384 needles in total in the JRC tree based on the data collected
by following the tree vectorization method. It is not practical to record the size and
the position of each needle. Thus we assume that all the needles have a radius of
0.2 mm and a length of 1.5 cm. This is a typical needle size for the JRC tree. We
further assume that the needles are uniformly distributed in the directions of # and
¢. Letting © and ® be independent random variables representing the azimuthal and
the elevation rotation angles, the probability density function (pdf) P,eeqe describing

the angular distributions of the needles is written as

1
9’rnin < @ < @mamy q)min S o S q)maac
Pneedle — { (®maz*@min)(¢maz*¢’min) - - (512)

elsewhere
where we choose 0,,;, = 20°, ©,,,. = 70°, ®,,;,, = 0° and P,,,,, = 360°.

For the permittivity of the needles, it has been suggested to model new and
old needles with a single average value, regardless of their positions in the tree [122].
Therefore, the relative permittivity of all the needles in the JRC simulations is chosen
as 37.8 + 9.5¢ at the frequency of 2 GHz, which is a direct average 5.4 of the values
for the new and the old ones in Table 4.2.

Note that needles attenuate the wave in the effective medium that will be in-
troduced in the next section. Their contributions to the scattering, however, are
negligible at L. band compared to the contributions from the trunk and branches of
the JRC tree. In this regard, needles are included in finding the propagation con-

108



Tree Components Geometric Parameters Dielectric Parameters
Case 1 Case 2
Trunk a vertical cylinder 2.7 4 5.8i
5 m in length, 3 cm in radius
Branch read cylinder coordinates |5 o i 1794 50,
and diameters from files
Needle uniformly distributed 37.8 4 0.5i
© € [20°,70°]; ® € [0°,360°)

Table 5.3: Geometric and dielectric parameters used in the JRC tree simulations at
the 2GHz frequency

stant of the effective medium but excluded when calculating the single and multiple
scattering.
The geometric and dielectric parameters used in the JRC tree simulations are

listed in Table 5.3 as a summary of the current section.

5.3 Effective Medium

In order to compute single scattering and further take double scattering into ac-
count in tree scattering problems, we employ the mean wave theory in which the
effective medium can be employed. For remote sensing of vegetation, the discrete
effective medium where the mean wave propagates in the vegetation canopy is consti-
tuted by the natural vegetation particles, due to their scattering effects. In the case
of the JRC tree, trunk sections, branch segments and needles are these scattering
particles.

In this section, we consider a random homogeneous medium within which all the
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Figure 5.3: Cone-shaped effective medium for the JRC tree modeling: a view on the
x-z plane towards y-axis

Parameter Value [Unit]
Height 5 [m]
Base radius 2.45 [m]

Base center coordinates | the origin
Vertex coordinates (0,0,5) [m]
Volume 31.50 [m?]

Table 5.4: Geometric parameters of the cone-shaped bounding medium
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JRC tree components are located, as illustrated in Figure 5.3. Its shape can be viewed
as a right circular cone with volume V,. The dimension of the medium is tableted in
Table 5.4. It is assumed that the effective medium is sparse, the fractional volume
occupied by the scattering particles in the effective medium being sufficiently small
in comparison to the total volume of the medium. The Foldy’s approximation [123],
therefore, can be applied to approximate the incident wave in the medium by the
mean wave. The boundary of this medium, i.e., the cone surface, is assumed to
be diffuse. The region outside the effective medium volume is the free space having
permittivity €, permeability po and propagation constant ky. The permeability of the
random medium is also pg. Its permittivity, however, is depending on the scattering
from the particles inside the effective medium. The propagation direction of the wave
in the medium determines the direction of the effective permittivity, indicating that
the effective medium is spatially dispersive. This permittivity is in fact a dyadic,
indicating that the medium is anisotropic. The effective permittivity is also related
to the particle density p defined by p = N,/V. where N, is the number of particles
in the medium volume V,. It is clear that the particle density p in the JRC case is a
constant, regardless of the particle location.

With the effective permittivity, we can further discuss the effective propagation
constant. Considering the size of scatterers and the distance between the scatterers
and the antenna, we shall assume that the incident and scattered waves in the effective
medium can be treated as plane waves locally with respect to the corresponding

scatterer, then the g-polarized incident wave propagates in the effective medium has
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a propagation vector Kk

k! = rlk; (5.13)

e e
where ¢ € {h,v}; k; is the direction of incidence; kd is the effective propagation
constant. By employing the mean wave theory, this x? is related to the like- and cross-
polarized forward scattering amplitudes averaged over all particles. For scatterers
having azimuthally uniform distribution, e.g., branches and needles of the JRC tree,
their average cross-polarized forward scattering amplitude is zero. Therefore, we can

write

9 ..
K= Ko+ 78 < fualki k) > (5.14)
0

where the symbol <> designates the configurational average of the enclosed quantity.

We shall let

Rkl = ko + Ak? (5.15)
where the increment effective propagation constant

92 .
Ar? = kiop < foolki ki) > (5.16)

Note that the JRC tree has been rotated to every 10° in the azimuthal direction over
360° to simulate a tree stand. Therefore the forward scattering amplitudes are also
averaged over the 36 tree rotations.

For multiple species of scattering particles, Ax? is the summation over all the
species, if the independence of the scatterers is assumed. To be more specific, in the
JRC tree case,

AK’Z = AHZ(Trunk) + A/{Z( ) + AK’Z(Needle) (517)

Branch

112



where the additional subscript of Ax{ inside the parentheses identifies the contribu-
tions from that particular species (trunk sections, branch segments or needles).

The increment propagation constant Ax? for the effective medium of the JRC
tree as a function of the incident angle 6; is plotted in Figure 5.4 where Ar? is
computed at every 5° for #;, 0° < 6; < 90°. For 6; > 90°, one can show that
ArKL(0;) = ArZ(180° — 6;), because of the symmetry of the tree stand about the z-
axis. Although the incident angle for each scatterer differs and only limited values of
Ar? can be saved, linear interpolation of the AxZ curves in Figure 5.4 can be applied
to obtain Ax? at any incident angle for the use of JRC tree simulations.

In fact, Ax? distinguishes the effective medium from the free space. Since it is
complex-valued, the mean wave will alter in phase and decay in magnitude inside the
effective medium. With the propagation constant being computed, we shall calculate
the phase change and the decay of waves traveling in the JRC chamber. We define
a wave propagation path rI? between the transmitting antenna and the scatterer’s

Tz inside the effective medium be rI?, we define a

center. Letting the portion of r e

2 x 2 matrix FZ* to account for both the phase and the attenuation of the incident

wave as
ei(korgz+Angrgz) O
Tz __ ri®
]FK o 0 ei(kor?;erAngrgz) (518)
rI'z

Basically, matrix F%* is an operator transforming the incident electric fields from
the far-field zone to any location inside the effective medium. We further define the

operator matrix FR® transforming the scattered field inside the effective medium to
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Figure 5.4: Dielectric properties of the effective medium:
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the far field as

ilkorit® +anh B

0
Rx __ riz
FK - 0 ei(kOT§z+A"gT§z) (519)
riz

Rx

where 7

is the path from the scatterer to the receiving antenna and 7% is the
portion of rf inside the effective medium. The propagation paths are shown in

Figure 5.5. In the case of backscattering, we have FI&* = FZ*. The propagation paths

are illustrated in Figure 5.5.

5.4 Single and Double Scattering from the JRC tree

In computing the scattering from the JRC tree, we employ the Coherent Single
Scattering (CSS) and the Fresnel Double Scattering (FDS) methods with the effective
medium. The characteristics of the JRC antennas are also concerned. The simulations
are performed with the parameters listed in Table 5.3. In this dissertation, we only
investigate the radar signatures of the JRC tree at the backscattering directions. The
results are plotted as a function of the antenna angle of incidence 0r, defined in
Figure 4.2. The simulated backscattering cross sections with HH, VV, HV and VH
polarizations are computed at 6r, = 20°, 30°, 40°, 50° and 60° to coincide with the
01, at which the radar measurements were made during the JRC experiment. Since
the JRC tree has been rotated to every 10° in the azimuthal direction over 360° to
simulate a tree stand, the backscattering cross sections are computed for each rotation

and averaged over 36 rotations.
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Figure 5.5: The ¢th branch embedded in the effective medium in the JRC chamber
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5.4.1 Coherent Single Scattering

We first consider the CSS approach with the effective medium and the JRC an-
tennas. For the ¢th branch in the free space, the far-field scattered wave from it, E7*

is computed by following Equation (3.4) as
Y o o (5.20)

from which the scattering amplitude matrix Fg(; can be found as shown in Appendix
inc(h)

Z‘inc(v)

A.2. This scattering matrix connects the incident field matrix [
7

] to the scat-

sca(h)
tered field matrix [EZ ] in free space. Note that the subscript ¢ or (i) denotes the

Tsca(v)

1th branch.
To consider the effective medium in the JRC tree simulations, we embed the ith
branch into the effective medium as depicted in Figure 5.5. Approximately, we can

~1and 7 in the effective medium is the same as those in

assume that operators L£_; s

free space, since the medium is sparse. The matrices IF[T(Z) and Ff}”@) quantify the

wave attenuation in the effective medium and the phase change in the JRC chamber.

To consider the JRC antennas, antenna voltage pattern matrices ]szi), ]Fﬁfi) and

polarization transform matrices ]F?(”i), Fgﬂ(ﬁi) are applied.
Rx(h)
Now we shall relate the received field matrix EZRm(U) to the transmitted field

7

matrix EZTI(U) via an effective scattering matrix F;
B p | (5.21)
where
Fo = CFﬁfz‘)ng)F%i)FS(i)F%Z‘)FJF‘CQ(EZ')FEE)- (5.22)
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The constant C' is chosen as |C|? = R? where R, is the radius of the JRC chamber,
so that the calibrated data will match the theoretical results. The bistatic scattering

cross sections are calculated as

Ohh Ohv| _ 2 12
using the CSS method, where | - |* is operated on each entry in the 2 x 2 matrix.

This result is further averaged over the azimuthal rotations as described before.

Note that the DDA method introduced in Chapters 2 and 3 is also applied here
to find the scattered fields from each branch individually. It has been proven that the
scattered field from a square cross section with an area S, is identical to that from a
circular cross section with the same area under the condition S, < (\/5)? where A is
the wavelength [124]. Referring to Table 5.2, the branch radii are no more than 2 cm.
Thus we use an array of cubic cells to represent branches at 2 GHz. For a branch with
radius a, the length of cubes is \/ma. The total cells required to mesh any individual
JRC branch is less than 100. Hence, the direct matrix inversion is employed to solve
the matrix equations involved rather than other iterative techniques.

Examining Case 1 where the relative permittivity of the branch is chosen as 10.3+
2.47 for simulations (referring to Table 5.3), we first study the effect of the trunk in
Figure 5.6. The backscattering cross sections with HH, VV and cross polarizations
are computed by using the CSS method. Solid lines labeled as 18858 BR show the
results computed with all the 18,858 JRC tree branch segments but without the trunk,
while dash lines labeled as 18858BR+TK are calculated with the trunk. From the

results, it is clear that the trunk has very limited contributions to the total radar
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return for like polarizations. The maximum difference between the two curves of
each polarization is only 0.44 dB. The trunk does not affect the total cross polarized
signal at all, since it is vertical and symmetric about the z-axis. As a matter of fact,
the trunk may only contribute to the total CSS backscattering when the direction of
wave incidence is perpendicular to the trunk’s vertical axis. (Referring to the trunk
backscattering pattern in free space with a incident plane wave in Figure 5.7, a large
return in magnitude occurs when 6; = 90° for both HH and VV polarizations.) The
agreement between the results including and excluding the trunk suggests that the
trunk may not be important at the antenna angles of interest. Therefore, it will not
be considered in the simulations presented through the rest of this chapter for both
Cases 1 and 2.

As mentioned before, all branches were included in the simulations yielding Figure
5.6. In addition to the needles, the thin branches may not affect the radar responses
at L band, although they are many. The question is, however, how thin the branches
have to be in order to be invisible to the radar at the selected frequency. With all
the branches being ordered by decreasing diameters in the JRC tree geometry files,
we shall further examine the saturation of the single scattering returns to branch
diameters. The simulations are performed by selecting the first 500, 1000 and 3000
branches stored in the files. Results are plotted in Figures 5.8 and 5.9 for Cases 1 and
2 respectively. From the figures, the first 500 or 1000 branches yield results (shown in
dot-dashed and dashed curves) close to those with all the 18858 branches (shown in
solid lines), but not accurate enough to represent them, especially in Case 2 where the

branch permittivity is selected as 17.845.0i. The results from the first 3000 branches
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(square markers) are almost the same as those of all the branches, implying that that
most of the branches with Type D09 and all with Type D10 in Table 5.2 may not
contribute to the backscatter in the CSS simulations. Hence, for the single scattering
contributions from the JRC tree branches, we can conclude that the branches with
diameters less than 0.3 cm may not affect the total single scattering from the whole
tree in the backscattering directions at 2 GHz. For this reason, we only need the first
3000 branches to compute the coherent single scattering from the JRC tree.

We shall now compare the single scattering results with the experimental data
measured during the JRC experiment to validate the physical model. The backscat-
tering cross sections with like and cross polarizations, computed by the CSS with the
first 3000 branches, are plotted in Figures 5.10 and 5.11. The measurements from
Figure 4.4 are also plotted here. Note that the measured data was averaged over
local frequencies, thus was smoothed. For the VV polarization curves, the radar mea-
surement curve is about 3 dB above the CSS Case 2 results and about 5 dB above
the CSS Case 1 results. The values of 3 dB and 5 dB are calculated based on the
average difference over the five data points. The CSS VV results for Case 1 decrease
as Or, increases, following the radar measurements. The results for Case 2 also tend
to descend. This trend, possibly due to the horizontal structures of thick branches,
appears in HH and HV/VH as well. For the cross polarization as in Figure 5.11, the
average difference of the measurements and the CSS Case 2 results is about 4.4 dB,
more than that in the HH plot. Note that the cross polarized backscatter is weaker
than like polarizations, and a similar descending trend is also observed in HV/VH.

Case 2 yields results closer to the measurements, indicating the exterior of the
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Figure 5.11: CSS results of Cases 1 and 2: the cross-polarized backscattering cross
sections of the JRC tree, in comparison with the radar measurements
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branch xylem may affect the radar returns. The relative permittivity value e, =
17.8 + 5.0¢ averaged over the interior and the exterior of the xylem is a better choice
than 10.3 + 2.8¢ which is the measured value for the interior only. The cause of the
occurring difference between the radar measurements and the CSS (Case 2) curve in
the VV and the cross polarization plots can be multiple scattering, since the CSS
method neglects all the multiple scattering effects.

For the HH polarization in Figure 5.10a, the radar measurement curve is about
10 dB above the CSS curve in Case 2, and about 12 dB above the results in Case 1,
although both CSS HH results decrease as 01, increases, following the trend of the
radar measurements. The reason why the HH CSS curves are significantly lower than

the experimental data is unclear but will be discussed in the following section.

5.4.2 Fresnel Double Scattering

Concerning the difference between the radar measurements of the JRC tree and the
simulated the radar response employing the CSS, neglecting the multiple scattering
may not be appropriate in this case. Therefore, we consider to incorporate the FDS
method into the JRC tree simulation to explore the multiple scattering effects between
the branches. As shown in Figure 3.1, we have the jth scatterer (branch) in free space,
the double scattered field Eji* in the far field, due to the scattered field from the ith

branch incident on the jth, can be calculated by

sca —1 —1 inc
E~Ly - T,-L7-T;-E (5.24)
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from which the scattering amplitude matrix Fpg(;;) can be found by following the
definition of the scattering amplitude. This scattering amplitude is due to the Double
Scattering (DS). We then embed the ith and the jth branches into the effective
medium as demonstrated in Figure 5.12. The matrix Fpg(;;) needs to be modified to

take the attenuation path d;; into account. We define a matrix Fg*(gl ;) as

N
elA”eLdij

PR = | Y e (5.25)

then this matrix can be applied to Fpg;;). We also consider the transmitting and
receiving antenna in the JRC chamber. We can define another effective scattering
matrix ;) to relate the received double scattered field matrix to the transmitted

field matrix as

Rx Rz Rx DS Tx Tx Tz
IE‘(ij) = CIFA(j)FP(j)FK(j)FDS(U)FK(ij)FK(i)FP(i)FA(i) (5-26)

where the constant C' is the same as introduced in the previous section. Following
the FDS approach in Chapter 3, the bistatic scattering cross sections are calculated
as the summation of the single scattering and the double scattering contributions:

[Zh: Zh} = 4n R, | ;Fm + Z; Fej * (5.27)
Similarly, this result is then averaged over the azimuthal rotations.

In computing the FDS results, we use the first 3000 branches to compute the
single scattering contribution terms as demonstrated in the previous section. The
total FDS backscattering cross sections, including the single and the double scat-
tering contributions, are plotted in Figures 5.13 to 5.15 with the like and the cross

polarizations. We first study the possible saturation of the double scattering to the
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branch numbers (diameters). In computing the double scattering contributions, we
choose the first 500, 1000 and 1200 branches yielding dot-dashed, square marked and
dashed curves in the three figures. The results from the first 500 branches approach
the results from the first 1000. It is also clear that the first 1000 and 1200 provide the
same backscattering cross sections. Therefore, it is sufficient to use only the first 1000
branches to compute the double scattering terms when applying the FDS methods.
We further compare the FDS solutions (square markers) with the CSS results
(dashed lines with circle markers). The difference between the two confirms the exis-
tence of the multiple scattering (double scattering) in the JRC tree backscatter. The
FDS curves are always above the CSS curves in all the figures, illustrating that the
multiple scattering effects provide an enhancement to the single scattering backscat-
tering cross sections. The average difference between the FDS and the CSS results
is about 3 dB for all the polarizations where the multiple scattering effects in the
HV /VH polarized signal is slightly stronger than those with like polarizations.
Finally, we shall compare the FDS results (using 1000 branches) with the radar
measurements collected during the JRC experiments. The experimental data is shown
in lines with upper-arrow markers in Figures 5.13 to 5.15. For the v-polarized inci-
dent wave case, the FDS results agree with the measurements very well for VV and
HV, showing the accuracy of our FDS models in this case. The average difference is
less than 1 dB. For some angles, such as 6r, = 20° in HH and HV and 67, = 30° in
HV, the experiment data is 1 to 2 dB above the FDS data. It may be because of the
higher order multiple scattering. For the HH results, although the double scattering

effects can be captured by comparing the FDS with the CSS, the simulated radar
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responses fail to agree with the measurements as depicted in Figure 5.15. During the
JRC simulations, we have found the antenna polarization transforms affect HH polar-
ization. In this current FDS model, what we have chosen may not be the appropriate
transforms. It is suggested that Lugwig’s definition III [125] should be implemented
here to accurately take the JRC antennas into the simulation.

Some unusual variations may occur in the backscattering cross sections when the
first 1500 or 2000 branches are selected to compute the double scattering terms. A
reasonable explanation is that some branches are too close to each other, or even
overlapped, so that the singularity in the Green’s function may occur. However, a
clear saturation trend is observed in Figures 5.13 to 5.15. The use of the first 1000
branches to represent all the double scattering contributions from the JRC tree for
Case 2 should be sufficient at 2 GHz.

At last, we show the FDS results for Case 1 where the branch permittivity is
low, for the v-polarized incident wave. The multiple scattering effects are observed
in Figure 5.16 with an enhancement to the CSS results. Apparently, branches with
a low permittivity may not necessarily weaken the multiple scattering, which agrees

with one of the findings in Chapter 2.

5.5 Summary

In this chapter, the JRC tree simulations has been performed. The simulations of
radar signatures from the JRC tree have been accomplished by employing the CSS

and the FDS methods with the mean wave propagation theory in an effective medium.
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Figure 5.13: FDS results of Cases 2: VV polarized backscattering cross sections, in
comparison with the radar measurements
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The characteristic parameters of the JRC anechoic chamber and the JRC antennas
haven appropriately taken into consideration. The simulated radar responses from
the JRC tree have analyzed and interpreted in this chapter with the single and mul-
tiple scattering effects being investigated. The scattering properties of the trunk and
the branches have been well studied. It has been found that the double scattering
provides an enhancement to the single scattering in the backscattering directions. It
is suggested that the double scattering should be considered in modeling forest trees

for remote sensing at L-band or higher frequencies.
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Chapter 6 Conclusion and Future Work

6.1 Dissertation Conclusion

The successful completion of the research work included in this dissertation ad-
dresses our knowledge of understanding the multiple scattering effects in trees in the
estimates of forest biomass. The modeling of multiple scattering effects has been per-
formed in microwave regimes, particularly at L. band. It can be potentially applicable
to provide theoretical verification of the remotely sensed data of forests collected by
spaceborne or airborne radars or radiometers. This work may also lead to improved
forward and inverse modeling of forest remote sensing for several ongoing and future
missions, such as AirMOSS, SMAP and BIOMASS.

In this dissertation, the existence and the importance of multiple scattering effects
between vegetation components have been illustrated. The observation of the multi-
ple scattering within a cluster of several scatterers has been accomplished using the
existing full-wave numerical approaches, the discrete dipole approximation and the
MoM with FEKO. The Fresnel Double Scattering (FDS) method has been developed
for the purpose of accurately and efficiently modeling the multiple scattering between
scatterers. This method is based on the physical mechanism of double scattering
from two scatterers. The discrete dipole approximation is used to solve for the inte-

rior fields numerically. The FDS method does not assume that the scatterers are in
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the far field of one another, thus this method can be used when the scatterers are in
close proximity of one another. The results have shown that as the distance between
two branches increases, the FDS results approach the far-field approximation results.
The FDS method can be employed as a correction to the vegetation scattering mod-
els that only consider the single scattering. This technique provides the feasibility of
integrating coherent double scattering into modeling trees. It is demonstrated that
this new method provides a good approximation to the exact approach where all the
multiple scattering interactions are included.

The FDS method has been applied to find the volume scattering from a fir tree. A
microwave radar experiment on the fir tree has been reviewed in this dissertation. It
has been performed in a large anechoic chamber. The radar has been operated in the
backscatter and the bistatic modes to measure the scattering properties of the tree in
the 1-10 GHz range. In addition, a network analyzer has been used to measure the
dielectric constant of the tree parts. The location and size of representative portions
of the tree architecture have been recorded and a vectorization technique has then
been employed to reconstruct the complete tree architecture from this sampled data.
Computer simulations of radar responses from the fir tree have been performed. The
single scattering and the FDS methods have been incorporate with the tree modeling
in a discrete random medium. In the course of the physics-based modeling of the
fir tree, the characteristic parameters of the JRC anechoic chamber and the JRC
antennas have been appropriately taken into consideration. The simulated radar
signatures of the tree have been analyzed and interpreted with the single and multiple

scattering effects being investigated. It has been found that the double scattering from
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the fir tree provided the enhancement to the radar response in the backscattering

directions.

6.2 Future Work: Data Fusion of Microwave and Laser Remote Sensing

The microwave forest modeling presented in this dissertation can be synergized
with Laser Remote Sensing. The details of the future research plan are provided in
this section. The objective of the proposed work is to improve forest biomass esti-
mates. More specifically, the future research aims to utilize high-resolution P- and L-
band Pol-inSAR and lidar measurements to retrieve the forest parameters, demon-
strate the synergy of radar data with lidar observations to characterize forest canopy
and improve the existing forest biomass retrieval algorithms by using microwave and
optical data fusion.

Both lidar and radar yield biomass information from their measurements inde-
pendently. The question is how one can determine whether the measurements are
accurate or not when the ground truth is not available. The fusion of lidar and radar
measurements can help to answer this question. The integration of lidar and radar
which have common and complementary features, can improve the estimates of for-
est structure profiling and biomass [126-128]. Therefore, this multi-sensor synergy
approach has a great potential in forest remote sensing.

The proposed methodology here will include forward and inverse modeling of scat-
tering from forests and potential ground campaigns to collect in-situ data validating

forest scattering models. The detailed procedures are listed as follows:
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1) Literature search

A more detailed literature search, including forward and inverse models, is neces-
sary. In particular, lidar and radar forest remote sensing is of major interest. Liter-
ature on the methodology of data fusion with different types of sensors needs to be
carefully studied.

2) Study site search

In order to perform a systematic research process of assessing forest biomass with
combined techniques from optical and microwave remote sensing, appropriate study
objects have to be selected first. Available study sites with in-situ data and remote
sensing products will help to validate forward and inverse models. This proposed
research will start with temperate forests with an intermediate biomass and structure
complexity. The research should be extended to boreal and tropical forests. Radar
signatures may suffer from saturation to biomass, especially in the tropical cases
where trees are the most structurally complex. Study sites can be chosen from, but
not limited to, AirMOSS study sites. Their ground data will soon become available.
In addition, ground campaigns of specific study sites of interest can be designed and
performed if conditions permit.

The proposed research is also concerned with quantitatively examining the re-
lationship between biomass and time (such as season change and before and after
weather change). During a study site search or a new ground campaign, the change
in biomass with time needs to be considered or measured.

3) Forward modeling

In the microwave regime, the forest scattering models have been addressed in this
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dissertation. It is expected that we can find answers to following questions through
further theoretical modeling and simulations: (1) When and where will the radar
response to biomass saturate? (2) How do the radar signatures change with time?
Can this change be quantified? (3) When and where do the multiple scattering
effects appear and affect the Pol-inSAR backscatter? (4) How the ground affects the
scattering? To answer (4), the inclusion of the ground into the tree model described
in this dissertation is required. Random rough surface modeling by employing the
MoM with RWG basis functions will be considered.

In the optical regime, similarly, radiative transport theory or electromagnetic wave
theory can be employed to find the backscattering coefficient in laser-remote-sensor
equations [129], so one can predict the lidar returns from a target. In our future work,
a laser scattering model development based on wave theory with multiple scattering
can be developed and implemented. The DDA method, for example, is a suitable
candidate for modeling light scattering. Multiple scattering effects are important
for laser scattering modeling and should be carefully treated [130, 131] in scattering
models.

4) Inverse modeling

Retrieval models are also needed in order to yield remote sensing products for
forest biomass. Lidar and P- and L- band Pol-inSAR data can be integrated together
to retrieve forest biomass in future research work. The key to doing this inversion
will be the existence of a prior information about the canopy structure of the forests.

In the course of forest height profiling, lidar data can be used first. ICESat/GALS,

LSVI, and other waveform-recording lidar data products with different spatial res-

139



olutions can be used for forest height information retrieval of specified study sites.
Processing the raw data, including tiling lidar data, filtering point cloud and isolating
individual trees, is required [132]. In the retrieval process, the reference of the ground
level is critical for cover determination. Waveform extent underestimation may occur
when ground or canopy returns are weak. Advanced methods of choosing thresholds
should be developed to overcome the noisy waveforms. Certain correction approaches
are also needed to reduce the uncertainties in lidar data, especially for the spaceborne
case. The retrieved forest height profiles will be compared with the Digital Eleva-
tion Model (DEM) and field measurements. The Root Mean Square Error (RSMV)
analysis will be provided to quantify the validation of retrieval. A successful height
profiling of forests on the selected study sites is thus expected.

Forest height profiling information accessed by lidar data will then be used in
the Pol-inSAR retrieval algorithms to obtain a more accurate estimation of the mi-
crowave scattering from forests. The radar retrieval algorithm can be based on the
RVoG model. Appropriate allometric equations will be chosen to obtain the biomass
information. Lidar data are extremely important when the ground truth is not avail-
able. A simple and possible retrieval algorithm flowchart is provided in Figure 6.1.
More advanced approaches to integrate lidar and radar data in biomass retrieval

algorithms will be further explored and developed.
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Appendix A Wave Polarizations and Scattering Amplitudes

A.1 H and V Polarizations for Incident and Scattered Waves

In free space, as shown in Figure A.1, we define the incident propagation vector
k; as k;, = k:ofq where RZ is the unit vector in the incident direction and kg is the
free-space propagation constant. The unit incident propagation vector k; can be
expressed in terms of the incident angles (6;, ¢;) with respect to the z- and - axes in

the Cartesian coordinate system as
k; = — sin 6; cos ¢;X — sin 6; sin ¢;y — cos 0,z (A.1)

where 0 < 6; < mand 0 < ¢; < 2m.

Waves of any polarization can be represented by a summation of two orthogonal
components of linearly polarized waves. For the incident wave incoming from the
direction k;, we can define a horizontal (h) and a vertical (v) component in the plane
perpendicular to k;. Choosing z-axis as the reference axis, the unit polarization vector

for h-polarized incident waves is defined by

. k; X 2
R (A.2)
ki X Z
ie.,
h; = — sin ¢;x + cos ¢;. (A.3)
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Figure A.1: Propagation directions and polarizations of plane waves
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The unit polarization vector for v-polarized incident waves is defined by

ie.,

v; = — cos ; cos ¢;X — cos 0, sin ¢;y + sin 6;z. (A.5)

As a matter of fact, h; is parallel of the z-y plane and in the direction ¢ in the
spherical coordinates, while flz coincides with the direction of 6.
With the definitions of the polarizations, we can write a ¢g-polarized incident plane

wave at position r as
Einc(q)(r) — qieikoléi'r q € {h7 U} (AG)

where r = X + yy + 2z and K; - r = —xsinb, cos ¢; — ysin6; sin ¢; — z cos ;.
Similarly, we define the free-space scattering propagation vector k, as k, = kol;S
where Kk, is the unit vector in the scattering direction. The scattering unit propagation

vector ky can be expressed in terms of the scattering angles (6, ¢s) in the Cartesian

coordinate system as
k, = sin 6, cos PsX + sin b, sin ¢,y + cos 0,z (A.7)

where 0 < 0, < 7w and 0 < ¢4 < 27. It is assumed that the incident wave has a unit
amplitude.

The unit polarization vector for h-polarized scattered waves is defined by

h,— =% (A.8)
k, xz
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ie.,

~

h, = sin ¢,X — cos ¢,y . (A.9)

The unit polarization vector for v-polarized scattered waves is defined by
V. = h, x k, (A.10)

ie.,

vV, = — cos b, cos ¢psX — cos b, sin ¢,y + sin 0,z. (A.11)

The scattered field in the far-field zone, given in Equation (2.37), can be decom-
posed into two orthogonal components (typically h- and v- polarized) in the plane
perpendicular to ks. Denote p as the polarization of the scattered wave (p € {h,v}).

The p-polarized component of the scattered wave E**®) can be expressed as

Esca(p)(r) _ IA)sEsca(p)(r) (A.l?)
where
k2 _ 1 ) sy
E5a®) (1) ~ b, - MQW(I — #f) - / E(r')e "ot gy, (A.13)
4ar
v

Here, 7 = |r|, # = r/r and I = XX + yy + 2zz. From the fact that # = k,, we can find
ps - (I — f) = p;. We may further assume that the internal field E is induced by a

fully g-polarized incident wave. Denoting such an internal wave as E(9, we obtain

ki(e, — 1)

Fsca(p) (r) 1
r

eForp, - /E(q)(r')eikoﬁs'r/dr’- (A.14)
v
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A.2 Scattering Amplitudes

The polarized scattered field in the far-field zone is related to the incident wave via
a scattering amplitude matrix. The 2 x 2 scattering amplitude matrix Fg is defined

as

_ fhh fhv
]FS_ |:fvh fvv:| <A15)

such that

(A.16)

Esca(h) etkor Fyinc(h)
Esca(v) ~ r FS Einc(v)

in which the scalar scattering amplitude with pg polarization, i.e. f,,, is obtained by

k%(er —1)

Fra(ks ki) = n / P, - B@ (r)e ke’ gy (A.17)
7I

v

The bistatic scattering cross section o then can be computed by

A 2

UPQ<k87 kl) =dm qu(ks> kz) <A18)

The backscattering cross section ¢ is measured at the direction where Rs = —Ri,
thus

U;Sq = UPQ(_IA{% lA(z) (A.19)

0

Usually, o or ¢ is converted into the decibel scale with a unit of dB or dB-m? (i.e.,

dBsm).
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Appendix B Additional DDA Formulations

B.1 Explicit Form of Source Dyadic

In fact, the source dyadic L in Equation (2.29) is a diagonal dyadic if appropriate

local principal axes are chosen. We can define
L = L,,X'x' + Ly,y'y + L..2'7/ (B.1)
where the superscript prime indicates a local principal axis and one can show that
Lyw+ Ly, + L., =1. (B.2)

Equivalently, we are able to write dyadics in local principal axes into a diagonal

matrix form. In this case, L can be recorded as a 3 x 3 matrix

Lee 0 0
0 L, 0]. (B.3)
0 0 L.

As a matter of fact, any position in a local Cartesian coordinates (2’,y’, 2’) can
be expressed in the global Cartesian coordinates as (x,y, z) by applying an elevation
rotation and an azimuthal rotation, with the assumption that the local and the global
coordinate systems share the same origin. If the elevation and the azimuthal rotation

angles are g and ¢r respectively, a rotation matrix T,,; can be expressed as
cosbrcospr —singr sinfgcos g

T,ot = |cosOrsingpr cos¢r sinfrsingp| . (B.4)
—sinfg 0 cos Or
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Thus, the transition from the local to the global system can be described by the
matrix operations with the rotation matrix applied. The matrix form of the source

dyadic L in global coordinates is

Lz 0 0
Toot | O Ly 0| T, (B.5)
0 0 L,

where T}

ot 18 the inverse matrix of T,.

If the scatterer is represented by a collection of rectangular parallelepipeds, each
having a size of d x d x Ty (length x width x height, we can first choose the local

principal 2z’ axis is along the direction of the dimension of T, so that

2 T,
Ly = Ly, = — arctan d

m V2d2 + sz;

d2
L,, = —arctan ——
m TN/ 2d2 + T2

and then apply the rotation to obtain the source dyadic in global coordinates.

(B.6)

If the scatterer is meshed into cubic or spherical cells, a much simpler situation

regardless of the choice of the local principal axes, we have

L=1/3. (B.7)

B.2 Explicit Form of Discrete Green’s Function

Referring to Figure 2.2 and letting (z,, Ym, 2m) and (Z,, Yn, 2,) denote the co-
ordinates of the geometric center of the mth and the nth cell respectively, we can
write

T = TyX + Yy + 2mZ; (B.8)
Ty = TpX + Yy + 2,2 (B.9)
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where m = 1,2,--- ,M and m = 1,2,--- ,N. In the event of r,,,7, € V, M = N.

We can further define

~

Ry =T —Tp = (T — Z0)X + (Um — Yn)Y + (2m — 20)2

and let
R . =Ty, — Tp;
Ry = Ym — Un;
R =Ty — 2p.
Therefore,

Ry, = R, X+ R y+ R, 2.

If R,,, is the magnitude of R,,,, it can be calculated via

Rin = |Ron| = \/ Rz %+ Riw* + Rz,

(B.10)

(B.11)
(B.12)

(B.13)

(B.14)

(B.15)

Using Equation (2.26), the discretized dyadic Green’s function G(r,, r,,) in Equa-

tion (2.41) is

eik‘ORmn 9 9
g(rmy rm) = _W{ko(_Rmn I + Rmann)
1—iky,
+ R (R2,.I— 3R, R }

where n # m. More explicitly,
G(Ti, Tin) = G XX + Gt XY + G X2 + gip ¥ X
+9rin¥Y + GinYZ + G 2X + G 2y + G722
with its matrix form
Gmn  Imn Gmn
Goin Gien Ginn

zx 2y 2z
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(B.16)

(B.17)

(B.18)



where

iko Rmn )
T € 2/ pr 2 2 1— ZkORmn 2 r 2
gmn:_—{kO(Rmn — Ryn )+—(Rmn _3Rmn )}ﬂ
47kE Ry R
= eikoRm" = 1-— ikORmn -
0dtmn mn
Tz eikORmn 2 px 2 1— ZkORmn x 2
9mn = _W{kORmann - 3—2Rmann}7
Gimin = inn
gu, = ——5——31k3(R%,." = Rn®) + ———5(Rmn” — 3R%,.°) };
47T]€3Rmn3 Rmn2
iko Rmn )
. e 9 . 1 —iko R, —
G = —W{koR%ann —3———5 Ry, R}
G = Gmn
Grim = Gimn
Giin = —— 5551k (Ri” = Rnn®) + ———5(Rpn” — 3R;,,.%) }.
47k Ry R
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(B.19)
(B.20)
(B.21)
(B.22)
(B.23)
(B.24)
(B.25)
(B.26)

(B.27)



