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CHAPTER 1

Introduction

1.1 Overview

Microwave and millimeter wave (MMW) remote sensing have become important
tools for the extraction of biophysical or hydrological information about the imaged
scene from the remotely sensed data, which may otherwise be difficult, if not impos-
sible, to obtain. Microwave sensors are also used for target detection, either alone or
in conjunction with electro-optical sensors.

To develop better understanding of the scattering mechanisms responsible for
the observed sensor response, it is imperative to construct an extensive database of
microwave and MMW measurements for numerous combinations of the terrain con-
ditions and the sensor attributes such as frequency, incidence angle and so on, as well
as to develop theoretical or semi-empirical models. Undoubtedly such a database will
serve as a solid ground for deepening our understanding of scattering phenomenon
and as a testbed for the models to be built. The more features provided by the mea-
surements that can be successfully addressed by the models, the stronger will be the
motivation for such measurements. Even though an extensive number of investiga-
tion have been conducted over the past 30 years, “gray areas” still exists in terms of

our understanding of microwave and millimeter-wave interaction with natural media.



These deficiencies are attributed to constraints associated with limited resources or
technology-related constraints.

The rapid developments in measurements at microwave and MMW wavelengths
and in correlated scattering phenomenology serve to challenge and inspire modellers.
At the microwave and MMW scale, many natural targets to be sensed are random
media. Although statistically uniform in most cases, they can produce appreciable
variations as the antenna footprint moves from spot to spot. Any successful model
needs to relate the observed statistical properties of the response to the physical
structure of the medium. It also requires to identify and faithfully account for the
underlying scattering mechanisms, in particular for a dense medium where multiple
scattering effects cannot be ignored.

In the literature tremendous efforts have been made in building suitable models,
which mainly fall in one of three categories: 1) field-based full wave theory; 2) energy
based radiative transfer theory (RT); 3) empirical or semi-empirical models. Each
has its own share of strengths and weaknesses. In brief, 1) the full wave method
is formulated on a rigorous theoretical basis, such as Maxwell’s equations or some
derivation therefrom, including IEM (integral equation method) and EBC (extended
boundary condition), but the encountered analytical difficulties more often than not
lead inevitably to a cluster of assumptions requiring that either a direct simplifica-
tion is made or a well-established asymptotic framework is adopted in order to attack
the problem at hand. Quite understandably, this method often resorts to numerical
simulation, such as the frequently used Monte-Carlo simulation, which presupposes
knowledge of the essential statistical properties of the medium, a presumption not al-
ways true. 2) RT concentrates on the propagation and scattering of electromagnetic

intensity in the inhomogeneous medium. Conventional RT assumes that the scatter-



ers are in the far field of each other, hence the scattered fields are independent. This
independence assumption provides flexibility in use, but may also be deficient in pre-
dicting power. A mixture variant has emerged where the general framework of RT is
retained, but in conjunction with the use of field-based calculations of the extinction
coefficient. Examples of this approach include the quasi-crystalline-approximation
(QCA) and the quasi-crystalline-approximation-coherent potential (QCA-CP). In
general, the RT framework has the advantage of being able to treat complex media
more easily and consistently than the field approach. A variation on the traditional
RT model, the dense medium radiative transfer theory (DMRT), has been developed
to treat dense media, but it is limited to nonabsorptive scatterers. 3) Empirical or
semi-empirical models use the measured data for their construction, which is quite
convenient but the applicability of such models is limited to the conditons associated
with the measured data.

It is the interplay of modeling effort and measurements and the tradeoff between
modeling rigorousness and flexibility as well as consistency that motivates the work
presented in this thesis. It includes an effort to plan and carry out some extensive
measurements to fill in certain “gray areas” of the measurement database at MMW
wavelength, to trace the connections among the scattering mechanisms underlying a
number of important scattering phenomena at microwave and MMW wavelengths,
and to build predictive models by choosing a suitable framework and constructing a

detailed structure and incorporating mechanisms into the models.

1.2 Outline

In Chapter II, the topic of sensitivity to soil moisture for vegetation-covered

land by active and passive sensors at L. band is revisited. At such a low microwave



frequency, for the usually encountered vegetation covers such as grass and soybean,
which are electrically small in dimension, the conventional RTE can be used to study
the scattering mechanisms.

In Chapter III we examine the radar response of a soybean canopy. The scat-
tering mechanism becomes more complex for a soybean canopy at C band. The
independent scattering assumption for conventional RTE does not hold strictly; the
interaction among scatterers are addressed in the literature by either the inclusion
of higher order scattering components [15] or the application of antenna array-like
treatment [115]. Though both provide higher fidelity in accounting for the underly-
ing scattering mechanism, the former is computationally demanding, while the latter
necessitates the introduction of a new set of parameters to describe the geometrical
and positional properties of the constituents of a soybean plant. If an inversion al-
gorithm is to be developed for extracting water content, biomass, rough surface rms
height and soil moisture from the L, C bands measurements of soybean at 45° inci-
dence, we can hardly use the high order scattering approach due to its complexity,
nor can we use the antenna array -like approach due to the limited measurement
data available for inversion. Rather, assuming the adoption of the conventional RTE
technique, we endeavor to best characterize the dependence of the volume extinction
coefficient k., and the phase matrix P, two critical input parameters to RTE, upon
the water content to the biomass. Chapter III addresses all the relevant issues and
provides discussions of the inversion results.

When the sensor frequency moves from the microwave to the millimeter-wave
regime, the scattering mechanism becomes even substantially more complicated,
mainly due to the dense medium nature of many natural media such as snow. For dry

snow, the conventional RTE can be used, in conjunction with QCA, for studying the



backscatter due to the relative simplicity of the air-ice mixture approach. However,
RTE and QCA provide different characterizations of the propagation properties of
the dry snow media, which calls for reconciliation of the two approaches. This issue
is addressed in Chapter IV, along with the modeling performance. Further discussion
is also provided on the impact of snow particle shape and surface roughness upon
the backscatter.

Yet when snow becomes wet, as frequently encountered in diurnal observations,
the QCA approach for determining the volume extinction coefficient x. collapses due
to the severe violation of its assumptions. Encouraged by the success of conventional
RTE when applied to other dense media [56], the conventional RTE was adopted for
wet snow in our study. adopted. This treatment is addressed in Chapter V where we
incorporated thermodynamic information in the application of the model to explain
diurnal observations.

So far the main focus has been on the incoherent power of the scattered field.
Such treatment is insufficient when it comes to the characterization of a communica-
tion channel, where the interference statistics assume a considerably important role.
In such cases, an electric-field based study is necessary and is given in Chapter VI.
At 35 GHz, a simple Kirchhoff model is used for scattering from rough surfaces.
Based on it, a four-ray model is constructed to help interpret the observed back-
ward interference pattern. Moreover, to infer the forward scattering behavior from
the backward one, an equivalence relation between forward and backward scattering
is established. However, when the surface is very rough, or covered by some vege-
tation such as grass, the backward interference pattern tends to disintegrate, even
for a moderate number of independent samples. This calls for techniques that can

address both the coherent and incoherent components of the scattered field from a



rough surface directly. IEM is one such candidate, but it cannot be applied directly
in its current form because it assumes uniform plane wave incidence. Such an ap-
proximation may not be valid or appropriate for calculating the forward scattered
field. Hence, the IEM formulation is revisited in Chapter VII wherein the antenna
electric-field pattern is incorporated in the calculation of the field intercepted by the
receive antenna.

In summary, the contributions described in this thesis are:

1. Evaluation of the sensitivity to soil moisture for both active and passive sen-
sors at L band. This evaluation brings to a conclusion a long disputed issue.

Implementation of the MIMICS model [106] is extended to the passive case.

2. Development of an inversion algorithm for extracting water content, biomass,
rough surface rms height and soil moisture from the L, C band measurements
of soybean at 45° incidence. This treatment illustrates how a sound scattering
model can be constructed for inversion by incorporating information provided

by complicated microwave scattering models such as MIMICS.

3. Characterization and extensive measurements of MMW backscatter from snow
at near grazing incidence. These new measurements enhanced the data base
significantly. Moreover, they are used to validate the scattering models in this

study.

4. Development of a MMW snow backscatter model for the response as a func-
tion of incidence angle at near grazing incidence. This treatment illustrates
how the conventional RTE can be used in conjunction with QCA for studying

the backscatter from a dense medium such as dry snow through the proposed



reconciliation technique. The study also examines the effect of snow particle

shape and surface roughness upon the backscatter.

. Development of a MMW snow backscatter model for the diurnal pattern at
near grazing incidence. This treatment illustrates how, for a wet snow where
dense media techniques are hard to apply, the conventional RTE can be used

successfully by incorporating thermodynamic information.

. Characterization and measurements of the backscatter receiver-height interfer-
ence pattern at 35 GHz over different types of terrain. It provides the first set
of measurements for such a configuration in the literature and sheds light on

how the backscatter interference pattern varies with terrain type.

. Development of a model to interpret the observed interference pattern. This
treatment illustrates how a simple single scattering based four-ray model can
effectively capture the major scattering mechanisms underlying the measure-

ments.

. Establishment of the equivalence between the backscatter and forward scatter-
ing interference patterns. This treatment provides a means to characterize the

forward scattering channel without having to do bistatic measurements.

. Extension of the conventional IEM model for rough surface scattering to incor-
porate antenna pattern. Driven by the absence of calibration, this treatment

extends the conventional IEM to more general settings.



CHAPTER I1

Sensitivity To Soil Moisture For Vegetation
Covered Land By Active and Passive Microwave
Sensors

2.1 Introduction

Active and passive microwave approaches to sensing soil moisture share certain
physical processes, but they are also markedly different insofar as the quantities they
sense and the image products they generate. Numerous papers, and indeed books,
have been published on the theory of radar scattering from a soil surface, with and
without vegetation cover, as well as on analyses of experimental observations and sys-
tem imaging considerations (references [3,4,7,25,26,30,73,80,86,94,96,104] comprise a
representative sample). Similar studies have been reported for the passive-microwave
case [18,48-51,84,100,114], but only one serious study has been conducted to date
in which the active and passive approaches were inter-compared with respect to their
relative sensitivities to change in soil moisture content under vegetation-covered con-
ditions [35]. The comparison study, which was published over a decade ago, provided
useful and interesting results but the geometrical models it used in characterizing
the vegetation cover were somewhat simplistic. This chapter represents a focused

revisit of the comparison question. This portion of the work has been published



in [28]. The study considers only a single set of wave parameters for both active and
passive simulations (L-band, incidence angle § = 30°, and an h-polarized antenna),
but considers three types of cover: (a) a hypothetical layers of Rayleigh particles,

(b) a grass-like vegetation layer, and (c) a canopy of soybean plants.

2.2 Soil-Moisture Sensitivity

In this study we ignore atmospheric effects, terrain slope and imaging and cal-
ibration issues. We assume we have a pair of sensors, a radar and a radiometer,
both pointed at a soil surface at an incidence angle of 30°. Both instruments operate
at 1.5 GHz and use identical horizontally polarized antennas. The soil is covered
with a layer of vegetation characterized by an optical depth 7 and an albedo w, as
well as other geometrical properties specific to the particular vegetation cover under
consideration.

We shall start with two bare surfaces, one characerized by a relatively smooth
interface and the other is a medium rough interface (Section 3). Appropriate surface
scattering and emission models are then used to calculate the ey and the backscat-
tering coefficient o as a function of the soil volumetric moisture content m,. (The
zero subscirpt of ey and oj denotes that these quantitites pertain to the bare-soil
case.) The radiometric and radar bare-soil moisture sensitivities are then defined as

follows:

660
FEy= 2.1
0 om, ’ (2.1)
0o
= 2.2
S() amv ) ( )

where of is in m?/m?. For reasons that we will discuss later, we will also examine
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the behavior of the logarithmic radar sensitivity S§2, defined as:

0og (dB
S4B — %, (2.3)

where of(dB) = 10logog.

For the vegetation-covered case, we shall denote the emissivity and backscattering
coefficient by e and ¢°, and the corresponding soil- moisture sensitivities are defined
as

de(my, T,w)

E(r,w) = om, (2.4)

_ 00°(my, T,w)

S(r,w) = (2.5)

om,
where 7 is the optical depth. When ¢° is expressed in dB, the correspoinding loga-

rithmic sensitivity is denoted S8(7,w).

In this chapter we attempt to answer the following questions:

1. Is the relative radiometric sensitivity E(7)/Fy < 1 always true, and does it

decrease monotonically with increasing optical thickness 77

2. Is the relative radar sensitivity S(7)/Sy < 1 always true, and does it decrease

montonically with increasing optical thickness 77 The same question applies

to S9B/SgB.
3. How does the albedo of the vegetation medium affect F(7)/Ey and S(7)/Sy?

4. Does vegetation cover have a greater or lesser influence on the radiometric

sensitivity compared with its influence on the radar sensitivity to soil moisture?
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Figure 2.1: Dielectric constant of silt clay soil at 1.4 GHz. The data points are
from the measurements rerported in Ulaby et al. [104] and the curves are
second-order polynomial fits.

2.3 Bare Surface Models

To insure credibility of the results and conclusions realized by this study, it is
important that we choose our soil surface and vegetation cover parameters and our
emission and scattering models with as much realism as possible. To this end we
will choose a silt loam soil with 30.6% sand, 55.9% silt, and 13.5% clay, for which
its measured dielectric constant [ [104], Appendix E] can be approximated by the
quadratic expressions:

¢ = 114.3m2 + 13.3m, + 2.5, (2.6)
¢ = —2.86m?2 + 11.3m,, + 0.04, (2.7)

as illustrated by the plots in Figure 2.1. The corresponding variation of the Fresnel

reflectivity with m, at an incidence angle of 30° is shown in Figure 2.2 for horizontal
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Figure 2.2: Calculated horizontal-polarization Freznel reflectivity at 30° versus soil
moisture (solid curve), and its linear approximation (dashed).

polarization. We note that Rj exhibits an approximately linear dependence on m,
and it is given by

Ry, = 1.10m, + 0.09 (2.8)

Since surface roughness is an important parameter, we wanted to choose more
than one surface, and we wanted the surfaces to be characterized by high quality
radar measurments and, if possible, appropriate scattering models. According to the
study reported by Oh et al. [73], one of the relatively smooth surfaces (whose surface
profile was measured by a laser ranging system) was characterized by an exponential
correlation function with a correlation length ¢ = 8.6 cm and a rms height s = 0.4
cm. Furthermore, it was reported that the measured backscatter showed excellent
agreement with calculations based on the small perturbation model. In the same

study a medium rough surface with s = 1.12 cm and ¢ = 6.4 cm was also measured
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by the laser profiler and the radar system. The parameters of the smoother surface
place it well within the range of validity of the small penturbation model, and for
the medium rough surface, its ks = 2mrs/A = 0.35 is just oustide the usually accepted
boundary of 0.3, but we will use the small penturbation model anyway because the

measured angular behavior of 0° is in close agreement with the model calculation.

2.3.1 Emission

According to the mdoel introduced by Choudhury et al. [18], the horizontally

polarized emissivity of a randomly rough surface with rms height s is given by

where

R}, = Ry, exp|—(2ks’ cos 0)?], (2.10)

where Ry, is the Fresnel refelctivity for horizontal polarization, £ = 27/, and s’ is an
“effective” rms height of the surface. Based on the empirical relationship proposed
by Choudhury et al. [18] between s and s, we determined that s' = 0 for our smooth
surface (s = 0.4 cm) and s’ = 0.14 cm for our medium rough surface (s = 1.12cm).
Hence, at A = 20 cm, and € = 30°, we have the following emissivity models for the

bare soil surfaces:

Smooth Surface (s = 0.4 cm):

e = 1—-R
’ " (2.11)
— 0.91—1.10m,
Medium Rough Surface (s = 1.12 cm):
ep = 1—0.9945R),
(2.12)

= 0.91 - 1.09m,



14

If the surface temperature is Tg, the brighness temperature of the surface is
TB = €0T0. (213)
2.3.2 Backscatter

For a surface characterized by an exponential height correlation function, the

small-perturbation model expression for of is given by [73]

4k*s* 2 Ry,

% = [y 2(ksin 02" (2.14)
For our two surfaces, Eq. 2.14 reduces to:
Smooth Surface:
oy = 0.046 R),. (2.15)
Medium Rough Surface:
o, = 0.381R}, (2.16)

2.4 Vegetation Models

2.4.1 Emission

The vector radiative transfer equation for emission by an inhomogeneous medium

is given by [ [104], Chapter 13]:

d%f) = Kke(8)T.(8) + kaTp + / / P(5,8)T.(&) d, (2.17)
where
T.(S§) = brightness temperature vector of the canopy, for propagation along §,
k. = extinction matrix of the canopy, along 8§,
Kk, = absorption vector of the canopy, along §
P(s,8') = phase matrix of the canopy, for incidence along §' and scattering along §.

Ty = physical temperature of the vegetation medium.
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Upon specifying the sizes and orientation distributions of the vegetation elements,
and their dielectric properties, we can apply available techniques [94,104] to obtain
values for k., k., and P(8,8') for all directions § and §'. Equation 2.17 can then
be solved either numerically or iteratively to obtain a value for T/ (), the bright-
ness temperature of the canopy at a point above the canopy, representing the energy
emitted at an angle 6 relative to the zenith. In this study, we shall use the itera-
tive approach because (1) for the canopies we plan to examine, the albedo of the
canopy is sufficiently small that the iterative technique provides results that are
within a few percentage points of those obtained through numerical calculations,
and (2) the form of the iterative solution is such that each term represents a specific
emission /scattering mechanism, thereby facilitating the analysis.

If we (a) split the brightness temperature vector T.(S) into an upward-moving
component T and a downward-moving component T, (b) assume the ground sur-
face to be quasi-specular with respect to bistatic reflection of downward propagating
energy (R}, given by Eq. 2.10 is used instead of Ry), (c) denote z = —d as the soil
surface and z = 0 as the top of the canopy, and (d) apply appropriate boundary con-
ditions at the air-vegetation boundary (diffuse) and at the vegetation-soil boundary

(plane interface), the first-order solution of Eq. 2.17 takes the following form:

T/ =T, +Ty+ T3+ T4+ Ts+ T+ Ty, (2.18)

where the various contributions are represented symbolically in Figure 2.3. We
note that the first three terms of Eq. 2.18 comprise the zero-order solution, which
ignore scattering in the vegetation medium (except for its contribution to extinction).
These terms include T, the direct soil emission, attenuated by passage through the

canopy; Ts, the direct, upward, self-emitted contribution of the canopy; and Ts,



T, T, T; T, Ts Te T;

Figure 2.3: The first-order radiative transfer solution for emission consists of seven
contributions, of which the first three belong to the zero-order solution.

the downward, self- emitted energy that gets reflected by the soil surface. For media
with azimuthal symmetry and for which the orientation distribution of the scattering
elements is symmetrical with respect to the horizontal plane, the zero-order solution

for horizontal polarization takes the simple form [104]:

TH="T1—-R)To+ (1 — V), To + R, Y(1 — 1)k, Ty (2.19)

C

where

T = one-way canopy transmissivity
= exp(—7sech),

T = k.d = optical thickness.

Terms T, through T7; in Eq. 2.18 represent single-scattering contributions and
are contributed by the first-order iteration upon using the zero-order solution as a
source function. As shown in the report version of this study [27], for canopies with

scattering albedo w < 0.1, the emission is dominated by the zero-order terms.

2.4.2 Backscatter

For backscatter, the vector radiative transfer equation assumes a form similar to

Eq. 2.10; if we ignore the self-emission term &,7; in Eq. 2.17 and replace T, with
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the specific intensity I, we have:

d1(s)
ds

— —kI(8) + / /P(é,é’)I(é’)dQ’ (2.20)

We use MIMICS [106] to obtain a first-order solution for I(#) at a point above
the canopy, from which we can obtain an expression for the horizontally polarized

backscattering coefficient o°:
0°(0) = 4w cos 6 I (6). (2.21)

where I, is the horizontal-polarization element of the vector 1.
If we define § = (6, ¢) as the backscatter direction of interest, —§ = (7 — 6, ¢),
0= (0,7m+¢), and —6 = (7 — 6, ¢ + 7), the first-order solution can be expressed as

follows:

o __ o o o o o
o = 0, +0,+03+ 04+ 05

21 cos
BT (1 — T?) Pyy(8, —06) + 47 Y2 Ry Py (3, 6)

Ke Ke

= T208 +

27 cos
HATY? Ry, Py (—8§, —0)— + L%
Ke Ke

T?R2(1 — Y?)Py(—8,0), (2.22)

where Py, is the element of the phase matrix corresponding to hh polarization, its first
argument denotes the direction of energy scattered by the vegetation volume and the
second argument denotes the direction of incidence upon it, and oj is the bare-soil
backscattering coefficient given by Eq. 2.14. The physical mechanisms corresponding

to contributions o7 through of are diagrammed in Figure 2.4.
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Figure 2.4: The first-order solution for backscatter consists of five contributions.

2.5 Case Studies

In Section 2 of this chapter, we posed four questions. The first two deal with
the variation of the relative radiometric and radar sensitivities, F/Fy and S/Sy,
with optical thickness 7 and the third question pertains to the dependence these
sensitivities might have on the scattering albedo w. In this section we will answer
these questions through graphical presentations. The interested reader may also
want to refer to our analytical solutions, which are available in Appendices A to C of
the technical report version of this study [27]. Both approaches lead to the following

conclusions:
1. E/Ey <1 is always true.

2. With o° expressed in (m?/m?), S/Sy < 1 is not always true; for relatively

smooth surfaces there are situations for which S/Sp > 1.

3. With o° expressed in dB, S48 /S8 < 1 is always true.



19

4. Over the range 0.07 < w < 0.15, the radiometric and radar sensitivities are

essentially insensitive to w.

The final question of Section 2 seeks to compare the relative soil moisture sen-
sitivities of passive and active microwave sensing techniques. To answer this and
the preceding questions we will consider three types of canopies: (a) an “imaginary”
canopy made up of Rayleigh spheres, (b) a grass-like canopy, and (c) a soybeans
canopy. The Rayleigh canopy is included because it has a simple phase matrix, mak-
ing the analysis easy to understand, and it also serves as a precursor to the grass
and soybeans canopies.

In all three case, the ground surface is assumed to have the dielectric and rough-
ness properties described in Section 3. All plots and results are for 1.5 GHz, 6 = 30°,
h-polarized emission and hh-polarized backscatter.

2.5.1 Rayleigh Canopy

Smooth Soil Surface

For a canopy comprised of Rayleigh spheres, the emission and backscatter are
governed by m, of the surface, and the albedo w and optical thickness 7 of the
overlying layer. FExpressions for the elements of the phase matrix of a Rayleigh
particle, which are available in Tsang et al. [ [94], pp. 155-158], were used to
compute the extinction matrix k. and the absorption vector k, according to the
definitions given in Tsang et al. [ [94], pp. 140-148]. Figures 2.5 and Figure 2.5.1
depict

the variations of the canopy emissivity e and backscattering coefficient ¢° with m,,
for each of five values of 7, all computed for the smooth soil surface and a vegetation

albedo w = 0.1. In preparation for a forthcoming discussion regarding the use of
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dB scale to express ¢°, the plots of ¢° shown in Figure 2.5.1 are shown in dB in
Figure 2.5.1. In each figure, the curve labeled 7=0 corresponds to the bare-soil case.
Even though the curves shown in Figure 5 are not straight lines, we will linearize
them by determining the best linear fit to equally spaced points across the 0.05 to
0.4 g/cm? range of m,. We decided to start at 0.05 g/cm? instead of at 0 because in
practice soil moisture rarely drops below 0.05 g/cm?. ;From the slopes of these lines,
we will obtain representative values of Ey, Sy, and S§B for the bare-soil sensitivities
and E, S, and S8 for each value of 7.

This process will allow us to generate the plots shown in Figure 2.6 for the
relative sensitivities, E/Fy, S/Sp, and S9B/S{B  as functions of 7. These curves
indicate that for this Rayleigh canopy, the normalized radiometric sensitivity de-
creases monotonically with increasing 7. The addition of vegetation reduces the
soil-emission contribution and increases the self emission by the vegetation. The
radar case is not so simple. The curve for S/Sy, corresponding to ¢° expressed in

natural units of m?/m?, exhibits an increase with increasing 7 up to a maximum of



22

3.00 R N R R R D D
275 [ g5, ]
250 |
225 |
200 |-
175 [
150 |
125 |
100 [ .
075 | 8 :
050 e el .
025 [ .

oY o JL AN AP U ISP I BN I P S B
00 01 02 03 04 05 06 07 08 09 10

Optical Thicknesst (Np)

Rayleigh Canopy
Smooth Soil Surface
Horizontal Polarization
9=30°

Relative Sensitivity

Figure 2.6: Plots of the relative sensitivities F/Ey, S/S,, and S98/S38 versus 7 for
a Rayleigh canopy over a smooth surface.

2.6 at 7 = 0.3 Np, and then it reverses direction and decreases with 7, and if we were
to continue the plot beyond 7 = 1 Np, the curve would have continued its decreasing
trend towards zero for 7 very large. Although somewhat unusual, this “sensitivity
enhancement” behavior is explainable in terms of the variations of the individual o°
terms in Eq. 2.22 with m, and 7. In the range between 7 = 0 and 7 = 0.3 Np,
the addition of vegetation (increasing 7) reduces the soil moisture sensitivity of the
direct soil-backscatter term o7, but it increases the contributions of terms o3, oy,
and of, all of which are proportional to Ry or R2, and hence to m,. This process
continues as 7 is increased until a point is reached beyond which attenuation effects
overtake the “enhancement” effect, thereby causing the relative sensitivity S/Sp to
decrease with 7. This sensitivity enhancement behavior is not unique to the condi-

tions of the Rayleigh canopy and underlying soil surface associated with Figure 5 and



23

Figure 2.6; the overall pattern of S/Sy shown in Figure 6 was also observed for the
grass and soybean canopies (of the next two subsections), and over a modest range
of scattering albedo (0.07 to 0.15), but in all cases the soil surface was the same,
namely the smooth surface described by Eq. 2.15. As we will see later, when the
same examination was conducted for a vegetation canopy over the medium rough
surface, no sensitivity enhancement effect was observed.

Next, we should consider the dB case. We usually express ¢° in dB because: (1)
the dB scale serves to compress its range (when we plot o° versus incidence angle,
it often varies over several orders of magnitude), and (2) the precision associated
with experimental measurements is governed by Rayleigh fading statistics [99] which
exhibit the behavior of multiplicative noise; the confidence interval associated with a
measurement of ¢° is proportional to ¢° itself, whereas when ¢° is expressed in dB,
the confidence interval is independent of the value of o° itself [ [104], pp. 1818-1819].

If we use the chain rule, (3) can be rewritten as

dB __ 90°(dB)
S — Omwy
__ 0(10logo®) __ 10loge do° (2.23)
- Om.y T 0°  omy

_ 434
=2 5.
Because ¢° increases with increasing 7 faster than the rate at which S increases with
7 (over the range between 0 and 0.3 Np), SIB exhibits the monotonically decaying

pattern shown in Figure 2.6 over the entire range of 7.

Medium Rough Soil Surface

Upon repeating the process described in the preceding subsection, but only chang-

ing the soil surface to that described by Eq. 2.12 for emission and by Eq. 2.16 for
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versus m,, all for a Rayleigh canopy over a medium rough surface.

backscatter,
we obtain the emissivity and backscatter responses shown in Figure 2.7 and the

corresponding relative sensitivity curves shown in Figure 2.8. We observe that:

(a) E/Ey < S/Sp, which means that soil masking by the vegetation layer is more

pronounced in the case of emission than for backscatter,

(b) S/Sp no longer exhibits the sensitivity enhancement effect observed earlier for

the canopy over the smooth soil surface (Figure 2.6), and

(c) S/Sy is only slightly larger than S4B/SJB,

2.5.2 Grass Canopy

The grass canopy is modeled as a collection of circular cylinders whose axes are

oriented in accordance with an empirically determined probability density function
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Figure 2.8: Plots of the relative sensitivities F/Ep, S/S,, and S /SI® versus 7 for
a Rayleigh canopy over a medium rough surface.

which can be described approximately by the pdf given in Table 2.1 where # is the

angle between the axis of the cylinder and the zenith direction. The emission and

backscatter calculations were performed as a function of canopy height from zero to

30 cm, with 30 cm corresponding to a dry biomass of 1 kg/m?. Using the information

given in Table 2.1, we obtain the following expressions for the extinction matrix k.

and the absorption vector K,:

KRe =

2.70 0 —4x107% 1.29 x 1077

0 3.08 —4x107% 1.29x 1077
—8x107% —8x 107 2.89 —0.71
—2.6x 1077 —2.5x 1077 0.71 2.89

(2.24)
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2.575
2.860
Ko = (2.25)
—1.60 x 107
3.83 x 1012

We note that in view of the azimuthal symmetry of the orientations of the vegetation

elements, kI = kK, = K. and a similar statement applies to k,. The albedo for

horizontal polarization is given by

K 2.86
@2 122 = .07 2.26
Koy 3.08 (226)

w=1-—

Of the two surface roughnesses discussed in Section 3, the medium rough surface
is the more typical as a surface underlying a grass canopy. Hence, all the calculations
displayed

in Figure 2.9 and Figure 2.10 were performed for that case. The key observation
to note is that the soil-masking effect of the grass cover is about the same for emission
and backscatter (Figure 2.10).

The plots shown in Figure 2.10 were generated for a grass canopy with an albedo
w = 0.07. Similar calculations were also carried out for w = 0.1 and 0.15. Comparison
of the three cases revealed that S/Sg, S48 /S3B and E/FE, are all essentially insensitive
to w over the indicated range [27]; the variation with w was less than 3% for 7 < 0.3Np
and less than 10% for 7 as large as 0.9 Np. For values of w significantly larger than
0.15, the first-order iterative solutions for e and ¢° would no longer provide accurate

results.
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2.5.3 Soybean Canopy

The soybean canopy is modeled as a collection of leaves and branches, with the
leaves modeled as flat dielectric disks and the branches as straight, circular dielectric
cylinders. The canopy parameters, including the pdfs of the leaf and cylinder orien-
tations (which are approximations to measured distributions), are given in Table 2.1.
The calculations were performed as a function of canopy height up to a maximum
height of 60 cm. When the canopy reaches that height, the dry biomass is 0.7 kg/m?
for the leaves and 1.0 kg/m? for the branches. For the specified parameters, the

extinction matrix and absorption coefficient vector are:
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1.11 0 1.13x10°% —6.64 x 1078
0 1.228 9.79 x 1072 7.13 x 10710
Ke = (2.27)
1.95 x 107%  2.26 x 108 1.16 —0.19
1.42%x 1077 —1.33 x 1077 0.19 1.16
1.03
1.10
Ky = . (2.28)
4.23 x 1078
1.30 x 1077

For horizontal polarization, w = 0.1, and over the height range of 0 to 60 cm, 7

varies between 0 and 0.72 Np.
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The results for soybeans are given in Figure 2.11 and Figure 2.12, and the conclu-

sion is the same: The reduction in soil-moisture sensitivity caused by the vegetation

cover is essentially the same for emission and backscatter (Figure 2.12).

2.6

Conclusion

Using realistic emission and scattering models, together with appropriate models

for the soil surface and vegetation canopy, this study evaluated the L-band active

and passive microwave responses to soil moisture and vegetation optical thickness

for three types of vegetation. The conclusions drawn from this study are:

(1)

For all canopy conditions and soil surfaces, the relative soil-moisture radiomet-
ric sensitivity, F(7)/Ey, decreases approximately exponentially with increasing
optical thickness of the vegetation cover. Furthermore, over the range of albedo
values characteristic of vegetation canopies at 1.5 GHz, E(7)/E, is essentially

insensitive to changes in w.

With ¢° expressed in (m?/m?), the variation of the relative soil-moisture radar
sensitivity, S(7)/Sp, with 7 depends on the roughness of the underling soil
surface. For a smooth surface with rms height of 0.4 cm, S(7)/S, increases
with 7 up to a maximum value exceeding 2.5 (at 7=0.3 Np) and then decreases
with further increase in 7. In contrast, for a medium rough surface with s =

1.12 cm (or greater), S(7)/Sy behaves in a manner similar to that of F(7)/Ej.

Except for the special case of a smooth soil surface, the radar and radiometric

sensitivities exhibited comparable reductions due to vegetation cover.
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Table 2.1: Properties of grass and soybean canopies

Grass

Grass density

Needle diameter

Needle length

Dry density of needle naterial
Volumetric moisture

Orientation distribution

Soybean

109160 needles/m?
0.18 cm
6 cm
0.2gcm?
0.8 g/cm?
3

plagiophile (p(¢) = { sin® 0,

(1) Leaves

Leaf density

Leaf thickness

Leaf diameter

Dry density of leaf material
Volumetric moisture

Leaf orientation

(2) Secondary branches

9794 leaves/m?
0.026 cm

9 cm

0.2 g/cm?®

0.8 g/cm?

plagiophile

Branch density

Branch diameter

Branch length

Dry density of branch material
Volumetric moisture

Brand orientation

999 branches/m?
0.3 cm

20 cm

0.2 g/cm?

0.8 g/cm?

plagiophile

0<o<m



CHAPTER I11

A Semi-Empirical Backscattering Model at
L-band and C-band for a Soybean Canopy with
Soil Moisture Inversion

3.1 Introduction

The preceding chapter addresses the topic of sensitivity to soil moisture for veg-
etation covered land by active and passive sensors at L band is revisited. At such
frequency, for the usually encountered vegetation covers such as grass and soybean,
which are electrically small in dimension, the conventional RTE can be used to study
the scattering mechanisms.

The scattering mechanism becomes more complex for a soybean canopy at C
band. The independent scattering assumption for conventional RTE does not hold
strictly; the interaction among scatterers are addressed in the literature by either the
inclusion of higher order scattering components [83] [16] or the application of antenna
array-like treatment [115] [12]. Though both provide higher fidelity in accounting
for the underlying scattering mechanism, the former is computationally demanding,
while the latter necessitates the introduction of a new set of parameters to describe
the geometrical and positional properties of the constituents of a soybean plant.

If an inversion algorithm is to be developed for extracting water content, biomass,

34
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rough surface rms height and soil moisture from the L, C bands measurements of
soybean at 45° incidence, we can hardly use the high order scattering approach due
to its complexity, nor can we use the antenna array -like approach due to the limited
measurement data available for inversion. Rather, assuming the adoption of the
conventional RTE technique, we endeavor to best characterize the dependence of the
volume extinction coefficient k. and the phase matrix P, two most critical input to
RTE, upon the water content to the biomass.

For bare-soil surfaces, the backscattering coefficient, ¢°, is strongly dependent on
the roughness and the moisture content of the soil surface layer [74,75,95]. Given two
or more radar channels (such as simultaneous multi-polarization or multi-frequency
observations), it is possible to estimate the volumetric moisture content, m,, with
good precision. Specifically, when multi-polarized L-band observations were used,
the precision of the retrieved moisture was about 3.2% [95]. The data included
observations made by a truck-mounted radar, by the JPL airborne AirSAR system,
and by SIR-C.

This chapter addresses the vegetation-covered case for a soybeans canopy. This
portion of the work has been published in [23]. The first part describes the test
site and data acquisition process. It is then followed with an analysis of the “direct
problem”, namely matching the measured data to a backscatter model. Then it ends
with the development of a regression-based inversion algorithm (inverse problem)
that predicts soil moisture content and vegetation biomass on the basis of multi-

channel radar observations as input.
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3.2 Experimental Measurements

The measurements reported in this study were conducted during the summer of
1996 at the Long-Term Ecological Research (LTER) site of the Kellogg Biological
Station in Hickory Corners, Michigan. Three primary types of vegetation canopies
were chosen for measurement: corn, which represents agricultural fields in which a
stem or stalk is a dominant feature at microwave frequencies; soybeans and alfalfa,
which represent agricultural fields that lack a dominant stem; and a field which had
lain fallow for many years and is now populated with many native grasses. The
present study will address the soybean observations only.

The radar backscatter measurements were made by a truck mounted radar sys-
tem. All measurements were made at an incidence angle of 45° and at a range of
12-m in a fully polarimetric mode at both L-band (1.25 GHz) and C-band (5.4 GHz).
Calibration accuracy is estimated at 4+ 0.5 dB for the copolarized backscattering co-
efficients, 09, and o}, = 1.0 dB for the cross-polarized backscattering coefficient,
a),, and £15° for phase difference between polarizations.

To reduce signal-fading variations of the backscattered signal, multiple measure-
ments of the same target were performed under the same radar parameters (fre-
quency, polarization and angle of incidence), but with a translation or rotation of
the radar antennas. The figure of merit for the reduction of fading is the number
of independent samples, which is the product of the number of independent samples
per spatial sample (due to frequency averaging) and the number of spatial samples
measured. For each measurement reported in this study, the number of independent
samples is 205 at L-band and 157 at C-band.

The radar measurements and associated canopy and soil observations were com-
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Figure 3.1: Variation of the soil moisture under the soybean canopy.

menced on 20 June 1996 and were completed on 26 October. A total of 57 data sets
were acquired, covering a wide range of conditions, extending from 0.02 kg/m? to
0.97 kg/m? in vegetation water mass, 3% to 26% in volumetric soil moisture, and 12
cm to 63 cm in canopy height. The variation of the moisture in the soybean fields

measured in the growing season of 1996 is shown in Figure 3.1.

3.3 Backscatter Model

The Michigan Microwave Canopy Scattering (MIMICS) model was developed
several years ago for predicting the backscatter from forest stands [64,97]. We shall
adopt the basic structure of the model for characterizing the backscatter from soy-
beans, but we shall delete the scattering component associated with ground-trunk
scattering because the architecture of a soybean plant does not have a vertical stalk.

Hence, ¢° , the pg-polarized backscattering coefficient (where p and g are each either

pg’
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Figure 3.2: Scattering mechanisms considered in this chapter for soybean canopies.
v or h polarization) of the canopy may be expressed as:

0 _ 0 0
Opq = Tpar + Opgs

+ Opas + Opans (3.1)

where each component represents a scattering mechanism, as illustrated in Figure 3.2,

particular pg-polarization configuration, these components are:

o = direct backscatter contribution from the canopy,

09 = combined ground-canopy and canopy—ground forward scattering contribution,
0
3

o3 = ground—canopy—ground scattering contribution

oY = direct backscatter contribution of the underlying soil surface (including two-

way attenuation by the canopy).

The expressions for the four components are:

0 _ Opg COSO

pqr K + K (1 - Tqu), (32)
Opgs = 21T (Tp + Tg) hog, (3.3)
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qug = nglTquFqu (3.4)
Oas = Opas I Ty (3.5)
where:
ope = backscatter cross section per unit volume of the leaves and stems, (m?/m?),
Opg, = bistatic cross section per unit volume of the leaves and stems, (m?/m?),
kp, = p-polarized extinction coeflicient of vegetation canopy, (Np/m),
T, = p-polarized one-way transmissivity of the canopy,
— g hphsech
h = canopy height, m
I', = p-polarized reflectivity of ground surface,
= T'poexp [—(2ks cos 0)?]
I'), = Fresnel reflectivity of a specular surface,
k- =21/,
s = rms height of ground surface, (m)
op.s = backscattering coefficient of soil surface in the absence of vegetation cover.

3.3.1 Soil Surface Model

For the soil surface, we adopt the semi-empirical model developed by Oh et al.,
which was first introduced in 1992 [74] and then improved in a later study in 1994 [75].

The soil backscattering coefficient is given by:

o _ gcos’h
s = 5 [To(60) +Tn(0)] (3.6)

O-I?,hs = pagvs (37)

O-;:')I/US = qo-’l(])’US (3'8)
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where
2
0 99 (0-314/T0)
p= % = [1 - (—) - exp(—ks) (3.9)
O-’U’US ™
0
q= % = 0.25y/T(0.1 + sin®® §)[1 — e~ (14=16T0)ks] (3.10)
g=0.7 [1 _ 6—0.65(165)1'8] ’ (3.11)
2
T—1
Iy = Ve , (3.12)
Ve +1
2
cosf — /e, —sin®
Lho(0) = (3.13)
cosf + /e, —sin? 6
2

€,c080 — y/e; —sin? @
[yo(8) = — , (3.14)

€scost + /e, —sin“ 0

and ¢, is the relative complex dielectric constant of the soil:

€5 = €5 — Jey. (3.15)

The incidence angle 6 is in radians and the models used for relating €, and €]
to m,, the volumetric soil moisture content, are given in Hallikainen et al. [41].
According to field tests, the soil was 51% sand and 13% clay.

The effect of soil surface roughness comes into the picture not only in terms of

the direct soil backscatter component, ¢° . but also in terms of forward scattering

Pqq’?

by the soil surface, ang and USQs; the p-polarized Fresnel surface reflectivity, I',,, is

reduced by the exponential factor [—(2ks cos 6)?].

3.3.2 Vegetation Model

Next, we shall find the form of the functional dependence of the electromagnetic
parameters of the vegetation, namely 0,4, 0pg,, and k,, to the area density of vege-
tation water mass, m,, (kg/m?). We start with the extinction coefficient r,. For a

given canopy, we expect  to be a function of (a) the canopy architecture, and (b) the
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Gravimetric Moisture m, (9/9)

Figure 3.3: Dependence of the extinction and backscatter cross section of a single leaf
upon its gravimetric moisture, after [85]. The vertical scale is normalized
with respect to an equivalent perfectly conducting leaf of the same ge-
ometry. The extinction displays an approximately mf] dependence while
the backscatter displays an approximately mg dependence. The dashed
line segments show perfect mﬁ and mg dependence.
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dielectric constant, €,, of the vegetation material. By canopy architecture, we mean
the shapes, orientations, and sizes of the canopy constituents (defined relative to the
wavelength \), the incidence angle #, and the wave polarization, p. Even though
the extinction cross-section of an individual leaf or branch may exhibit a strong de-
pendence on its orientation relative to the incident beam, we shall assume that the
extinction coefficient x,— which is an ensemble average over the probability distri-
bution characterizing the shapes, sizes, and orientations of leaves and branches— is
independent of direction, which is a reasonable assumption for a canopy like soy-
beans. The dielectric constant of a vegetation material, ¢,, is strongly dependent
on its moisture content. According to a study reported by Senior et al. [85], which
included both a theoretical model and experimental verification, the extinction cross-
section of a vegetation leaf (where first normalized to the extinction cross-section of
a perfectly conductive leaf of the same size) varies approximately linearly with the
gravimetric moisture m,, when both quantities are expressed on a logarithmic scale.
The gravimetric moisture m,, is the ratio of the mass of water in the leaf (wet weight
- dry weight) to the total mass of the leaf (wet weight). Figure 3.3 is a reproduction
of their results for the gravimetric moisture range between 0.1 and 0.9. The approx-
imately linear response with a slope of approximately 2 (on a log-log scale) suggests

that the extinction cross-section of a leaf may be expressed as:

o = a,m? (3.16)
3

where a, is a constant. Thus, for a canopy containing, on average, N leaves per m°,

the extinction coefficient becomes

kp = Nagm?  (Np/m). (3.17)
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The results of Senior etal. also suggest that the backscatter is proportional mg.
But these conclusions are valid only for the restrictive case where the leaves are
oriented to backscatter specularly from the surface of the leaves. For the more com-
plicated and more realistic case of a broad distribution of orientations of leaves, and
including stems, the MIMICS radiative transfer model [64,97] was used to find the
extinction and backscatter averaged over the shape, size and orientation distributions
of the detailed soybean vegetation parameters as provided in [17,43,71]. The results
of these calculations for L-band and C-bands are shown in Figures 3.4 and 3.5. It was
found that for both VV and HH polarizations, the mean extinction was proportional
to /M, where m,, is the area density of vegetation water mass in kg/m?. The
MIMICS model calculations for the mean backscatter, shown in Figure 3.5, exhibit
a linear dependence on m,,. MIMICS model calculations for the backscatter and
bistatic phase matrices indicate that this linear dependence on m,, is appropriate for
both the backscatter and bistatic canopy scattering terms in the radiative transfer
model.

The curves in Figures 3.4 can be described with more faithful but more compli-

cated dependencies on m,,, such as Inm,, or b; (};z:%i) Nonetheless, the fact that
the curves themselves are based on a vegetation model developed for forest canopies
and that the formulas found here are used in the semi-empirical model below only
to tie the dependence of the vegetation moisture to extinction and/or volume back-
scattering, these more complicated dependencies are not justified. Indeed, we have
tried other formulations for the dependence of extinction and scattering on m,,, and
the semi-empirical model goodness-of-fit values were either insignificantly different

or somewhat worse than those reported below. Therefore, the extinction is assumed

to be proportional to \/m,, and the scattering is proportional to my,.
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3.3.3 A semi-empirical forward scattering model

Combining the first order radiative transfer solution of eqn. (3.1) with the results
of the study of the dependence of the scattering and extinction on the vegetation

water mass, we obtain the following equation to which the data must be fit:

08 = Qs ("”‘1270050 (1-T2) (1 + TEL,L,) + T2, (2(T, + T hopy, + 0 ))

: Fpq pas
(3.18)
where
Opy = QaMy/h (3.19)
Opgy = G3mMy/h (3.20)
Kpg = Qa\/My/h (3.21)
T,, = e fwahsectd (3.22)

and the remaining symbols (h, 8, Ty, Ty, o), ) retain their definitions from the previous
section. The units of ay and a3 are in RCS per kilogram of vegetation moisture, and
a4 is in Nepers per root kilogram of vegetation moisture per root meter of canopy
height.

With the form of the scattering equation known, and a set of parameters either

known (0, \,p,q) or measured (o

og> Il My, Mg, my), the task of obtaining a semi-

empirical forward scattering model becomes that of finding the unknown parameters
(Gbias, G2, 03, a4, s) keeping in mind the fixed relationships between some of these
parameters. The measured parameters, radar backscatter and soil moisture, are
combined with interpolated values for the vegetation parameters (water mass, height
and leaf gravimetric moisture) and inserted into a program which searches for the

least squares error between the predicted backscatter and the measured backscatter,
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by varying the free parameters over their valid range in discrete steps. When a close
fit is found, a Levenberg-Marquardt algorithm [78] is implemented which finds a local
minimum of the error with respect to all the free parameters at once. The set of free
parameters which provides the global minimum to the error is chosen as the set of
free parameters most likely to represent the scattering mechanisms observed. This
process is done independently for each frequency and polarization pair.

To determine the rms surface height of the soil, our radar measurements were
divided into two sets. The first set consists of two days of polarimetric measurements
made early in the season, before substantial biomass accumulated on the plants. The
semi-empirical soil surface scattering model of Oh et al. [75] was used on the C-band
measurements of this set to invert the soil roughness, and a value of s = 2.8 cm was
obtained. The L-band measurements lead to a similar roughness value. This is a mid-
range value for the data used by Oh et al., and is consistent with our photographic
record. The remaining measurements, excluding those made after harvest, constitute
the second set, and were used for finding the forward and inverse models described
below.

For C-band, the normalized roughness value of ks = 3.2 indicates that the reflec-
tion from the ground at this frequency would be insignificantly small. Nonetheless,
the Levenberg-Marquardt algorithm attempts to find a best fit of the model to the
data and reports that the bistatic scattering in the canopy is on the order of 50 dB
in excess of the backscattering in the canopy. This numerical compensation for the
large ks value is physically inappropriate, and so for C-band we have forced o, to
be equal to 0,4 (that is, a3 = as). At L-band, however, the normalized roughness is
much more modest at ks = 0.74, and all the parameters have been allowed to vary

independently for the minimization algorithm.
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Freq | Pol Qo as ay bias | rms error | max error | P
m?/kg | m?/kg | Np/(kg/m)/? | dB dB dB %

C |HH| 0.151 | =a9 0.341 2.50 0.71 1.79 23
C | VV ] 0170 | =as 0.484 3.47 0.73 1.82 16
C |HV | 0.051 | =as 0.948 5.16 0.55 1.26 84
L |HH| 0.0 0.132 0.126 3.39 0.81 1.38 1.5
L | VV |0.0025 | 0.0605 0.0 4.78 0.62 1.81 49
L |HV| 0.0 |0.0351 0.125 5.06 0.70 1.95 15

Table 3.1: Best fit free parameters for semi-empirical soybean model.

We have included in equation (3.18) a bias factor, ay,s, because, without it, the
data could not be accurately described by the model. The usual suspects, namely
calibration and measurement errors, have been investigated, but we have not located
any source of error. It is possible that the semi-empirical soil surface scattering
model of Oh et al., developed for bare soils, may not be directly applicable to a
surface under a growing crop. Also, rain may significantly alter the soil roughness
over the course of the growing season. For any of these reasons, the bias value may
not be appropriate for other data sets. Nonetheless, the existence of an arbitrary
but constant bias does not alter the objectives or the conclusions of this chapter.

The free parameters that were found to provide the best fit for the set of soybean
measurements are shown in Table 3.1. The rms error and maximum error are given
in dB. The goodness-of-fit measure P represents the statistical level required to reject
the model, or, in other words, the probability that a repetition of the measurements

would result in a worse fit to the model, assuming that this model and the values
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of these parameters are correct. The measure P takes into account the known or
assumed errors in the measurements, while the rms error or maximum error measures
do not. Values of P greater than approximately 5% indicate that a more complicated
model is unlikely to provide a better fit to the data. The low value of P for L-band
HH indicates that the model is not a very good representation of the observations.
The reason the fit for L-band VV-polarization is better than HH may be due to the
fact the numerical fitting algorithm has a better chance of finding a good fit for some
values of the free parameters for VV. This is because I',, the V-polarized ground
reflectivity, has a larger dynamic range due to the variation in soil moisture, m,,
than does I'y.

While the free parameters for each polarization and frequency are derived inde-
pendently of each other, certain known relationships exist between them. The ex-
tinction parameter, a4, while not independent of polarization, should be only weakly
sensitive to polarization, but should be much higher for C-band than for L-band.
The canopy scattering terms, as and ag, should also be much higher for C-band than
L-band. Within a given frequency and polarization, it is expected that the bistatic
scattering from the canopy would be stronger than backscattering, and so as > a,.
While we have essentially turned off the bistatic term at C-band because of the rough
ground, at L-band the bistatic term so dominates the backscatter that the best fit
parameters for backscatter are zero for two polarizations. Otherwise, all of these
expectations are realized in the values of the free parameters derived.

An analysis of the contributions from the mechanisms described in Figure 3.2
for the mature soybean canopy show that the ground-canopy-ground scattering in-
teraction described by o3 in equation (3.4) is negligible for all polarizations and

both frequencies investigated. From the parameters for C-band VV and HH back-
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scatter in Table 3.1, the direct ground backscatter, as attenuated by the canopy, is
comparable to the crown backscatter, the only other significant contribution. This
somewhat surprising result that the direct ground may contribute so much may be
a consequence of the fact that on the particular fields measured the row spacing was
30 inches, which, coupled with the dry summer, resulted in a canopy with significant
discontinuities. For C-band HV polarization, the direct backscatter from the crown
dominates.

The predicted dominant scattering mechanism is polarization dependent at L-
band. For VV polarization, zero attenuation provided the best fit to the observa-
tions, and as a result the direct backscatter from the ground dominates the terms
from the canopy. For HH polarization, the direct ground and crown-ground terms
are comparable, while for HV the crown-ground interaction term is most important.
For both HH and HV at L-band, the algorithm estimated no direct crown back-
scatter contribution, but considering the relative strengths of the direct crown and
crown-ground terms for VV polarization, it is not too surprising that the algorithm
could not accurately quantify the weaker mechanism from the data. Similarly, the
weak extinction at L-band results in a best fit prediction of no extinction for VV
polarization.

Ulaby and Wilson [98] report direct measurements of attenuation through a soy-
bean crop at L-band and C-band. In addition to measurements of a full soybean
canopy at an incidence angle of 52° and perpendicular to the rows, they also defo-
liated the plants and repeated the measurement, to determine the relative contri-
butions to extinction due to leaves and stems. Table 3.2 shows their measurements
for the one way full canopy losses, with the results of applying equation (3.21) to

the ground truth reported in their paper for comparison. The H-polarized predic-
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Freq | Pol | measured | predicted
C H |31+05dB| 2.3dB
L H [07£0.4dB | 0.85dB
C V 199+16dB| 3.3dB
L V [26£0.5dB 0dB

Table 3.2: Comparison of measurements by Ulaby and Wilson [98] and for one-way
extinction through a full soybean canopy.

tions compare very favorably with their measurements. Their measurements for
V-polarization are higher, while our model falls short of these observations. Their
defoliation experiments lead to a conclusion that the stems dominate the V-polarized
extinction but only contribute about 50% of the H-polarized extinction at L- and C-
bands. Our largest measured water mass density in the stems is one fourth of theirs.
Thus, while our derived H-polarized extinction appears to extrapolate nicely to a
healthy canopy, the same cannot be said for our V-polarized extinction expressions.

Comparisons of the semi-empirical model calculations with the measured data

are shown Figures 3.6 and 3.7.

3.4 Inversions

The objective of the exercise is not to simply understand how the backscattering
from a crop such as soybeans depends on scientifically and commercially important
quantities like soil moisture and biomass, but to use the measurements of backscat-
ter to determine estimates of these important quantities. This section outlines the
approaches used to invert the semi-empirical model developed in the previous section.

As a first step, the desired invertible quantities, namely soil moisture and vege-
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Figure 3.6: Comparison of the semi-empirical model to the measured data at L-band.

The angle of incidence is fixed at 45° and the look direction relative to
the row direction was also fixed at 45°.
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Figure 3.7: Comparison of the semi-empirical model to the measured data at C-band.
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tation water mass, are regressed against the six radar channels (L-band and C-band,
each with VV, HH, and HV), as shown graphically in Figure 3.8. The fifteen combi-
nations of ratios of those radar channels were similarly regressed against m, and m,,.
The vast majority of these regressions show very poor correlation between the radar
quantity and the desired parameter, but a few show modest correlations. The single
channel with the best correlation with soil moisture is, not surprisingly, L-band VV
polarization, since the relatively long wavelength permits substantial penetration of
the canopy and the vertically polarized Fresnel reflection coefficient of the surface is
sensitive to soil moisture. For all polarizations, L-band has a much higher dynamic
range than C-band, and much larger measurement to measurement variation. For the
three L-band polarizations, VV is most faithfully described by the forward model.

The channel ratio with the best correlation to soil moisture is the L-band cross-pol
to C-band cross-pol ratio. The L-band cross-pol data has a slightly larger dynamic
range than does either co-pol, and the C-band cross-pol has the smallest sensitivity
of all channels measured to soil moisture. This particular combination provides the
large dynamic range of the L-band measurements to soil moisture with a correction
for vegetation water mass provided by the C-band channel.

The channel ratio with the best correlation to vegetation water mass is L-band
cross-pol to L-band VV-polarization. The best fits to our measured data, together
with the root-mean-squared error and the regression coefficients, for each of these

physical quantities are given by

0
TL-HV. _ 1 9360m25%7 (3.23)

Oc-gv

with

rmse = 3.25%
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R?* = 0.633
0.0
L=HV. = 0.2510m,,%"" (3.24)
o
L-VV

with

rmse = 0.0678 kg/m’

R?> = 0.867 (3.25)

In these equations, o¥ is given in RCS per unit area (m?/m?). Figures 3.9 and
3.10 show the resultant inversion of our measured data for the soil moisture and
vegetation water mass. Ferrazzoli et al. [31] have also found that L-band cross-pol
to be an important predictor of vegetation biomass for crops.

While the regression for vegetation water mass in (3.24) is quite good, the use of
(3.23) for inversion is less than ideal. The single channel with the highest sensitivity
to soil moisture is the L-band VV-polarization, as is evident from Figures 3.6 and
3.7. The following equations show the linear regression of this channel, together with

two combinations of channel ratios which improve the correlation significantly.

m, = 0.3489 + 0.024407 (3.26)
with
rmse = 2.13%
R®> = 0.842 (3.27)
m, = 0.2338 + 0024407 1, — 0.0142 (0%, 4y — 0% ) (3.28)
with

rmse = 1.75%

R?* = 0.898 (3.29)
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Figure 3.9: Comparison of the measured soil moisture with inverted soil moisture
derived from both L-band and C-band cross-polarization radar measure-
ments.
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Figure 3.10: Comparison of the measured vegetation water mass with inverted vege-
tation water mass derived from both L-band VV- and cross-polarization
radar measurements.
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m, = 0.2483+0.027207 _,, —0.0139 (02 — 08y ) = 0.0063 (05 _,1 — 001y

(3.30)

rmse = 1.72%

R?* = 0.904 (3.31)

In these equations, o° is given in dB.

Use of L-band VV-polarization alone is an improvement over the exclusive use
of the L-band to C-band cross-pol ratio, but it is improved with the inclusion of the
C-band cross-to-co-pol ratio, which is essentially a correction for the dependence of
L-band VV on the vegetation water mass. Further inclusion of L-band to C-band
cross-pol ratio provides negligible improvement in the correlation. Figure 3.11 shows

the improved inversion of our measured data for the soil moisture using equation

(3.28).
3.5 Conclusions

A series of measurements of the radar backscatter from soybeans is reported. The
soybeans fields were located at the Kellogg Biological Station in Hickory Corners,
MI, USA. The series of 57 measurements on these fields commenced on 20 June 1996
and were completed on 26 October 1996. Each measurement was fully polarimetric
at both L-band and C-band, made at an incidence angle of 45° and also at 45°
with respect to the crop row structure, and contains a minimum of 157 independent
samples. With each measurement is a set of soil core samples used to determine the
volumetric soil moisture; several destructive samples over the growing season were
used to obtain measures of the above-ground biomass, including the area density

of vegetation water mass. Measurements from the center of this period, when the
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Figure 3.11: Comparison of the measured soil moisture with inverted soil moisture
derived from radar measurements using equation (3.28).
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soybean biomass was not negligible, were used to create a semi-empirical forward
scattering model. This forward scattering model is based on the first-order radiative
transfer solution, akin to MIMICS, used for the prediction of forest backscatter.
Four parameters are determined from the data: two for scattering from the leaves
and one for extinction through the canopy, and one for the rough ground. Another
parameter for describing the rough ground backscatter, the effective rms surface
height, was independently determined from radar measurements early in the growing
season; these measurements are not included in the dataset used to fit the radiative
transfer model. A slightly modified semi-empirical model proposed by Oh et al. [75]
is used for direct backscatter from the ground in the forward scattering model. The
four parameters are determined independently for each frequency and polarization;
very good fits to the model are achieved for all polarizations at C-band and for
VV-polarization at L-band.

Subsets of the measured data in frequency and polarization are used to obtain
inversion models. For a measure of the biomass, a combination of L-band VV-
polarization and HV-polarization was found to have the highest correlation to the
area density of vegetation water mass, with a regression coefficient R? = 0.867 and
a root-mean-square error of 0.0678 kg/m?. Numerous polarizations and frequencies,
singly or in combination, can be used to invert for soil moisture. The use of cross-
polarized backscattering at both L-band and C-band for soil moisture inversion,
first reported here, provides an adequate measure for the soil moisture. L-band
VV-polarized backscatter, however, is the single channel with the largest dynamic
range due to soil moisture changes and simultaneously well-described by the forward
scattering model. Its use, in conjunction with the C-band cross- to co-polarized ratio

as a correction for biomass effects, yields a regression against volumetric soil moisture



62

with root-mean-square error of 1.75% and a regression coefficient of R? = 0.898.



CHAPTER IV

MMW Measurements and Modeling of Snow
Backscatter at Near Grazing Incidence

4.1 Introduction

The study of MMW backscattering of snow at near grazing incidence is very
important for both military applications, such as target detection, and for civilian
applications such as vehicle road condition warning systems [61]. Of particular in-
terest are the angular and diurnal behaviors [60] [102] [11].

Radar backscatter of snow has been extensively measured at millimeter wave-
lengths at incidence angles less than 70- degrees at both 35 and 95 GHz. The ma-
jority of these measurements were conducted in the 1980’s and early 1990’s by the
University of Michigan and the University of Massachusetts [102] [107] [65]. Both of
these institutions were under contract with the Army Research Office to characterize
the polarimetric backscatter response of snow at millimeter wavelengths and several
reports and papers were published in their efforts. In addition to the two major
programs just mentioned, Professor Martti Hallikainen of the Helsinki University of
Technology has also made significant research into the character of snow at millime-
ter wavelengths, but from the point of view of passive remote sensing (radiometry)

rather than active (radar) [40] [59].

63
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To extend our understanding of snow backscatter to the near grazing incidence
angular range, the millimeter-wave diurnal and angular backscattering response of
snow was obtained at near grazing incidence during the winter measurement, cam-
paigns of 1999 and 2000. Carefully planned measurements were undertaken, resulting
in over 300 data points for 1999 and over 500 for 2000, including measurements at
both 35 and 95 GHz [22]. In addition, extensive ground truth data, including tem-
perature, water content in the snow pack, snow thickness and snow surface roughness
were collected. Numerous photographs of snow slices were also taken to assist the
characterization of snow particles in terms of shape and size.

Due to the limited space in this thesis, we will discuss few data sets that represent
the typical MMW backscatter response of snow at near grazing incidence with respect
to the angular dependence and diurnal pattern. The backscatter response of each
case will provide us full appreciation of its unique salient features, and bring to
attention the subtle issues to be addressed in modeling.

Furthermore, although both are dense medium at MMW wavelength, dry snow
and wet snow are to a substantial degree different topologically, hydrologically and
electrically from each other, hence call for distinct treatments. In this regard, the
rest of this chapter is devoted to the modeling of the angular backscatter pattern,
leaving the study of the diurnal pattern to the next chapter.

The interactions among snow particles represent a challenging ongoing research
topic [90] [37] [112]. Techniques for studying snow behavior in the literature can be
categorized into three types: 1) the conventional radiative transfer method (CRT) [93]
[58]; 2) the dense medium radiative transfer theory (DMRT) [90] [91]; 3) a mixture
of the above [60]. CRT assumes independent scattering, an assumption that has

been challenged both theoretically and experimentally [112] for dense media. On
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the other side, in the derivation of DMRT, the independent scattering assumption is
completely discarded, and a rigorous procedure is adopted such that the first moment
of the field is treated using QCA-CP (quasi-crystalline approximation with coherent
potential) while the second moment of the field is treated with the ladder approxi-
mation of correlated scatterers [90]. Energy is exactly conserved. Yet this technique
is highly restricted in application due to its very assumptions: the scatterer must
be non-absorptive, small and spherical. Nonabsorptiveness is needed to establish
Eq.6 in [90], the foundation of the whole derivation, while smallness and sphericity
are needed to arrive at Eqs. 10-12 in the same paper. Recognizing the restrictions,
in [92], the authors compromise energy conservation and multiple scattering of the
incoherent wave by using QCA as opposed to QCA-CP, and using the Born approx-
imation as opposed to the ladder approximation in [90], respectively. Based on the
same consideration, we will use QCA in our model.

The third method, reported by Kuga et al. [60], is a mixed one. It uses ei-
ther QCA or QCA-CP to calculate k., while uses Rayleigh scatterers to calculate
the phase matrix P, a procedure that implies the independent-scatterers assump-
tion [60]. Doing so calls for some mechanism to reconcile the disparate assumptions
embedded in the treatment of . and P, which are ignored in [60]. As we shall see,
failing to reconcile these assumptions may lead to severe performance degradation.
In this study, we will use the third method (mixture between CRT and DMRT)
while reconciling the disparate assumptions in the treatment of x. and P using a
novel technique as described in detail in section 4.3.

Moreover, in the third method, there is a subtle issue that is associated with
the interpretation of k. as obtained from QCA or QCA-CP. If the scatterer is non-

absorptive, then there is no ambiguity: k. = K, in other words, the extinction
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is solely caused by scattering. Yet in the case where the scatterer is absorptive,
K. as obtained from QCA or QCA-CP bears two contradictory interpretations: a)
one regards it as only representing the scattering part, so it is actually k,, and
we need to add Kk, to it to obtain the total extinction coefficient [60]; and b) the
other regards it as representing the total extinction rate [112], hence to obtain the
scattering coefficient k,, we need to subtract from it k,. Taking a close look at the
mathematical foundations of QCA or QCA-CP, we find that the latter is the correct
interpretation and will be used in our method.

Characterization of the shapes of snow particles plays an important role in any
modeling effort. For reasons listed in the next chapter, it is both natural and per-
tinent to approximate the ice particles as spheroids with some orientational distri-
bution. This treatment is conceptually simple yet it is computationally demanding,
especially if QCA is used to calculate the volume extinction coefficient.

To attain the advantages of assuming spheroidal particles while simultaneously
dealing with the computational demand, a new intuitive strategy is proposed in this
study that dichotomizes the treatments of the shapes of snow particles such that the
snow particles are treated as spheres with certain effective size in calculating k. and
as spheroids in calculating P. The former is because the snow particles, though non-
spherical in nature, tend to follow a uniform distribution in orientation [19], which
leads to an extinction coefficient independent of polarization, an inherent property
of spherical scatterers [93]. The latter is because the scattering pattern depends on
size and orientation and is important for cross polarization calculations [32].

The roughness present at the air-snow interface surface will attenuate both the
specific intensity transmissivity and reflectivity at this interface, will provide direct

surface backscatter, and will cause shadowing effect. For the direct surface backscat-
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ter, we will use the Kirchhoff stationary-phase approximation to model it as in [108];
for the shadowing correction, we will use the technique as described in [69].

The rest of this chapter is organized as follows. In section 4.2, MMW measure-
ment of snow backscatter at near grazing incidence will be introduced. Some typical
MMW backscatter response with respect to the angular dependence and diurnal
pattern will be presented. Section 4.3 describes modeling of MMW snow angu-
lar backscatter at near grazing incidence. Section 4.4 provides comparison between

model and measurements of dry snow.

4.2 MMW Measurements of Snow Backscatter at Near Graz-
ing Incidence

The radar backscatter response of snow, in general, is a function of two different
sets of parameters: the radar system parameters and the physical and electrical pa-
rameters of snow. The radar system parameters include center frequency, incidence
angle, and transmitter and receiver polarization combinations. The snow parame-
ters include snow density as a function of depth, particle size distribution and shape,
surface roughnesses at upper and lower interfaces, moisture, thermodynamic con-
dition within the snow layer and salinity. As mentioned earlier, little data, if any,
was available prior to 1999 of MMW radar backscatter response of snow at near-
grazing incidence with proper ground truth data. During the winters of 1999 and
2000, a set of carefully planned measurements were undertaken using 35 and 95 GHz
polarimetric radars, resulting in over 300 data points for 1999 (total) and over 500
for 2000 (total). In addition, extensive ground truth data, including temperature,
water content of snow pack, layer thickness, density, and snow/air interface rough-

ness were collected. Numerous photographs of snow slices were also taken to assist
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in the characterization of the size and shape of snow particles. The data is now
part of a web-accessible, large database of MMW clutter radar return at University
of Michigan. In this section, we will describe the radar system used, the methods
implemented in ground truth collection, and the measured data in terms of angular

dependence, dynamic range, frequency dependence, etc.

4.2.1 Measurement Procedure

The backscatter measurements of snow in both winter seasons were made using
the Digitizing Oscilloscope-based MMW radar systems developed by the University
of Michigan [70]. The system is designed to transmit two consecutive pulses chirped
over 500 MHz, one v-polarized and the other h-polarized, and detect simultaneously
the v and h received components of the backscattered signal in response to each
transmitted polarization. In fact it can acquire the full scattering matrix of a target
(over 500 MHz bandwidth) within 2 p seconds. Once calibrated, the new system
can measure the radar return to an accuracy on the order of 1 dB in magnitude and
10° in phase. The cross polarization isolation of the system after calibration is on
the order of 25 dB and 30 dB for the 35 and 95 GHz frontends, respectively [70].
Table 4.1 summarizes the system specifications of the 35 and 95 GHz systems.

Both the 35 and 95 GHz radars were colocated inside a specifically constructed
shed and mounted on a portable gimbal as shown in Figure 4.1(a). The measurement
site was at the Willow Run facility of the University of Michigan. The radars were
oriented such that they could observe the same spot simultaneously. In Figure 4.1(b),
the area to the left of the visible trace was snow-covered grass while the area to the
right was a snow-covered asphalt pavement. Over the course of the winters of 1999

and 2000, several interesting dynamic and static conditions were observed. These
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Table 4.1: Digitizing Oscilloscope Based System

RF Frontend 35 GHz | 95 GHz

Maximum Bandwidth | 0.5 GHz | 0.5 GHz

Transmitter Beamwidth 4.2° 2.8°
sidelobe level -20dB | < —25dB

Polarization isolation > 25dB > 25dB

Polarizations trans. v,h v,h
Receiver Beamwidth 2.1° 1.4°
sidelobe level -20dB | < —25dB

Polarization isolation > 25dB > 25dB

included an actual snowfall event, static cold conditions, and melt-freeze cycles.
During melt-freeze cycles, the snow conditions changed considerably. Typical snow
particle shape and dimension are depicted in Figure 4.2(a). The particles are more
discernible in Figure 4.2(b) where an image edge detection technique was applied.
During these measurement periods, the following parameters were measured: the
polarimetric radar backscatter at both 35 and 95 GHz, air temperature at breast
height and near the surface of the snow (both in the shade), snow depth at several
locations inside the enclosure, snow wetness and density using a microwave snow
probe (Figure 4.3(a)), at different depths in the snow-pack, and the snow surface
roughness using a laser profiler (Figure 4.3(b)). During static conditions, the back-
scatter was measured as a function of incidence angle 82° to 88° in 1° increments.
When conditions were very dynamic, measurements were restricted to 84° and 86°

incidence angles so that the variations could be monitored closely as a function of
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time.

The number of independent samples, a key parameter in determining the quality
of the measured data, is the product of the number of independent spatial samples
and the number of independent frequency samples for each spatial spot. The former
is a variable, ranging from 10 to 20 in general, depending on the specific operation,
while the later is 16, which is a function of the effective beamwidth and bandwidth
of the radar, the incidence angle, and the specified range from radar to the target.
In short, the total number of independent samples is somewhere between 160 and
240.

The measured data enable us to study the behavior of MMW backscatter from
snow at near grazing incidence from different perspectives. First we will exhibit
the collective behavior in terms of dynamic range as function of different physical
parameters, then will present the angular dependency and diurnal pattern in the
following subsections.

The dynamic range can be examined in different ways, for example, as function
of sensor parameters such as incidence angle, or as function of physical parameters
of the sensed scene, such as the thickness of the snow layer. We shall proceed in
these two main directions.

First, dynamic range is examined as a function of the incidence angle. The
dynamic range of the vertically copolarized backscatter from wet snow over asphalt at
35 GHz is plotted in Figure 4.4. It is seen that the signal level can vary substantially,
as much as 20 dB for some incidence angles. Moreover, the mean signal level of each
incidence angle decreases monotonically as incidence angle increases, conforming to
our knowledge. The copolarized signal ratio 0% /0%, is plotted in Figure 4.5 as a

function of incidence angle. From this plot we can conclude that HH is consistently



71

(a) Shed constructed to host the 35GHz and 95GHz systems

(b) Measurement ground with pedestal for calibration

Figure 4.1: Outdoor Experimental Setup
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(b)

Figure 4.2: Snow particles. (a) Photographic pictures of snow particles taken during
measurements; (b) The same photograph after applying edge detection
imaging technique.
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(a) Probe

(b) Laser Profiler

Figure 4.3: Examples of ground truth collection. (a) Probe system to measure snow
moisture and density; (b) Laser profiler system for snow surface rough-
ness measurements.
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lower than VV by varying signal levels (from 0 to 6 dB), except for one or two
outliers. The cross-polarized to copolarized ratio, defined as (o9, +09%,)/(c%, + 0%,),
is shown in Figure 4.6 and demonstrates a range from -13 dB to -6 dB, except for
very small number of outliers.

At 95 GHz, similar observations can be applied to the dynamic range of the
vertically copolarized backscatter as function of the incidence angle, as shown in
Figure 4.7, and to the cross-polarized to copolarized ratio, as shown in Figure 4.9.
However, The copolarized signal ratio %, /o%,, plotted in Figure 4.8 differs appre-
ciably from that of 35 GHz such that a significant portion (around 15 percent) of
the data points shows a higher HH signal level than VV.

Next, for different snow layer thickness, the dynamic range of the vertically copo-
larized backscatter from wet snow at 86° incidence angle at 35 GHz is shown in
Figure 4.10. For a particular day, qualitatively, it is seen that the backscatter signal
level exhibits a “U” shape as a function of the snow layer depth. This is because that
these wet snow measurements were corresponding to diurnal measurements, which
led the backscatter signal level to drop when the snow began to melt, yet at that time
the snow layer depth did not show any appreciable change, hence the right side of the
“U” letter was formed. The left side of the “U” letter was formed similarly at the late
stage of snow refreezing. The bottom of the “U”letter corresponded to the diurnal
stage in between. On the other hand, quantitatively speaking, the backscatter signal
level lies somewhere between -40 dB to -15 dB. Figure 4.11 shows the copolarized
signal ratio 0% /0%.. It is obvious from this figure that HH is consistently lower
than VV by varying signal levels (from 0 to 4 dB), except for two or three outliers.
The cross-polarized to copolarized ratio, defined as (o3, +02,)/(c2, +02,), is shown

in Figure 4.12 and demonstrates a range from -13 dB to -6 dB, except for very small
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number of outliers.

Similar observations can be applied to the dynamic ranges of backscatter at 95
GHz as functions of the snow layer depth, as shown in Figure 4.13, 4.14 and 4.15,
respectively.

VV 35 GHz wet Snow Over asp
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Figure 4.4: VV dynamic range vs. incidence angle at 35 GHz

4.2.2 Diurnal Response

Several diurnal measurements were conducted during the two winter measurement
campaigns. One such measurement was made on February 9, 2000 for metamorphic
snow. Starting from 8 am on that particular day, the air temperature at breast
height rose gradually, from —1.2°C to reach 0°C (Figure 4.16) at 9 : 10 am, when the
snow pack thickness was 15.9 cm for snow above grass and 10.4 ¢cm for snow above
asphalt, respectively. The snow density was at a low value of 0.2 g/cc (Figure 4.17).

No discernible snow wetness was detected by the snow probe placed 2 cm down the
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Figure 4.5: HH/VV dynamic range vs. incidence angle at 35 GHz

snow-air surface. From 10 am to 12 pm, while the temperature continued to rise
to 4.7°C, the snow pack undertook some melting, as evident by the slow buildup of
wetness to a m, value of around 4.5% and the reduction in snow pack thickness, in
particular for snow above grass. The backscattering response of snow above both
grass and asphalt at both 35 GHz and 95 GHz showed significant drop, around
15 dB for all cases, accounting for the dynamic range of the whole day, as shown in
Figure 4.19(a), Figure 4.19(b),Figure 4.20(a), and Figure 4.20(b), respectively. From
then till 4 pm, temperature continued to rise at a slower pace to 6°C, resulting in
a significant buildup of snow wetness and substantial drop of snow pack thickness
above both grass and asphalt. The backscattering appeared to saturate. After 4
pm , the temperature dropped quickly, the snow pack thickness and snow wetness

stabilized, the backscattering gradually recovered, though in different fashions for 35
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Figure 4.10: VV dynamic range vs. snow layer thickness at 86° incidence at 35 GHz

GHz and 95 GHz, the former showing a trend of continued recovery while the latter
tending to saturate, in combination of a wider separation between the copolarized
components and narrower copolarized to cross-polarized ratio. A typical surface
roughness condition, taken at 12:21 pm as shown in Figure 4.18, reveals a rms height

of 2 mm and correlation length of 5.2 cm.

4.2.3 Angular Response

As evident from the diurnal observations, the backscattering response changes
markedly as a function of time, in particular from 10 am to 6 pm when the snow
pack experiences a melting - freezing cycle when the temperature goes above 0°C at
some time.

To obtain reliable angular measurements, it is crucial that the snow conditions

remain stable over the duration of the measurement period. Bearing in mind that



81

0., Jo,° (dB) 35 GHz wet Snow 86

1.
v v
0. |
r & Viag 9 v g
A A iﬂ
L A i
-LoT A A
~~ A@ Aﬁ o A A
m A AT &m Iy
) & % ; Ao AA A Q
o -2 ¢ A 89 N >
A A
> A Al % E
> A )
] L v A -
O\I 3. | . T , E
= L YR s |4 % : ©  OOFeb05
: . I
O A
-4, 1 S T B 00Feb06
© % A A 00Feb09
A
-5 v 00Feb21
T ° 1 ® 00Feb22

00 20 40 60 80 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0
Snow Layer Depth (cm)
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Figure 4.13: VV dynamic range vs. snow layer thickness at 86° incidence at 95 GHz

it takes time to adjust the incidence angle and antenna height above the ground be-
tween angular measurements, insuring stable conditions requires operation at below
freezing temperatures, under low wind conditions (so as not to disturb snow surface
roughness) and with no significant snowfall rate.

The measurements made on January 12, 1999 were conducted under such con-
ditions. The measurements were started at 2:55pm and ended at 4:47 pm. During
that period, the air temperature was measured several times and recorded to be
around —5.5°C. The wind was mild and no snowfall occurred that afternoon. Based
on several snow depth measurements, the depth was 36.5 cm.

The measurements were conducted over the angular range between 82° and 88°,
for both 35 and 95 GHz. The results are shown in Figure 4.21(a) and Figure 4.21(b),

respectively. All plots show the typical roll off of ¢® with angle. We can readily
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observe three salient features: (1) the two cross-polarized components are almost
identical at all angles for both figures, which is expected and which confirms the
quality of the calibration procedure; (2) the fastest change in level occurs between
85° and 88°, and it is more pronounced at 95 GHz than at 35 GHz; and (3) the two

copolarized components are essentially identical at 95 GHz, but not so at 35 GHz.
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Figure 4.21: Radar backscatter response of snow over asphalt as function of incidence
angle. (a) 35 GHz. (b) 95 GHz

4.3 Modeling of MMW Snow Angular Backscatter at Near
Grazing Incidence

In general, the geometry of the snow layer backscatter problem is shown in
Fig. 4.22, where both the snow-air surface and the snow-ground surface are rough.
Yet to study the first order scattering mechanism of the snowpack, these surfaces are
replaced by their mean surface as shown in the dotted line, leaving the rough surface

effect for later consideration.
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Figure 4.22: A plane wave incident upon a bounded layer of densely dispositioned
spheroids with certain orientational distribution overlying a homoge-
neous half-space
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As mentioned before, we have elected to use a hybrid technique between the
conventional RT and the DMRT to model backscatter from snow. In this section, we
will give a brief description of both the vector radiative transfer equation (VRTE)
technique, since it serves as the general framework for our model, and of the numerical
technique to solve VRTE. Next, the T-matrix technique will be used to calculate the
phase matrix for a single scatterer which is assumed to be spheroidal in shape with
dimensions comparable to wavelength, and the QCA will be used to calculate the
volume extinction coefficient. Then, a novel technique will be described to reconcile
the inconsistency of assumptions under CRT and QCA. At the end, the effect of

surface roughness will be discussed.
4.3.1 VRTE Theory For Backscatter
For backscatter, the vector radiative transfer equation assumes the following form

[93]:

dl(;s’ 2 _ (&)1 2) + / /P(é, §)I(8', 2)dSY (4.1)

where I(8, 2) is the specific intensity at depth z along the direction §, which is defined

in [60], P (s, ') is the phase matrix giving the contributions from direction §' into the

direction §, K.(S) is the extinction matrix along direction § for Stokes parameters.
The boundary condition for the specific intensity at the air-snow interface (defined

by z=0and 0 <0 < 27)is [112]:
(1 — 0, ¢; 2 = 0) = Tioloi(1 — o, $o) + Ren1(6, 65 2 = 0) (4.2)

where ?12 and I:{m are the transmissivity and reflectivity matrices of the upper

boundary, respectively, and are given explicitly in [60].
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At the snow-soil interface (defined by z = —d for 0 < 0 < 7/2),
1(0,¢; 2 = —d) = RosI(m — 0, ¢; 2 = —d) (4.3)

where Ro; is the reflectivity matrix of the lower boundary.

The discrete ordinate method is widely used to obtain the numerical solutions to
Eq. 4.1 with the boundary conditions Eq. 4.2 and 4.3 enforced. In this technique,
the specific intensity I(6, ¢; z) and the phase matrix P(6, ¢; 6, ¢ ) are expanded using
Fourier series in azimuthal direction to eliminate the ¢ dependence in Eq. 4.1. The
details of this technique can be found in [46] and [101]. Upon the solution to the
Fourier expansion of the specific intensity I, in medium 2 being obtained, the total
incoherent specific intensity in medium 1 can be synthesized as:

— m=0oQ
I=Ty Y (I°cosmg¢ + IJ¥ sinme) (4.4)
m=0
where the superscritps mc and ms refer to the mth order harmonic coefficients with
cosine or sine dependence in the azimuthal directions, respectively.

For V-polarized incident wave, the backscattering coefficients due to the snow

volume scattering for vv and hv can be obtained as [60]:

Opy = 4dmcosbyl;

Opy = 47TCOSH()IQ (45)

where I; and I, are the first and second components of the total incoherent specific
intensity in medium 1, I.
For H-polarized incident wave, the backscattering coefficients due to the snow

volume scattering for vh and hh can be obtained similarly.
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4.3.2 Phase Matrix and Volume Extinction Coefficient of Snow Layer

Determination of the Phase Matrix

At millimeter wavelengths, the dimension of the snow particle can be comparable
to the wavelength. To solve the phase matrix for a single spheroidal scatterer, the
T-matrix method is widely called for to provide an exact analytic solution. This
method, based on the extended boundary condition (EBC), attempts to relate the
scattered field from a scatterer to the incident wave [111].

The T-matrix in its general form is:

=t

T=-RQ Q)" (4.6)

where the 6 matrix and the regular 6 matrix, Rga, are defined in [93], and ¢ denotes
matrix transpose. The special properties of 6 and Rga are also given in [93]

The scattering amplitude dyad ﬁ(@s, ¢s; 0;, @) is related to T by:
(065 Oud)=7 3 (-7 a

! !
n,m,n ,m

{[T(ll) ’ /'Ymncmn(esa ¢s) + T(21) ! Ii'Ymnan (055 ¢s)h/—m'n'6—m'n' (02’ ¢Z) +

(T Vun Con (B3, 85) + T % B (B, 65)]
fy—m'n'g—m'n' (0’5’ ¢Z)/7’} (47)

where the vector spheric harmonics B,,, and C,,,, as well as the quantity ¥, are
also defined in [93], and T;urﬁ,n,, u,v = 1,2 are the entries to the T-matrix.

Upon determining T, the scattering cross section of a spheroid scatterer for a

given incident polarization, p, is:

Osp(ei: Qsz) = Aﬂ dQstvp(Hsaqﬁs;eia ¢z)|2 + |fhp(057¢5;0i7 ¢Z)|2] (48)

where f,, is related to F as:

||
3>

=
=7

fquQ'
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For a rotated spheroidal scatterer, its T-matrix determination is much more com-

putationally involved, which is

Hl
I
wll
Kl
o]l

(4.10)

where T is the T-matrix for a spheroid scatterer without rotation, D is the rotation

matrix which is given by:

A0
0 A
and the entry for matrix A is:
(X)mnm'n' = 5nn’ A'E:zlr)n’ (411)
where
Af:r)n,(ozﬂq/) = e{im’v}dgs,)m(ﬁ)e{im“} (4.12)
and
n (n+m)(n—m) B! smyc Brm! —m pm' —mm’ +m
dfn,)m(ﬂ) = (n - m)l(n —m)! ]*2(cos 5) 7 (sin 5) P ™ (cos B)

(4.13)

where PU*)(z) is the Jacobi polynomial of order n and degree (j,k) [1].
Given the volume fraction of the identical scatterers, and the joint pdf, p(«, 5, 7),
of the Eulerian angles «, 3 and -y, the phase matrix element P, in its conventional

form is given by [93]:

27 ™ 27
P06 0:,0) =no [ der [ dB [ dy (e B.7) | Fun(B, 6,30, 0)  (414)

Notice in the above simple and conventional treatment of the phase matrix, it
is assumed that the scattered fields from distinct scatterers are statistically inde-

pendent. This assumption, while useful for sparse medium, may not be valid for
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a dense medium such as snow, where the interaction among scatterers need to be
considered. In subsection 4.3.3, a mechanism is introduced to compensate for the

absense of interaction among scatterers.

Volume Extinction Coefficient k. of Snow

Since the snow layer is a dense nontenuous medium, the interaction between
snow particles must be taken into account. By representing the interdependency of
snow particles through what is called the pair distribution function, QCA is one of
the recent approaches used to determine the effective propagation constant, hence
the extinction coefficient k. [92]. If the pair distribution function is chosen as a
simple hole-correction function, then this approach collapses to one that assumes
independent scatterers. One salient feature of QCA is that it predicts a rise, a
top-off, and a fall-off of the extinction rate when the volume fraction of the scatter-
ers monotonically increases, as opposed to the monotonic increase predicted by the
conventional approach assuming independent scatterers. This prediction is verified
experimentally [47] and brings popularity to QCA. For dry snow, we find QCA to be
an appealing approach when used in combination with the assumption of spherical
scatterers with an effective size.

The assumed snow shape has a significant impact on the resultant volume ex-
tinction coefficient k. [89]. For reasons listed in the next chapter, it is both natural
and pertinent to approximate the ice particles as spheroids with some orientational
distribution. However, this treatment is conceptually simple yet computationally
demanding. It is because of that, that in QCA, even if the spheroidal scatterers are
assumed to be identical in shape and size, it is necessary to average over the orienta-

tion Eulerian angles («, £, ) on both sides of the simplest form of QCA, that is, the
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multiple scatterer equation shown in Eq. 4.17, hence on T matrix of single spheroidal
scatterer. As evident in Eq. 4.10, the orientation information is embedded in D ma-
trix and ﬁil matrix. Since D and ﬁil are seperated by %, and % is not diagonal,
the involved calculation for the averaging can be considerable, a major reason in [89]
that orientational distribution is ignored in assuming particles as vertically aligned
spheroids to determine k..

To attain the advantages in assuming spheroidal particles meanwhile alleviate the
computational demand, we can adopt a novel intuitive strategy that dichotomizes
the treatments of the shapes of snow particles in calculating the volume extinction
coefficient k., and phase matrix P. Specifically, we propose to treat the snow particles
as spheres with certain effective sizes in calculating k. and as spheroids in calculating
P. The former is because the snow particles, though non-spherical in nature, tend
to follow a uniform distribution in orientation, which leads to an extinction coeffi-
cient independent of polarization, an inherent property of the spherical scatterers.
The latter is because that the scattering pattern depends on size and orientation,
something can not be simply averaged out. This point is evident through a collective
examination of Eq. 4.14, 4.10 and 4.7.

To summerize, we intend to use QCA to calculate the volume extincition coef-
ficient k., and propose to treat the snow particles as spheres with effective sizes in
such calculation for good reason. However, QCA takes into account the interaction
among scatterers, while in calculating the phase matrix P in subsection 4.3.2, such

interaction is ignored. It thus calls for some mechanism to reconcile these disparate

assumptions. Such reconcilation mechanism is investigated in the next section.
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4.3.3 Albedo Matching As a Reconcilation Mechanism

The disparate assumptions embedded in the treatment of k., and P need to be
reconciled. As we shall see, failing to reconcile these assumptions may lead to severe
performance degradation. However, this much needed reconcilation is either ignored
in the remote sensing community [60] [58] or treated with many limitations [37] [29].
In this section, we propose a new approach based on albedo matching to provide such
reconcilation. This technique is generic, hence the limitations inherent in [37] and [29]
are avoided. It will be presented in detail after a brief review of the amplitude and
phase correction method (for a dense medium) introduced by Fung, etal. [37].

Fung et al. [37] has attacked the inconsistency problem from a different angle.
Their approach starts directly with the phase matrix, considers the array factor in
the field formation, and comes up with what they call the amplitude and phase
correction factor. Yet, their approach has certain drawbacks: 1) the interaction
among scatterers is not treated in the strict sense; 2) a free variable to scale the
rms variation of a scatterer’s position to its mean position has to be introduced;
3) their approach is difficult to extend to cases of nonspherical scatterers with size
and orientation distributions; 4) their approach requires the calculation of the erf
function with complex argument, which is prone to numerical instability; and 5)
most importantly, their amplitude and phase correction factor is zero for forward
scattering, which implies a zero value for the phase matrix, counter-intuitive to
the conventional understanding that in general, phase matrix shows a peak at the
forward scattering. Comparison between the normalized VV component of the phase
matrix using Fung’s approach and using conventional approach for a spheric scatterer
is shown in Figure 4.23. The diameter of the sphere is 0.4 mm, f = 35 GHz,

0; = 52°,¢; = 0,¢, = 0, and the parameterization follows Fung’s convention [29]
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Figure 4.23: Comparison of P,, between Fung’s approach and the conventional ap-
proach for a sphere.

such that s = 0.55d,l = 0.11d,0 = s(d — 2a), where a is the radius of the sphere.

We propose a new method to reconcile this inconsistency by albedo matching.
This method begins with the recognition that we have two total scattering coeffi-
cients, one results from the calculation of P under independent scatterers assumption
in the conventional RT, and the other is from QCA. Let us denote them by x¢&T
and k294, respectively. Then, the determination of their values proceeds as follows.
For x4(8)“%T | which represents the total scattering at direction § under independent
scatterers assumption, is [93]

KB = [[ (Py(58) + (Pp(3,8))) d2, (4.15)

4ar

for p polarization, where p, g = v, h. We use (-) to denote the averaged phase matrix

CRT

over scatterer size and orientation distributions. The resultant x(8) gives the &S

for direction §. For k%94, it is obtained through x¥°4 = k%°4 - k,, where &,
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QCA

is the absorption coefficient and x3

is the extinction coeflicient calculated using
QCA [93]. One should pay close attention that kS#!" and K¢ so far obtained are
not necessarily equal to each other, they are the results of different calculations under
different assumptions.

The second step of the proposed method is to realize that for the same medium,

the collective scattering for a specific direction should be uniquely determined sta-

CRT

QCA
S or kY as

tistically (in the averaging sense), hence we need to choose either x
the true value for total scattering coefficient. Most likely, k9“4 is the correct one,
because it takes into account the interaction among scatterers, a mechanism critical
for a dense medium like snow.

Having made the decision, we need to rectify k¢%!" to match k%°4. The method

we propose is to scale kST by a scaling factor

K?CA

KCRT

(4.16)

Qg =

for reasons that follow soon. In view of Eq. 4.15, this approach is equivalent to
rescaling the phase matrix in CRT by a.

This approach can be justified as follows. For a dense medium, the effect of the
interaction among scatterers on the collective scattering pattern can be thought of as
a blurring function which convolves with the scattering pattern of a single scatterer,
in exactly the same way what the spreading function does to the radar imaging of
a region of interest. Put mathematically, the starting point of QCA is the multiple
scatterer equation [93]:

N —(j .
w0 = Y FhkTT o + RgF () ine (4.17)

i=1,j#l

where @) is the exciting field coefficient of the lth particle, and 7 involves the

free space dyadic Green’s function. Since the free space dyadic Green’s function is
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invariant to spatial translation, it follows that the right side of the equation represents
exactly the convolution function.

Now that the collective scattering pattern of a dense medium is a convolution
operator on the single-scatterer scattering pattern, and convolution simply implies a
spatial invariant linear system, a rescaling of such a linear system is fully justified.

So far we have completed the treatment of the snow volume scattering by intro-
ducing two novel techniques. First, we used different shape treatments in calculating
the volume extinction coefficient k., and the phase matrix P to facilitate computation.
Second, we introduced the albedo matching method to reconcile the inconsistency of
the assumptions underlying the calculations of the volume extinction coefficient k.

and phase matrix P.

4.3.4 Snow-Air Rough Surface Scattering

The impact of surface roughness for VRTE is twofold: first, the specific intensity
transmission coefficient is attenuated by a correction factor as compared with that
of a specular surface; secondly, the specific intensity reflection coefficient is also
attenuated when we set up boundary conditions. Furthermore, surface roughness
entails direct surface backscatter and shadowing effect, which will be discussed briefly

as follows.

Surface backscatter

For a surface with a large rms slope, the Kirchhoff stationary-phase approximation
can be used to analyze surface scattering [93]. Moreover, if the second moment
statistics of the surface roughness can be modeled by a Gaussian correlation function,

then the dependence of the copolarized backscattering coefficient on incidence angle
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is proportional to [108]

n2
1 {_ 4t(a‘7_s )62
(& Pl

4.1
cost (4.18)

This factor drops rapidly with increasing 6. For example, assuming o,/p; = 0.1,
it is 240 dB lower for incidence at 60° than at 40°, a tremendous signal level drop.
At 80° incidence, the consequential drop is extremely large. Hence it follows that
at near grazing incidence the direct surface backscatter is negligible as compared to

volume backscatter.

Shadowing correction

At near grazing incidence, roughness of the snow-air surface induces a shadowing
effect that cannot be ignored. This is because at such incidence, the shadow of the
illuminated area forms a large portion of the projected footprint. To account for the
shadow effect, a shadowing function for the high-frequency geometrical optics limit
is introduced as [69]:

1

g 2 = (4.19)
7 tan Hp—je( - @fm) + eTf(zas tand)

where p; is the correlation length and oy is the rms surface roughness. Their ratio
os/p defines the rms slope.

The final shadow-corrected backscattering coefficient o?, is:

o). =0"S (4.20)

sC

where ¢° is the backscattering coefficient without shadowing.

4.4 Comparison between Model and Measurements of Dry
Snow

In this section, we shall discuss progressively the effect upon the backscattering

coefficients from snow of the newly proposed albedo matching technique, the shape
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of snow particle and its orientation, shadowing and roughness. Such discussion is
through comparison between model prediction and measurements for angular pat-
terns.

The angular measurements made on January 12, 1999 will be used because it
represents typical angular patterns of backscattering from snowpack over asphalt at
both 35 GHz and 95 GHz, as shown in Figure 4.21(a) and Figure 4.21(b), respectively.
The measurements were started at 2:55pm and ended at 4:47 pm. During that period,
the air temperature was measured several times and recorded to be around —5.5°C.
The wind was mild and no snowfall occured that afternoon. Based on several snow
depth measurements, the depth was 36.5 cm. Wetness reading was around 0 to 0.3%
by volume, a reading that tempts us to choose m, = 0 in the treatment. However,
because MMW backscatter of snow is very sensitive to m,, even when its value is
very small, and because in the process of ground truth collection, snow pack was
found not completely dry, we choose the average value of 0.1% as model input.

In Figure 4.24, comparison is made between measurement and simulation based
on Kuga’s approach for angular backscatter response at 35 GHz. We notice that the
predicted copolarized levels are about 8 dB higher than the measurements, while the
predicted cross-polarized level is about 8 dB lower, which indicates strong volume
backscattering. Overestimation of the copolarized levels is the result of overestimat-
ing the phase matrix.

To correct this overestimation, the Next the proposed albedo matching technique
is applied, and the result is shown in Figure 4.25, where roughness and shadow
are still not considered yet. It is clear that the predicted copolarized signal levels
are just about 3 dB higher than the measured data, which represents a significant

improvement over Kuga'’s approach.



103

0°4g Vs. angle at 35 GHz

[ [ [ [ [
-18. -
2. F =
-26. =
-30. F .
34, F .
R 8 .38 F .
(o) 8 = ]
42 | —— VV-(Kuga) ® .
g | HH - (Kuga) A E
50 | T HV - (Kuga) ‘\\\\ A B
o) VV - (Mess) N
-54, -
B HH - (Mess)) o
-58. -
& HV - (Mess) N
-62. L e e
80.0 82.0 84.0 86.0 88.0 90.0

Incidence Angle

Figure 4.24: Comparison between measurement and simulation (Kuga) of angular

backscatter response at 35 GHz. Dot denotes o,,, square o3, and up-
ward triangle o,, measurements. In simulation, snow particles are as-
sumed to be independent spheres with average diameter 0.4mm in phase

matrix calculation. Air-snow surface is assumed to be a specular plane.
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Figure 4.25: Same as in Fig. 4.24 except albedo matching is performed.

The result shows significant improvement for the predicted copolarized levels,
even though only albedo matching is applied.

In Figure 4.26, a comparison is made between the propased albedo matching
technique and Fung’s amplitude and phase correction approach. In the simulation,
for albedo matching technique, all parameters are the same as in Fig. 4.24; for
Fung’s approach, the parameterization follows Fung’s convention [29] such that s =
0.55d,! = 0.11d,0 = s(d — 2a), where a is the radius of the sphere. From the
figure, it is clear that both techniques capture the angular dependence of the radar
backscatter in the same fashion, except that Fung’s approach tends to overestimate
more by 1 ~ 2 dB.

The effect of surface roughness on backscatter is illustrated in Figure 4.27, where

a rms height of 2 mm is assumed. It demonstrates further volume backscatter correc-
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Figure 4.26: Comparison between proposed albedo matching and Fung’s approach.

tion and a slight angular pattern correction. However, better capture of the angular
characteristic of backscatter is realized when the shadow effect is incorporated in the
model as shown in Figure 4.28, where a rms slope of 0.05 is assumed.

So far we have seen progressive improvement on the copolarized backscatter, but
prediction of the cross-polarized component is not satisfactory as is evident when we
compare Figure 4.24 to Figure 4.25.

The effect of snow particle shape on angular backscatter response at 35 GHz is
shown in Figure 4.29, where snow particle is assumed to be a spheroid. Clearly, much
better crosspolarized level is obtained.

Backscatter at 95 GHz shows similiar progress with each new treatment, and its

counterpart to Figure 4.29 is shown in Figure 4.30.
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Effect of air-snow surface roughness on angular backscatter response
at 35 GHz. Dot denotes o,,, and square denotes o, measurements.
In simulation, snow particle is assumed to be a sphere with average
diameter 0.4mm. Albedo matching is performed, rms height is 2 mm.

No shadowing effect is included.
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Figure 4.28: Effect of air-snow surface shadow on angular backscatter response at
35 GHz. Dot denotes o,,, and square denotes o}, measurements. In
simulation, snow particle is assumed to be a sphere with average diam-
eter 0.4mm. Albedo matching is performed, rms slope is 0.05. Only

shadowing effect is included.
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Figure 4.29: Effect of snow particle shape on angular backscatter response at 35 GHz.
Dot denotes o,,, square o, and upward triangle o,, measurements.
In simulation, snow particle is assumed to be a spheroid with average
diameter 0.4mm on cross section and an elongation ratio of 1.1. Albedo
matching is performed, rms slope is 0.05, rms height is 2 mm. Both

shadowing and roughness effects are included.
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Figure 4.30: Effect of snow particle shape on angular backscatter response at 95 GHz.
Dot denotes o,,, square o7, and upward triangle o,, measurements.
In simulation, snow particle is assumed to be a spheroid with average
diameter 0.4mm on cross section and an elongation ratio of 1.1. Albedo
matching is performed, rms slope is 0.05, rms height is 2 mm. Both

shadowing and roughness effects are included.
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4.5 Conclusion

This chapter describes the major measurement campaigns conducted in the win-
ters of 1999 and 2000 to extend our understanding of snow backscatter to the near
grazing incidence range. Carefully planned measurements were undertaken, resulting
in over 300 data points for 1999 and over 500 for 2000, including measurements at
both 35 and 95 GHz. In addition, extensive ground truth data, including tempera-
ture, water content in the snow pack, snow thickness, temperature and snow surface
roughness, were collected. Numerous photographs of snow slices were also taken to
assist characterization of snow particles in terms of shape and size.

Moreover, as the first part of the modeling efforts to interpret the angular back-
scattering behavior of snowpack over asphalt at both 35 GHz and 95 GHz, an albedo
matching technique is proposed to reconcile the disparity inherent in QCA for k.
calculation and in conventional determination of the phase matrix.

As a further consideration, the snow particle shape, which is a critical factor in
the scattering behavior of snow at MMW band, is strategically assumed to be spher-
ical with an effective size in determining k. using QCA to alleviate computational
demand, while preserving the statistical independence of the extinction coefficient
on polarization, and assuming the snow particle to be spheroidal in shape in calcu-
lating the phase matrix to differentiate scattering pattern and enhance the level of
the crosspol.

The simulation results demonstrate that the proposed model successfully captures
the backscatter angular response characteristic of the copolarized backscatters at
both 35 and 95 GHz.

As mentioned before, the wet snow, which is frequently encountered in diurnal
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measurements, needs a treatment quite different from that of dry snow. This new
treatment for wet snow in particular or for diurnal pattern in general is the subject

of next chapter.



CHAPTER V

MMW Measurements and Modeling of Diurnal
Backscattering of Snow At Near Grazing
Incidence Incorporating Snow Thermodynamic
Information

5.1 Introduction

During diurnal observations of MMW backscattering of snow, the governing ther-
modynamics process within the snowpack usually leads to appreciable changes in the
vertical profile of the volumetric moisture content, m,, and in shapes and sizes of
ice particles [19], [8], and [72]. For metamorphic snow the ice particles are usu-
ally rounded yet not spherical. Chang et al. [11] [66] treated snow particles as oblate
spheroids with identical distribution and shape, yet only considered dry snow. In [60],
Kuga et al. treated snow particles as spheres with diameters following the Gaussian
distribution with mean diameter of 1 mm and standard deviation of 0.2 mm through-
out the duration of the diurnal cycle, a treatment did not truthfully reflect the dy-
namic change of the particle size. Recently, the effect of snow crystal shape and
orientation on the scattering of passive microwave radiation were addressed in [32]
and [33].

Adding to the complexity, the snowpack is a dense medium at MMW, which raises

112
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a major issue on how to determine the effective propagation constant of the snow
medium. Recent techniques such as QCA and QCA-CP [93] render inappropriate
results because of their very assumptions that fail to accommodate the cases where a
thin water film surrounds the ice particle for slightly wet snow or for wet snow when
irregularities exist in the water drop shape, resulting from filling the gaps between
the ice particles [19].

It is well established that for a Rayleigh spheroid, a closed-form expression for the
volume absorption coefficient exists [93]. The calculation of the volume scattering
coefficient, however, needs to take an additional two-fold integration over the scat-
tered directions. Not only does it require considerably more computation, but more
importantly the awkward presence of this additional integration obscures insight
into the effect of the geometrical or dielectric parameters on the scattering behavior.
These drawbacks are overcome in this chapter by establishing the symmetry in the
representations of the volume absorption and scattering coefficients.

Moreover, any modeling effort that attempts to incorporate the snowpack ther-
modynamics information calls for an explicit approach to describe the dynamics in
the vertical moisture distribution of m,, in the shape and size of the ice particles,
and in the thickness of the snow layer should a multilayer treatment be adopted. The
rigorous way, which starts from the governing thermodynamic differential equations,
is formidably complex and hence unrealistic, mostly due to the complex topological
nature of the snowpack and frequently encountered incomplete ground truth informa-
tion required for parameterizing these differential equations [19]. However, a physical
process, like the underlying thermodynamics process in the snowpack, does not elicit
abrupt change in topological structure or hydrological properties [38]. This gradually

evolving nature makes it a reasonable treatment to linearize the incremental changes
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in m,, particle size, and snow layer thickness.

This chapter is organized as follows. Section 5.2 provides a brief description of
the thermodynamics of the snowpack pertinent to diurnal observation, and highlights
some key issues in the modeling effort. Section 5.3 establishes the symmetry in the
representation of the volume absorption and scattering coefficients, in addition to
pointing out numerically efficient ways to calculate the phase matrix averaged over
orientation. Concerns over the determination of the effective refractive index for
the snowpack and for the background are addressed in Section 5.4. In section 5.5,
comparisons between measurements and model predictions are provided to justify

the new treatments introduced in this chapter.

5.2 Thermodynamics Governing the Diurnal Cycle

Since metamorphic snow has undergone several cycles of the meting-freezing pro-
cess, the ice particles usually tend to get “rounded off”, resulting in shapes notably
different from fresh snow. Yet the “round off” bears less in the sense that the ice
particles are spherical than that the corners dominant in fresh snow fade off [19]. It
is then quite natural to approximate the ice particles as spheroids with some orien-
tational distribution, an assumption held reasonably well at millimeter wavelengths
where penetration of the electromagnetic wave within the snow pack is very limited,
hence renders the severe irregularities in shape such as hoar or column, which usually
occur deep in the snow pack [19], invisible to the scatterometer.

When snow melts, the melting starts from the top of the snow layer and the rate
of melting is governed by the energy flux at the upper surface of the snowpack. The
mechanisms involved include radiation, sensible and latent heat transfer, and heat

transfer from within the snowpack. In general, the radiation dominates while all
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the other mechanisms are of secondary importance [19]. However, the low thermal
conductivity of snow elicits a vertical temperature gradient within the snowpack,
which in turn gives rise to a nonuniform vertical distribution of moisture [38]. Unless
the snowpack is sufficiently dry or wet, this moisture profile cannot be ignored in
studying the snow diurnal behavior.

If the melting process is looked at more closely, when it starts, the smaller grains
disappear first [19]. Yet as what will be shown soon, the phase matrix and extinction
coefficient of a Rayleigh spheroid, just like Rayleigh sphere, is proportional to a?
where a is the minimum dimension of the spheroid, suggesting that the disappearance
of the smaller grains is of no appreciable significance to the collective scattering
behavior of the snowpack. Consequently, we can approximate the snow particle
distribution as uniform with a single size equal to the smallest dimension of the
largest size spheroid.

Soon thereafter with the presence of liquid water in the snowpack, a rapid meta-
morphic change takes place. The disappearance of the smaller grains accelerates,
thus leads to the rapid reduction of their contribution to the capillary attraction by
which the water is held in the snow matrix. The water is released suddenly once the
grains disappear and a drainage is formed. [19]. A rapid drop in the backscattering
coefficient is usually observed [102] [66].

As the snowpack starts from top layer downward to freeze, which occurs when
the short-wave radiation, primarily from the sun or diffused by particles in the sky,
drops quickly late in the afternoon, the long-wave radiation from the earth comes in
to counterbalance or even surpass the former, resulting in a reverse of direction in the
energy flux at the upper surface of the snowpack. Consequently, the snow cools off,

with gradual decrease in m, and increase in particle size [19]. Yet the best indicator
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of the underlying thermodynamics is the temperature, which faithfully reflects the
energy flux dynamics [38]. Temperature measured in the air near the snow surface
would be ideal, yet it is very difficult to obtain, as pointed out by Geiger [38], mostly
due to the difficulty encountered in separating the radiation and the energy flow.
Still, temperature will be used as the primary indicator in assisting the identification
of different thermodynamic processes.

In summary, the snowpack, undergoing a thermodynamic process, possesses dif-
ferent characteristics, in particular with regard to the dynamics of size, shape, density
and m, distribution. This realization calls for the need for any scattering model of
snow to reflect as faithfully as possible these dynamics in parameters describing the
snowpack.

A treatment of such thermodynamic process for a specific diurnal observation,
based on the collected ground truth, will be detailed in Section 5.5.

5.3 Iterative RTE 1% order solution for spheroidal particles
with uniform distribution

5.3.1 General Expression for the Radar Scattering Coefficient

In the previous section, the need to treat the snowpack as representative of the
underlying thermodynamics as faithfully as possible for any diurnal observations
was established. If the snowpack is thick and sufficiently dry or wet, treating it as a
semi-infinite medium is a reasonably pertinent choice. In other cases, such as when
snow stars to melt or freeze, depending on the vertical temperature gradient, and
correspondingly the m, distribution, we need to treat the snowpack as a multilayer
medium accordingly.

Unlike in the last chapter where the numerical technique was used to solve the

RTE for dry snow case, in this chapter the iterative technique will be used instead to
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avoid any potential numerical instability problem that might arise in the numerical
technique.

Meanwhile, in the calculations of the phase matrix and extinction matrix, we
will, in light of the work of Kendra et al. [57] where they pointed out that CRT
appears to give a reasonable prediction of the backscatter from a dense media, use
CRT techniques instead, except that we will provide some improvement over or
reformulation of the conventional treatment when approapriate.

For quick reference, we first consider the formula for the backscattering coeffi-

cients of 1) a semi-infinite layer; 2) a layer above a second semi-infinite layer.

Semi-infinite medium

For a semi-infinite medium, the 0" order solution for the specific intensity at

direction § at position z is:
I(8,2) = —el Fe2/m)1(50)5(5 — §)) (5.1)

and the 1°* order solution is [46]:

1 F1
L, (3, 2) = —el~He/ns) / dr e/t P (5, 59) e~ FeT/m0 1 (54, 0) (5.2)
Hs —o0

where §j is the incident direction within the medium, us = cos(f), 6 is the propaga-
tion angle within the medium.

If we assume m, to be homogeneous throughout the snow layer, and the orienta-
tional distribution of scatterer to be identical and independent, then the correspond-

ing backscattering coefficients are given by:
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where 6; is the incidence angle, Tiy,, p = v, h is the transmissivity from medium 2 to
medium 1 for polarization p, and T, p = v, h, is the transmissivity for propagation
from medium 1 to medium 2.

For a spherical scatterer, P,,(—8¢,8) = Py,(—S$¢,8) = 0. Hence, 6%, = o), =0
for the 1%¢ order solution.

The above formulas can be further simplified if the scatterer has axial symmetry,

which would imply k¢,(8) = kep(—5), p = v, h. In that case,

P (—&n. &
O',S,U = 27TCOS€¢1W(7SAO’SO)T12UTQM)
/{ev(sﬂ)
P,,(—8¢,8
O'Sh = 271-(:0891.7”’7’( AO’ O)lenglh
K'eh(SO)
B
v
Por(—&0. §
U?Lh = QWCOSGihh(—SAO’SO)Tnthlh (54)
K'eh(SO)

Homogeneous layer above a semi-infinite medium

For a layer of thickness d with flat boundary, the backscattering coefficients due

to the bounded layer are [61]:

Ugh = 4rcosb; Lyn,p %
opn = Amcost; Innp % "

where Ry, p = v, h, refers to the reflectivity at the upper boundary of the bounded

layer, Ras,, p = v, h, refers to the reflectivity at the lower boundary of the bounded
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layer, and

Loy = quA(—éoa So) (1 — el rep(—50) theq(G0))d cost))
Kep(—80) + Keq(So)
+$qu(—§0, §0)dRyzpel el ~80)d/ cost)
+$qu(—§o, So)dRysgel~rer(B0)d/ cos?)

1 — e(_(’eep(_§0)+’ieq(§0))d/ cos )

+qu(_§0’ éo)R23PR23qe(*('%p(*§0)+'€eq (80))d/ cos 0))

where p,q = v, h.

5.3.2 Establishing Symmetry Between r,,(5) And k,(5)

For a Rayleigh spheroid, the volume absorption coefficient k4, ($) along the wave
propagation direction § enjoys a very simple expression [93], which is not the case
for the volume scattering coefficient k,,(5) in the conventional representation. As
will be shown soon, the conventional ,,(5) formula is not complete, which leads to
two major drawbacks that can be overcome by treating r,,(5) further. This new
treatment is the subject of this subsection.

To start, a brief summary of the formulation for the volume absorption coefficient
is provided, whose specific form will serve as a benchmark against which a new

analogous expression for the volume scattering coefficient will be derived.

Volume Absorption Coefficient

The volume absorption coefficient for a medium of ice particles of spheroidal

shape is given by [93],

27 T 2
Kap(8) = no/o da/o dﬁ/o dyp(a, B,7)ap (63, $35 t, B, 7) (5.7)

where, ng is the number density (number of particles per unit volume) of the ice par-

ticle, o,  and 7 are the canonical Eulerian angles, p(«a, 3,7) is the joint probability
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density function of the Eulerian angles, and 0,,(6;, ¢;; c, §,y) is the absorption cross
section at the wave incident direction (6;, ¢;) of an individual particle which is given

by:
A Gt S I 1Y (A
€ |1+VdAa|2 ‘1+VdAb|2 |]_+l/dAc‘2

Oap =

(5.8)

where 1, is the volume of the spheroidal scatterer, k£ is the wave number of the
background, € is the dielectric constant of the background, €/ is the imaginary part
of the dielectric constant ¢, of the spheroidal scatterer, z;, 9, and 2, are the natural

axes of such spheroidal scatterer governing the surface equation:

b Jb L% 5.9
a+ +c (5.9)

(5.10)

Volume Scattering Coefficient

For the same medium of ice particles of spheroidal shape, the volume scattering

coefficient is given by [93]:
Kip(3) = [ AP0 643 05, 60) + Pap(0s: 64363, 69) (5.11)
where the phase matrix Py, is given by:
27 T 2
Pup(00,6530,6) =mo [ da [ dB [ dypl(e 8.7 funl0,,65306) P (512)

and fup(0s, ¢s; 65, @) is the scattering function for p-polarization of the incident wave

and g-polarization for the scattered wave. Note that f,, is related to the scattering
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function dyad F by fop =4 - F- p. The latter is

2 A A A A A A
F_ k [ Es € { Tpdy YnUb ZbZb )
- 0

47 € 1+ I/dAa 1+ VdAb 1+ VdAc

(5.13)

However, the representation for k,(5) using Eq. 5.11 is not complete in the sense
that, of the two constituent parts of k.,(5), the volume absorption coefficient k,,($)
requires averaging over orientation, which is done via a three-fold integration over
the Eulerian angles, while the scattering coefficient k,(5) demands averaging over
both orientation and scattering directions, which is via a five-fold integration. Such

lack of symmetry bears two major drawbacks for k,,(3):

1. It is more computationally intensive;

2. More importantly, it conceals the interplay among the geometrical and dielec-

tric variables.

Fortunately these drawbacks are artificial and can be overcome by carrying out
Eq. 5.11 further so as to achieve a formulation similar to Eq. 5.7 for k,(5). To
do so, we interchange the integration over the Eulerian angles and the scattered di-
rection, and take advantage of the structure of the scattering function dyad F for a
Rayleigh ellipsoid. The idea is to seek an efficient factorization of the integrand such
that the terms related to the scattered direction will be singled out and grouped to-
gether so as to perform integration over the scattered direction only on these terms.
This approach we propose here is a new extension to Whitt’s polarization tensor
method [113], where his focus was on the efficient calculation of the averaging pro-
cess when calculating the phase matrix, which we will elaborate a bit more on in the
next subsection.

This proposed mathematically-involved process is best illustrated by explaining

the vv-polarized volume scattering coefficient xg,.
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We will start by considering P,,. Let

k* e —€ (3 - 0;)
EVO e 1+ A,
kQV €s — € (:gbﬁz)
4 e 1+y4
k‘2 €s — € (21, : 1A)Z)

= .14
= 47 Yo e 1+ uv4A, (5.14)
It follows from Eq. 5.13 and 5.14 that
‘ fvv(es: ¢s; 02'7 ¢z) |2 = fm)(osa ¢5; eia ¢z)f:v(057 d)s; ei: d’z)
= [(@s ) ib)Am + (ﬁs : gb)Ay + (738 : 2b)AZ] X
[(0s - 2) AL + (D5 - G6) Ay + (D - 2) A7] (5.15)

Noting that the inner product can also be written as (-7 = u'v), where T and ¥

are arbitrary column vectors and the superscript denotes transpose, it follows from

Eq. 5.15 that
Z A;
‘fvv(osa ¢5; (9,', ¢z) ‘2 = Aw Ay Az g},ﬁ (775772) [ .f?b g)b ib ] A; (516)
& Az

The above equation contains three types of variables: 1) those related only to
orientation, such as Z,, » and Z,; 2) those related to the geometry, the dielectric
property of the scatterer and its orientation, and the incidence direction, such as A,
A, and A,; 3) those related only to scattered direction, such as the term (9,9¢), a
3 x 3 matrix well factored out in this equation. It follows that when integration over
the scattered direction is applied on the right hand side of Eq. 5.16, it is applied
directly on the (950%) term.

Using 9! = [cos O cos ¢, cos O, sin ¢, — sin 6] , the following integration is readily
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carried out:

;
/ [ (o) = 0
0
Similarly, using Al = [— sin @, cos ¢s, 0],
2
/ [ aq(hit) =7 0
0

Upon combining Eq. 5.11 and 5.12 and interchanging the integration order over

the Eulerian angle and the scattered direction, and utilizing Eq. 5.17 and 5.18 yields

Ksp(3) = /AW dQ2sno /027r doz/(jr dﬂ/jr dyp(a,; B,7) [ A, A, A, ]

= no/jwda/oﬁdﬂ/o%dvp(a,ﬁﬁ)[Ax Ay Az] U

/4 A, (0,08 + hshl) [ i b % ]

winN

2

0

w oo

0

0

5t

= nogr [do ["ap [Tl s | 4, 4, ]

i

~t
Yy

&

(5.17)

(5.18)
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4,

Noting that the middle term ot [ o Up % ] in the above equation is just

st

Zb
the identity matrix, we can further simplify the above to

R 8 2m ™ 2m 9 9 9

kipl5) = mosm [ da [Tdp [ dvplan B) (1 Au P+ 14, P + |4 P)

2w s 2w
= nO/O da/() dﬂ[) d7p(aaﬂ)7)asp(0ia¢i;aaﬁ’ /Y) (520)

where we define

8
Osp = §7r[|Az|2 + A4, "+ AL

SR L ok T LAY P 20 ) NN A )
Ver' € 11+ 402 [T+ |1+ vgAc|?

(5.21)

as the scattering cross section of an individual particle, in correspondence to Eq. 5.8.
In the above equation, v; is the volumetric fraction.

Now we can fully appreciate the symmetry between k,,(3) and k4,(3) as repre-
sented by Eq. 5.7 and Eq. 5.20, respectively. Moreover, Eq. 5.20 leads to a much

simpler, yet more revealing, expression for the extinction cross section:

e ke, —e 2 (- 3p)? (D - )° (p- %)
Oep = (VK= + vjv9g— 5.22
ep (Z € 1 067T| € |)[|1+]/dAa|2 |1+I/dAb|2 |1+Z/dAc|2] ( )

through which, the extinction coefficient is determined by:

2w T 2w
’{ep(é) = ’I’L()/O da/o dﬂ~/0 dﬁyp(aﬁﬂa ’y)o-ep(gia¢i; a’ﬁ’ /Y) (523)

The volume scattering coefficient of a medium of Rayleigh spheres is special case

of Eq. 5.20. For such medium, the scattering, absorption and extinction coefficients
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are directly proportional to the scattering, absorption and extinction cross sections,
respectively, because there is no Eulerian angle dependence for a sphere. Upon using
A, = Ay = A. = 3% in Eq. 5.21 and Eq. 5.20, it yields

2

sm | (5.24)

Ksp(8) = §V0k4a6 |

€s — €
€5 + 2¢

which is just the well known £, ($) formula for a medium containing Rayleigh spheres.

To illustrate the computational efficiency of our proposed method to calculate
the volume extinction coefficient, on a Sun Sparc workstation with operating system
Solaris 2.7.1, it takes 0.4 second for our formulation, while it takes much longer time
for the original formulation depending on the discretization configuration if the dis-
crete ordinate Gaussian quadrature method is used to perform the integration. For
example, if we choose 14 discrete ordinates for #; and 37 discrete ordinates for ¢, in
Eq. 5.11, then it takes around 3 minutes and 20 seconds for such calculation. Such
computational advantage of our approach will be more pronounced shall the numer-
ical technique is used for RTE when appropriate, since then the same computation

needs to be repeated for each discretized incident wave direction.

5.3.3 Numerically Efficient Method to Calculate the Average Phase Ma-
trix
In this section, we formulate the procedure to facilitate the averaging of the phase
matrix over the Eulerian angles, in accordance with the polarization tensor method
proposed by Whitt [113], yet in a more compact and convenient form.

We start by restructuring f,,(0s, ¢s; 0i, ¢;). For simplicity, we first define some

new terms as follows: C) = %l/offe, Ay = 14+ A, A = 1+ y,44,, and A3 =

1 + y4A.. The scattering matrix for one particle oriented with angles «, 3,7 in



126

Eq. 5.13 becomes:

Foa0s, 05305, 65) = Ck((ﬁ-ib)(:ﬁb.d) B - 5o) (G - §) (ﬁ-ib)(éb-q))

B A T, T4
- C At(xjib yjfib Z;ZZ(;)
= GQ R (5.25)
where
Q;q: P1g1 P192 P143 P291 P292 P2q3 P3qr Psqz2 Psqgs (5.26)
and

Zp1ZTh1 Yb1Yb1 Zb12b1
A + As + Az

Zp1Th2 Yp1Yp2 2b12b2
A + Az + A3

Zp1Th3 Yb1Yb3 Zb12b3
Ar + Az + As

Zp2Th1 Yb2Yb1 Zb22b1
A + As + Az

=
|

Zp2Th2 + Yp2Ypb2 Zb22b2
A Ag As

Zp2Th3 Yb2Yb3 Zb22b3
Ay + Az + Az

Zp3Tp1 Yo3Yp1 Zb32b1
Ar + Az + A3

Zp3Th2 Yb3Yb2 Zb32b2
A + Az + Az

Zb3Th3 Yb3Yb3 Zb32b3
Ar + Az + As

In view of the above, it is obvious that qu is solely related to polarization, while
R contains information regarding orientation, geometry and dielectric property.
Taking advantage of the new representation for f,, as in Eq. 5.25, we apply

conjugate square to both sides of Eq. 5.13 to obtain:

| foa(0s, 05301, 80) |” = | Ci|’Q° RR'Q

—Pq —Pq

(5.27)

where f denotes the conjugate transpose.
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Using |fye/* in Eq. 5.27, to calculate the average phase matrix according to
Eq. (5.12), orientational averaging will be carried out upon some as opposed to all
terms of RR*, giving rise to another dimension of saving computation. The reason is
that, for the problem at hand, regardless of whether we are considering monostatic
or bistatic scattering, we are interested in the case where ¢, = ™ + ¢;, which makes
qu a sparse vector as we shall soon see. Consequently, we only need to average over
the terms in RR! as necessary.

For instance, substituting of Eq. (5.26) for v; and v; into Q,, yields

cos ; cos B; cos ¢, cos ¢;
cos 0, cos 6; cos ¢ sin ¢;
— cos 6, sin 6; cos ¢,
cos #, cos 6; sin ¢, cos ¢;
Q,, = | cosb,cosb;sin ¢, sin ¢;
— cos , sin 6; sin ¢

— sin 6, cos 6; cos ¢;

— sin 6, cos ; sin ¢;

sin @, sin 6;

For the backscattering direction, 6, = 7 — 6;,¢s = ®™ 4+ ¢;. Without loss of



generality, let ¢; = 0. Then,

indicating that only 10 terms of RR*, rather than 81, need orientational averaging.

This is because:

Q. REQ,, -

—vv

Similarly,

and

Orientational averaging is much simpler for ke, (), thanks to the previous manip-

ulation. As evident in Eq. (5.23) and Eq. (5.22), the only 9 terms needing orientation
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cos 0,2
0
— cos 6; sin 6;
0
0
0
— cos 6; sin 6;
0

sin 01'2

averaging are the diagonal terms of RRF.

cos 0| (RR)11 [ — 2 cos 0, sin 0, Re((RR) 15 + (RRY)17)
+ cos 6;? sin 0; (| (RR)s3 |2| (RR") 7 |2 + 2Re((RR)3; + (RRY)19))

—2cos 0; sin 0;° Re((RR")39 + (RR)79) + sin 6;*

[0 0 0 —cosf; 0 sinf; 0 0O 0]

Qf,h=[o cos; 0 0 0 0 0 —sind 0]

:[0000—10000]
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For illustration purposes, the above newly derived results for the volume scatter-

ing coefficients and the average phase matrix are specified in the next section.
5.3.4 Numerical Illustration

In this illustration, the Eulerian angles are assumed to follow a uniform joint

distribution. For RR* in Eq. 5.27, the following results are readily obtained:

3| A;|* + 4Re(A; A%) + 8| A5 |
15| A, A3 |?

< (Mﬂ)n > =
< (RRY3> = 0

<(BRY7> = 0
|A1 |2 + 8R€(A1A§) + 6| A3 |2

< (BR) > = 15 A, A P

< (RRY3 > = %

< (RRY3 > = 0 (5.29)
< (RR)7r > = %

< (RRY)79> = 0

3| A, |* + 4Re( A, A%) + 8| A |2
< (BRY)gy > — AL+ 4Re(A: 32)+ Bl (5.30)
15| Ay Ag |

Using the above results, for the monostatic case, the average phase matrix for

VV is calculated through Eq. 5.12 and 5.27:

23| Ay | + 4Re(A 1 A}) + 8| Az |?

P" =|C
v | k| 15‘A1A3‘2

(5.31)

Similarly, for other polarization combinations,

o _ |Ck|2‘ 1 12
vhe T 15 A A
Cy? 1 12

15 'A_l_A_g

m —
th -
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23| Ay | + 4Re(ALAY) + 8| A3 |2
15| A, A5 |?

Py o= |Cyl (5.32)

where the superscript m stands for monostatic.
For the bistatic case with the scattering direction being specified as 6, = 7 —

0;, s = ™+ ¢;, the average phase matrix are:

23| A1 |” + 4Re(ALA3) + 8| As

P = |C cos®(0; + 0,
| k‘ 15|A1A3|2 ( )
‘Ck‘z 1 12 2 2
LT |A1 1 (cos®8; + cos™b;)
2 2
Pfh = G |i—i
15 "A;  As
2 2
1 1
By = 1%L L L
15 "A;  Aj
3| Ay |” + 4Re(A; A%) + 8] A5 |”
P, = | PRl T AReA ) 814 (5.33)
15| A; Az |

where the superscript b stands for bistatic.
Moreover, the extinction coefficients in Eq. 5.23 have the following expression

after integration over the Eulerian angles:

kS | ) )
’iev = I/’i_ Vil/_
€ 067T € 3|1+VdAa|2 3|1+VdAc‘2
e k4 €5 — € 2 2 1
Kenh = (Vik—= 4+ vpy— + 5.34
e [ N A T e LD

The above clearly shows that ke, = Kep, Which is consistent with what our in-
tuition would suggest for a medium of Rayleigh spheroidal particles with uniform
orientation distribution.

The extinction coefficient k., and the average phase matrix term P,, for both
monostatic and bistatic scattering as functions of m, are shown in Figure 5.1 for
a medium of snow particles assuming typical values of radius ¢ = 0.3 mm and
elongation ratio [ = 3. From Figure 5.1 it is clear that k., increases rapidly with m,,,

while P,, is a very gentle function of m,,.
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Figure 5.1: The extinction coefficient k., and the average phase matrix term P,,
for both monostatic and bistatic scattering as functions of m,. For the
bistatic case, the scattering direction is specified as 0, = 7 — 0;, ¢5 =

T + ¢;. Snow particle has radius ¢ = 0.3 mm and elongation ratio | = 3.
In the calculation, f=35 GHz, 6, = 86°.
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5.4 The Effective Index of Refraction of the Snow Layer and
Background

The equivalent index of refraction ny of the snow layer will play a crucial role in the
behavior of electromagnetic waves in the snow layer, as it will determine the principal
propagation direction in the layer, the attenuation rate, as well as the reflectivity
and transmissivity at the applicable boundaries. An accurate and universal model
of no, a quite natural and logical requirement as it seems, remains an open question,
largely due to the complicated nature of the geometry of the constituents, which
include ice particles, water droplets and air bubbles, and their relative positions, as
well as the electromagnetic interaction among them. Whatever model is chosen it has
to conform to the following set of requirements: (1) the magnitude of the imaginary
part of the calculated equivalent index of refraction n, must be a monotonously
increasing function of m,, which simply reflects the fact that higher extinction rates
are associated with higher levels of water content; (2) good agreement between the
calculated equivalent index of refraction n, and the applicable experimental data for
extinction; and (3) the calculated equivalent index of refraction my must exhibit a
dependence on the geometry of the constituents. Condition (3) is based on the fact
that the imaginary part of ns is associated with the extinction coefficient, which is
at least dependent on the size of the snow particle [42].

Keeping this set of requirements in mind, we can evaluate the most popular
models encountered in the literature, among which are (1) QCA [93], (2) Debye-like
model [105], and (3) Modified Debye model [105]. We found, quite disappointingly,
that none of these models satisfies the above three requirements simultaneously. For
example, QCA violates requirement (1), showing the opposite trend with increasing

m, [60]; while neither the Debye-like model nor the modified Debye model include a
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dependence on the geometry of the snow [105]. A compromise has to be made here
to choose a model. Considering that our intended task is to model the backscattering
behavior of moderately wet snow, the QCA approach is not a favorable candidate
because it has a tendency to mislead the calculation of the extinction rate. The
Debye-like or modified Debye model, on the other hand, can provide us the correct
trend with increasing m,,, while their lack of geometry dependence might not be that
severe an issue. Consequently, they form the candidate model pool.

The Debye-like model is given as [105].

' Bm
w = AT

o CU/f)my (5.35)

W T T (f/fo)?

where fy = 9.07 GHz, which is an effective relaxation frequency of wet snow. In the
ranges 3 < f < 37 GHz, 0.09 < p, < 0.38 g cm™3, and 1 < m, < 12%, expressions

for the parameters given above are:

A = 1.0+ 1.83p,+ 0.02m,°"°

B = 0.073
C = 0.073
z = 131 (5.36)

The modified Debye model is applicable for cases where m, > 0.5%, which is
somehow restrictive if dry snow is treated, hence it is discarded here.

The Debye model is then the only model remaining with which to calculate the
equivalent index of refraction no,. A typical dielectric constant by the Debye model
as a function of the wetness m,, is depicted in Fig. 5.2 for f = 35 GHz and p = 0.25
-3

g cm

What is equally important is to obtain an accurate expression for n,, the effective
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Figure 5.2: Dielectric constant as a function of the wetness m, by Debye’s model
computed at f = 35 GHz and p = 0.25g/cm?.

index of refraction of the ice-particle background, which is needed to calculate x.,($)
and the phase matrix P as shown in Eq. 5.34, 5.32 and 5.33. The determination
of n, depends on the way the background and scatterer are partitioned. For dry
snow, this partition is trivial. Yet it is not the case for wet snow, where it presents
a ramification of choices. For example, it is possible to treat the air as background
while both the ice particle and the water droplet are scatterers, or to treat the mix
of air and water droplet as background while the ice particle is the scatterer. In the
first treatment, the geometrical complexity of the water droplet must be carefully
addressed, which appears to be a quite challenging task, because according to [105],
the water droplet tends to occupy the holes between the ice particles if the snow is
wet enough (i.e., it is in the parnicular region), while it will simply surround the ice

particle if the snow is relatively dry (or in the funicular region), where it is simply
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treated as the coating material to cover the ice particle for relatively dry snow [19].
On the other hand, as suggested by the literature, it is rarely treated as a separate
scatterer even when the snow is in the funicular region, in part due to the difficulty
encountered in treating the interaction among the water droplets, as well as between
the water droplet and the ice particle, let alone the much unfriendly geometrical
complexity. The modeling decision is then made to treat as background the mix of
water droplet and the air. This being settled, another question is immediately raised
as to which model is appropriate to determine the effective dielectric constant of the
mixture. Among several model candidates, the PVS model is chosen in virtue of its

good agreement with experimental data [105]. It is expressed as

1
1+ A, (2 —1)

€Ews = €ds T %(ew - 6ds) Z [ ] (537)

u=a,b,c

where €, is the dielectric constant of liquid water.

5.5 Simulation vs. Measurement

Several diurnal measurements were conducted during the two winter measurement
campaigns. One such measurement was made on February 9, 2000 for metamorphic
snow. Starting from 8 am on that particular day, the air temperature at breast
height rose gradually, from —1.2°C to reach 0°C (Figure 5.3) at 9:10 am, when the
snow pack thickness was 15.9 cm for snow above grass and 10.4 ¢m for snow above
asphalt respectively.

The snow density was sitting at a low value of 0.2g/cm?® (Figure 5.4). No dis-
cernible snow wetness was detected by the snow probe placed 1 inch down below
the snow-air surface. From 10 am to 12 pm, while the temperature continued to rise
to 4.7°C, the snow pack undertook some melting, as evident by the slow buildup

of wetness to a m, of around 4.5% and the reduction in snow pack thickness, in
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Figure 5.3: Snowpack depth and air temperature at breast height diurnal measure-
ments on February 9, 2000
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Figure 5.4: Snowpack wetness and snow density diurnal measurements on February
9, 2000
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Figure 5.5: MMW backscattering diurnal measurements of snow over asphalt at in-
cidence angle 86° at 35 GHz on February 9, 2000
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particular for snow above grass. The backscattering by snow, above both grass and
asphalt at 35 GHz, showed significant drop, around 15 dB for all cases, accounting
for the dynamic range of the whole day, as shown in Figures 5.5 and 5.6. From then
till 4 pm, temperature continued to rise at a slower pace to 6°C, resulting in a sig-
nificant buildup of snow wetness and substantial drop of snow pack thickness above
both grass and asphalt. The backscattering appeared to saturate. After 4 pm , the
temperature dropped quickly, the snow pack thickness and snow wetness stabilized,
the backscattering gradually recovered.

It appears that, without sample averaging, snow density and wetness appear
to be highly random. Such randomness obscures the interpretation of the effect
of snow attributes on the backscattering behavior. To overcome such a drawback, a
smoothing procedure is adopted and the result is shown by the dotted line in Fig. 5.4.

As suggested in section 5.2, the evolution of the thermodynamics process within
the snow-pack needs to be fully appreciated and accommodated in the treatment.
The penalty in performance for not doing so can be quite severe. Let’s take a close
look at what will happen if the thermodynamics information is ignored in the mod-
eling, which bears three implications: 1) the whole duration of the diurnal cycle is
treated in the same way, except registering the difference in m, and p as input vari-
ables to the model; 2) there is no multilayer treatment; 3) the size of the ice particles
is fixed as opposed to being increasing at the freezing phase. The performances of
this information-discarding model, as shown in Figure 5.7 for backscattering from
snow over asphalt and in Figure 5.8 for backscattering from snow over grass, clearly
demonstrate the lack of capacity to grasp the backscattering behavior. In short, the
drawbacks lie, most evidently yet not exclusively, in three respects: 1) the failure to

capture the abrupt drop in backscattering at the initial melting stage, especially for



140

Snow Over Asphalt 35GHz -- VWV
_20 T T T

10 12 14 16 18 20 22

-20 T T T

o%(dB)

10 12 14 16 18 20 22
Time (Hour)

Figure 5.7: Simulation vs. measurement for snow over asphalt on February 9, 2000.
Information regarding the underlying thermodynamic process within the
snowpack is not incorporated in the model.

snow over grass; 2) the considerable underestimation of copolarized backscatter in
the order of around 10dB for snow over asphalt; 3) most alarmingly, the incapability
to capture the recovering of backscatter at the freezing stage for both copolarized
backscatter from snow over both terrain conditions.

In incorporating the thermodynamic information, we need to divide the whole
diurnal duration into several subregions. In the case of the measurements taken on
February 9, 2000, the diurnal duration can be naturally divide into 5 subregions: 1)
9-10; 2) 10-12; 3) 12-16; 4) 16-18; 5) 18-20 as shown in Fig. 5.9. The characteristics
for each subregion are as follows:

1) 9-10
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Figure 5.8: Simulation vs. measurement for snow over grass on February 9, 2000.
Information regarding the underlying thermodynamic process within the
snowpack is not incorporated in the model.
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In this region, snow is relatively dry. The whole snow-pack can be treated as a
single layer. Also, considering the snow depth is 15.9 cm over grass and 10.4 cm over
asphalt, and the extinction coefficient is quite high at 35 GHz, it is reasonable to
treat the snow-pack as semi-infinite.

2) 10-12

In this region, snow starts and continues to melt, resulting in an appreciable
change in the m, vertical distribution and in snow density p. For simplicity, the
snowpack can be treated as a two-layer medium: a bounded layer of wet snow whose
thickness increases as the snow melts over a semi-infinite layer of dry snow, each
homogeneous in shape, size, m, and p.

3) 12-16

In this region, snow is very wet, blocking any substantial electromagnetic wave
penetration into the medium. The whole snow-pack can be treated as a single layer.

4) 16-18

In this region, snow starts and continues to cool off, resulting in a decrease in m,,
and an increase in particle size. For simplicity, the snowpack again can be treated as
a two-layer medium: a bounded layer of dry snow whose thickness increases as snow
freezes over a semi-infinite layer of wet snow, each homogeneous in shape, size, m,
and p.

5) 18-22

In this region, snow continues to cool off at the lower bound. Yet the size growth
stops in the upper layer, where the majority of backscattering is contributed. For
simplicity, the snowpack can be treated as a two-layer medium: a bounded layer of
dry snow over a semi-infinite layer of wet snow, each homogeneous in shape, size, m,,

and p.
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The corresponding geometry is best illustrated in Figure 5.9, where the extinction
coefficient for each layer is also shown.

In summary, for each homogeneous layer, the scatterer is always assumed to be
the ice particle with a dielectric constant ¢, = 3.15 — j0.001 at 35 GHz. n2 and n,
are treated in accordance with the procedure described in section 5.4. Ice particles
are assumed to be spheroidal, with an axial ratio of 3, the smallest radius being a.
Moreover, the ice particles follow a uniform distribution in orientation, suggesting
that the phase matrix and extinction coefficients can be determined by Eq. 5.32, 5.33
and 5.34, respectively.

It would be ideal if all the involved phsyical parameters could be readily available.
Yet due to either economic or technical limitations in ground truth collection, some
parameters are very difficult, if not impossible, to obtain directly from the ground
truth. For instance, the average growth rate of the snow particle size at the initial
stage of snow layer refreezing, or the true vertical distribution of m, during the
diurnal cycle. Inevitably some parameters have to be estimated from the measured
data by some inversion technique. The parameters to be estimated pertinent to this
study are particle size growth rate and the top layer growth rate.

The parameters, either obtained from the ground truth or from estimation, for
each subregion for snow over asphalt are shown in Table 5.1, where the dynamics of
the minor radius of ice particle, snow wetness and depth of the bounded snow upper
layer are shown in three separate columns. It states that the minor radius of the ice
particle a is always 0.3 mm for the whole melting process, yet for the upper dry snow
layer when snow begins to freeze in region 4), this radius goes up to 0.4 mm linearly
as shown in the linear relation 0.3 + %, where we also use a minimum operation

to upper bound the size such that it never exceeds 0.4 mm. In region 5), the radius
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Figure 5.9: Illustration of subregions, snow layers and ice particle geometries for
snow over asphalt on February 9, 2000. The extinction coefficient for
each layer is also shown.
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t a(mm) my (%) depth (m)
9-10 0.3 0.3 0
10-12 0.3 min(5, (¢t — 10)) | 238(t — 10)
12-16 0.3 5 semi-inf

16-18 | min(0.4,0.3 + 53°) | max(0.3, 2% (21.2 — t)) | L2(t — 16)

18-22 0.4 max (0.3, 2= (21.2 — 1)) | ¥2(t — 16)

Table 5.1: Parameters For Snow Over Asphalt

stays at 0.4 mm as snow continues to freeze downward in the snowpack.

Likewise, all the linear growth and either upper or lower bound whenever appli-
cable for snow wetness m, and the thickness of the upper bounded snow layer follow
the same interpretation.

The above parameters, along with the smoothed snow density p collected as
shown in Fig. 5.4, are used to calculate the average phase matrix and the extinction
coefficients given in Eq. 5.32, 5.33 and 5.34, respectively.

The predicted results are in good agreement for the copolarized measurements as
shown in Figure 5.10. They capture the dynamics of the backscattering behavior, in
particular the significant drop during early melting. Moreover, one should notice that
the same physical parameters, either obtained from ground truth or from estimation,
are used for both vertically and horizontally copolarized signal level predictions that
demonstrate comparatively good performances.

Similarly, the parameters for each subregion for snow over grass are shown in
Table 5.2. The predicted results are again in good agreement for the copolarized
measurements as shown in Figure 5.11.

From the estimated parameters we notice that the snow particles are a bit larger
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t a(mm) my (%) depth (m)
9-10 0.2 0.3 0
10-12 0.2 min(5, (¢ — 10)) | 282 (¢ — 10)
12-16 0.2 5 semi-inf
16-18 | min(0.25,0.2 + 2%5(¢ — 16)) | max(0.3, = (21.2 — t)) | L2(¢ — 16)
18-22 0.25 max(0.3, 2 (21.2 — 1)) | L%2(¢ — 16)

Table 5.2: Parameters For Snow Over Grass
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Figure 5.10: Simulation vs. measurement for snow over asphalt on February 9, 2000.
Table 5.1 holds all the simulation parameters.
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Figure 5.11: Simulation vs. measurement for snow over grass on February 9, 2000.
Table 5.2 holds all the simulation parameters.
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Figure 5.12: Simulation vs. measurement of cross-polarized backscatter for snow
over both asphalt and grass on February 9, 2000. Table 5.2 and 5.1
hold all the simulation parameters.

for snow over asphalt than over grass, probably faithfully indicative of the conse-
quence of different thermodynamic processes for the metamorphic snow packs over
grass and asphalt.

The cross-polarized backscatter predicted by the model, in general, is 6-7 dB
lower than the measurements for snow over both asphalt and grass, as shown in
Figure 5.12. In the region 12-16, snow is very wet, causing the cross-polarized back-
scatter measurements to saturate. Consequently, we cannot make any legitimate

conclusion except certain reasonable guess.
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5.6 Conclusion

In this chapter, we studied the MMW diurnal backscattering behavior of snow
over different terrain conditions at near grazing incidence. The underlying thermo-
dynamic process of the snowpack was taken into account, which led to the division
of several regions for diurnal observations based on ground truth measurements of
m, and air temperature at breast height. For each region, according to the unique
dynamics in m,,, density p, particle size and so on, the snowpack was treated as either
a semi-infinite layer or a two-layer medium. In the process of treating snow parti-
cles as spheroids, the symmetry between the volume absorption coefficient gy ($)
and the volume scattering coefficient k,(5) was established. The model predictions

demonstrate very good agreement with measurements.



CHAPTER VI

Forward Scattering At Near Grazing Incidence

For wireless communication systems, signal attenuation and interference caused
by multipath ground reflection are of major concern. Signal attenuation imposes a
stringent requirement on the SNR at the receiver end, and signal interference may
add a further requirement on transmitter power and SNR. At the lower part of the
microwave spectrum, such as the UHF band, both theoretical and semi-empirical
communication models, up to 3D, have been developed for both rural and urban
areas. Also reported in the literature are the blockage/shadowing and polarization
measurements [54] and signal to interference ratio measurements [110]. In general,
the critical channel characterization problem is to determine the so called scattering
function which tries to capture the multipath and Doppler spreads in a compact
form [79] [77]. Depending on the characteristics of the coherent field, the channel
is classified into Rayleigh, Rician and Suzuki channels. More often than not, the
channel is determined using either empirical data or by adopting much simplified
theoretical models as opposed to advanced and slightly computationally demanding
models such as IEM [52] [76].

On the other hand, although MMW communication systems possess some more

advantageous features, such as wider bandwidth, than their lower frequency counter-
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parts, they have been rarely considered in the literature, let along the corresponding
channel characterization problem at such frequencies.

For the remaining parts of this thesis, the problem of characterizing the for-
ward scattered field will be approached along two different paths: (1) charactering
through experiments the forward scattered field of soil and grass-covered surface;
(2) extending the IEM model to incorporate antenna pattern from rough surface
scattering. In Chapter VI, we will examine the advantage and disadvantages of two
different measurement techniques and discuss recent measurements performed using
both techniques. In Chapter VII, we will extend the IEM method to antenna pat-
tern of the transmitter and receiver for the purpose of modeling the forward scattered

field.

6.1 Introduction

The standard approach for measuring the height-interference diagram is shown
in Figure 6.1, which we shall discuss in more detail in the next section. With the
transmitter held in position, measurements of the received signal are made as a
function of receiver height over the desired range.

Whereas the measurement arrangement in Figure 6.1 is straightforward, it would
be highly convenient if the interference diagram can be deduced from radar back-
scattering measurements, as will be discussed later in section 6.3.

Our interest in studying the interference pattern at MMW wavelength stems from
several considerations: (a) it has been examined before on a limited scale and only
at 95 GHz [68], (b) millimeter-wave communication offers the advantage of narrower-
beam antennas, when compared with antennas of the same size at lower frequencies,

(c) wide bandwidths are easily obtained at MMW communication systems, and (d)



152

adding a MMW communication system to a radar is rather straightforward and the
additional cost is relatively low.

We shall investigate the relevant factors that collectively determine signal inter-
ference, which include: antenna look angle; carrier frequency (assuming narrow-band
communication systems); polarization, antenna pattern; range to target; type of scat-
terers; and ground dielectric properties and geometrical conditions (smooth, rough,
bare, vegetated, etc).

To fully appreciate the impacts of these factors, we shall proceed in a progressive
fashion, starting from the simplest case and progressively adding more factors. As
the terrain condition becomes more and more complex, so is the disturbance in the
observed backscatter coherent interference pattern. As this trend continues, the
interference pattern eventually collapses and becomes random-like. At that point,
we are led to attack the forward interference pattern directly, which is the subject of
the next chapter.

We start this examination process in section 6.2 with a brief study of the inter-
ference pattern for forward scattering under straightforward conditions so we may
appreciate the character of the interference process, and to provide an illustration
of how frequency diversity can be used to counter the loss in signal level during
destructive interference.

Later as a side issue, we will demonstrate that this measurement technique holds
the potential of assisting inversion of some critical physical parameters, such as the

effective reflection coefficient of a surface.
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Figure 6.1: Geometry of the forward scattering with the horizontal distance between
the transmitter and the receiver sufficiently large.

6.2 Forward Measurement Technique of Height Interference

The configuration for forward scattering is shown in Figure 6.1, where h; is the
height of the transmitter, h, is the height of the receiver, and L is the horizontal
distance between transmitter and receiver. In general, the electrical field at the

receiver can be written as:

e~ JkR1 —jkRs

47TR1 ft(elt)fr(glr) + P 47TR2

E=FE+FE, = fi(024) fr(62,)) €0 (6.1)

where k is the wave number, €, is the transmitted field, R, and R, are the ranges
from the transmitter to the receiver and the receiver’s image, respectively, p is the
Fresnel reflection coefficient, f;(-) and f,(-) are the antenna gains at the specified
angles.

A typical interference pattern is shown in Figure 6.2. The vertical axis is P, =
|E|2, normalized to P, the received free-space power level in the absence of inter-

ference,
e*ijl

Py =
0 | 4’/TR1

fe(01) fr (01r)eo|? (6.2)
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Figure 6.2: Forward interference pattern of the normalized received power P,/ P,q as
a function of the receiver height above a smooth surface. In this example,
L=1000m, h; = 3m, f=35GHz.
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The 35-GHz interference pattern represents the variation of P,/P,q for a pair of
wide-beam antennas such that all antenna pattern factors are approximately equal
to 1. The calculations were performed for a stationary transmitter at a height of
3m as a function of receiver height over the range from 1m to 6m. The reflection
coefficient was set equal to 1.

Constructive interference leads to twice the free-space electric field, or four times
the free-space received power. These are the +6dB maxima. For this ideal case,
the minima correspond to total cancellation, or —oo in dB. The opposite reflection
coefficient signs for VV and HH leads to the flipping of the extrema (maxima and
minima).

To examine the interference pattern at near grazing incidence, we first consider
the case when L will be hypothetically allowed to approach infinity, which implicitly
assumes that the sensitivity of the receiver is hypothetically high enough to receive
this much attenuated signal. This treatment bears two implications: 1) the line-
of-sight (LOS) signal and the interference signal reflected by the ground are well
within the antenna beam, and therefore may have identical antenna gains, suggesting
the treatment of the antennas as isotropic sources, and 2) the effective reflection
coefficient from the ground approaches one, even if the surface is slightly rough. We

can then write

~ (ht — hr)2
R = L2+ (hy—h)?2~ L1+ g JwhenL > by — by
(52
= L(1 =
N (hi + hy)?
R2 = \/L2 + (ht + h,,-)2 ~ L(l -+ T)whenL > |ht - hr|
7
= L+575) (6.3)

where
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0_ =hy—h,
0y = hy+ h, (6.4)
Hence,
P o 1 (efjkL(H—;L%) + 6fjkL(1+;L—'2"2))éo
47 L
- 1Le—f’cL<1+£%)(1 e i@ -5, (6.5)
m

To determine the interference pattern, which is governed by the factor
14 ¢ 72503 -02) (6.6)

we can adopt a rather intuitive figurative approach. Define

k(62 — 62)

6 =
2L

(6.7)

which is a very small number because k(03 — 62) = 4kh;h, is linear in h, when L
is sufficiently large. In the complex plane, the trajectory of z = e is a tightly
restricted arc on the unit circle as shown in the thick solid arc in Figure 6.3. Conse-
quently, 1 4 z is along the illustrated dotted arc.

Hence the interference term adds constructively to the LOS term since the very
small angle # implies that the interference term is approximately in phase with the
LOS term.

However, in reality, due to SNR limitations, the receiver cannot be arbitrarily far
away from the transmitter. The implied antenna pattern and near grazing effect, in
addition to the scattering from the surface, make the interference pattern a rather
complicated one.

A number of techniques can be used to combat the nulls encountered as the re-
ceiver height changes (Figure 6.2). Frequency diversity is a such technique. The
basic idea is that if the transmitter can transmit signals using multiple carrier fre-

quencies with the separation between center frequencies larger than the coherence
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Figure 6.3: Signal space representation of the interference from ground in the com-
plex plane

band of either channel, then at the receiver the received signals are independent,
thereby permitting optimal diversity combining [79]. One simple technique is to
always choose the received signal with the higher power (hence higher SNR). For
example, if the carrier frequencies are f; = 35 GHz and f; = fo(1 + 6), where ¢
is the frequency shift from f,, and if the maximal power of the two is chosen at
the receiver, then for a smooth surface, the interference patterns corresponding to
different 0 values are shown in Figure 6.4, from which we can determine the per-
centage of data points that fall below a preset power level as the received signal is
processed using maximal frequency diversity combining. This process leads to Fig-
ure 6.5. Now the diversity gain can be readily calculated, which is defined as the
difference in power levels with and without frequency diversity combining, above

which a preset percentage of data points attain a specified power level. For example,
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if only fo = 35 GHz is used, then there is 1% of data points with P,/P,, < —25 dB,
while 99% of data points with P,/P,y > —25 dB. On the other hand, if in addition
we have another channel with frequency f; = 1.05f; to provide frequency diversity,
then there is 1% of data points with P,./P,, < —12 dB, while 99% of data points
with P./P,s > —12 dB. Hence the diversity gain is 13.4 dB. The frequency diversity

gains are summarized in Table 6.1.

Relative Received Power —— VV
10 ; ‘

Receiver Height (m)

Figure 6.4: Forward interference pattern of the normalized received power P,/ P,q for
different carrier frequencies as a function of the receiver height above a
smooth surface. In this example, L = 1000m, h; = 3m.

By similar argument and treatment, we can also study the polarization gain by
selecting the received polarized signal with the higher power (hence higher SNR).
Thus for the same smooth surface, the interference patterns corresponding to differ-

ent polarizations are shown in Figure 6.2, while the percentage of data points that

fall below a preset power level as the received signal is processed using maximal
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Figure 6.5: Percentage of data points below a preset power level as the received signal
is processed using maximal frequency diversity combining. See Figure 6.4

for details.

Table 6.1: Frequency Diversity Gain

Percent Signal Level (dB) Signal Gain (dB)

fo | 5% | 10% | 20% | 5% | 10% | 20%

90 -11 | -3.5 | -0.8 1 7.5 1102 | 12

99 -25.2 | -11.8 | -75 | -4 | 134 17.7 | 21.2

99.9 -29 | -15 | 98 | 45| 14 | 19.2 | 24,5

99.99 |-29.5|-15.5|-10.1 | 4.8 | 14 | 194 | 24.7
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polarization diversity combining is shown in Figure 6.6.
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Figure 6.6: Percentage of data points below a preset power level as the received
signal is processed using maximal polarization diversity combining. See
Figure 77 for details.

6.3 Backward Measurement Technique

For remote sensing, one major concern is to extract physical properties of the
sensed target. Preferably, such extraction can be based on monostatic measurements
rather than bistatic measurements to avoid the difficulties encountered in the exper-
imental arrangement for the latter. In this regard, Baker et al. [5] tried to extract
bistatic cross section of a natural terrain from monostatic measurements with the
aid of a corner reflector being placed in the far field at the desired bistatic direction.
Sarabandi et al [82] attempted to extract the extinction coefficient from monostatic
measurements by using a metallic plane being placed behind the target.

In this section we shall investigate the use of a radar operated in the backscat-
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tering mode to infer the forward interference pattern that would be observed by a
communication system. The inference hence is in the statistical sense, which means
that we need to infer both coherent and incoherent components of the forward scat-
tered field from the backscatter response. Inference of the incoherent component has
been studied by Crispin [21] and Kell [55]. We shall concentrate ourselves with the
coherent component. We do so by measuring the backscatter from a metalic sphere
above the terrain surface of interest as a function of the height of the sphere above the
surface. Related work has been reported in the literature [39] [53] [67] [109], where
[563] provides a numerical study of the accuracy of the so called four-ray model, and
[39] [67] [109] focused on the calculation of the backscatter cross section, as opposed
to the interference pattern which is our main concern. Our study of the interference
pattern in this chapter progresses from a metallic sphere over a flat surface on to a
rough surface, and then to a grass-covered surface. We also consider the role of the
antenna pattern on the observed interference pattern.

We want to point out that this model can be used not only for the study of near
grazing surface reflectivity for line-of-sight communication applications, but also for
modeling the distorted radar signature of a target positioned above ground and
measured at grazing incidence. In target embedding techniques, the radar return of
a target, measured in free space, is embedded into a radar image of clutter only, and

target detection techniques are evaluated this way.
6.3.1 Antenna Pattern Excluded
The geometry configuration of the backward scattering case with the assistance

of a metallic sphere placed above a half space is shown in Figure 6.7.

Analytical solutions of the backscatter from such a simple setting are not readily
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Figure 6.7: Geometry for backward scattering from a metallic sphere above a smooth
surface

available due to the complexity of the half-space Green’s function. Rather, we will
adopt a widely applied simple four-ray approximate model. The accuracy of such
a model was studied in [53], leading to the conclusion that the basic premise of
the four-ray model holds well for scattering from an object above a half space, but
since this model includes only single scattering effects, its accuracy depends on how
significant the higher order effects are.

In this section, the antenna pattern is ignored. The surface is further assumed to
be specular, leaving the more general rough case to be treated in a later section.

Based on the four-ray model, the four components contained in the backscattered

field are shown symbolically in Figure 6.8 and written as:

E,=Ei + Ey,+ E3 + E, (6.8)
where
E e S (=810, 810)
1 = ir R, 1(— 105 10)?}31 s €1
B e—JkR1 _ e—JkR2 s .
E2 = Sl(—elo, 020) . (ph(el . h)h + ,01,(61 . U)’U) (69)

41 Ry 4m Ry
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Figure 6.8: Field components for the backscattering

where p, and p, are the reflection coefficients for TE and TM polarizations, respec-
tively, and iz,@ represent the TE and TM unit vectors, respectively. The relevant
angles are shown in Figure 6.9. For notational convenience, 7 — 6, is short written
as —fo in the sphere scattering functions, and 7 — 6y is short written as —f,. This

short notation will be used throughout this chapter.

™0

Figure 6.9: Convention of incident and scattered angles.

Similarly,
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— e kR o—ikR> o
E3 = 47rR1 Sl(_0207 010) 47TR2 ) (ph(él ° h)h + p’u(él - 1})’0)
2 - e Ih e e
E, = ey S1 (=029, 0) el (p(é1+-h)h + p2(é1 - 0)d) (6.10)

When writing out the field equations, we have incorporated the following facts:
1)the specular surface does not generate a cross-polarized field; 2) the incident wave
and the scattered wave of interest, as shown in Figure 6.8, are approximately copla-
nar; hence, there is no depolarization effect either.

Finally, the power can be written as:
|E,| = |E\ + By + E3 + E4° (6.11)

A typical interference pattern for the backscattered field is shown in Figure 6.10.
Again, the opposite reflection coefficient signs for VV and HH lead to the flipping of
extrema (maxima and minima). A more resounding feature is that both VV and HH
attain a 8 dB gain at maxima, rather than the 6 dB gain maximally attainable for
the forward interference case. This is because there are 4 terms in this backscattering
configuration in contrast to 2 terms in the forward scattering case; all 4 terms can
possibly act in phase and hence add constructively. The maximum interference gain
is 12 dB, which occurs when the magnitude of the reflection coefficient is 1 and all
four terms add constructively to provide a four-fold increase in field or 16 times in

power.

6.3.2 Backscatter Interference For a Rough Surface, with Antenna Pat-
tern Included

The geometry illustrated in Figure 6.11 depicts a radar observing a point target
above a rough surface interface.

In this case, the received field E, contains five components:

Er :E1+E2+E3+E4+E5 (612)
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W

Sphere Only

Height (mm)

Figure 6.10: Backscatter interference pattern of the o(dBsm) as a function of the

receiver height above a smooth surface with antenna pattern excluded.

The dots shown are the backscatter o(dBsm) from the sphere itself,
which serves as a base for calculating the interference gain/loss. In this

8.5m,e = 3, metallic sphere radius is 1.9 ¢cm, and antenna

height is 1.5 m.

example, L

Figure 6.11: Geometry of the backward scattering from a metallic sphere over a

rough surface with antenna pattern
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where each component is shown symbolically in Figure 6.12. The direct backscat-
tering component, Es, is ignored in the treatment because we are interested in near
grazing incidence, in which case the direct ground backscatter is very small compared
with the other components. Hence, we can again describe the received field E, by

the four-ray model.

E:

E 4 Es

DV N

Figure 6.12: Components of the backscattering field

Fields F, to E4 involve scattering from the surface. If the surface is rough, fields
E, to E, are all random variables. To keep the model tractable in calculating the
average received power density, we need a surface scattering model that is easy to
handle in order to get the higher-order moments of the scattering statistics. The
Kirchhoff model appears to be a good candidate, even though its region of validity
may not be strictly applicable to certain surface conditions. We will also modify this
model accordingly to alleviate mathematical complexity.

The direct backscatter from the sphere can be written as:

e—JkRL _ ik

Ey = fr(elr)msl(_elmelo)ft(elt) iR, - €1 (6.13)

where f;(f) and f.(f) are antenna pattern gains of the transmitter and receiver,

respectively. S 1(61, 02) is the bistatic scattering matrix of the sphere, and é; is the
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field of the incident wave.

For the surface-involved terms, we introduce certain symbols to simplify the ex-

pressions:

B e kR _ B ¢ JkR2

Ey = [fu(01,)——51(=010,02) - Es1(Fs, Ag)———

2 f( 1 ) ATk, 1( 10 20) 1(7" 0) AR,

_ e JkR1 _ 7 ¢ JkR:

E; = S1(=02,010) - Eso(Ag, 7s) f1(6

3 1T R, 1( 20, 10) 2( 0,7 )ft( lt) ArR,

B e—JkR1 _ _ B e—JkR2

E, = ———Fo(Ag,7s) - S1(=010,05) - Eq(rs, A 6.14
4 ArR, 2( 0 7“) 1( 10 20) 1(7“ 0) iR, ( )

where Esl(fs, Ay) refers to the total field at the sphere after scattering by A, the
region illuminated by the incidence wave and E,(Ay, 75) refers to the total field at
the receiver scattered by Ay after reflection by the sphere. Both scattered fields are

calculated similarly [93]:

By(7) = ikEo(I — hyk,) - /A 47 F(a, ) fa(8) )itk r (6.15)

0
where we introduce the antenna pattern f,(f') to recognize the effect of the non-
uniform wavefront due to the antenna pattern.

It is well known that higher-order scattering terms are dominated by the lower
order ones. To simplify the calculation, only the first-order term in Eq. 6.15 is
retained. Further simplification is introduced when calculating the power density,
where there are 16 terms involved, and the most computationally intensive term
requires 4-fold integration on Ay, or 8-fold integration on coordinates. Since the
directivity of the antenna is very high, we can assume a pencil-beam antenna whose

antenna pattern is represented approximately by a Kronecker delta function, i.e.,

Fa(0) = £a(0)5(F = Typec) (6.16)

where 7. is the imagined specular point on the surface for coherent waves. Using

Eq. 6.16 in Eq. 6.12-6.15, the field expression given by Eq. 6.12 is greatly simplified



168

to:
E, = Ey(1+ Age=IPMTspec) | Ay e=0BMTopec) | A4e_j2ﬁh(m’“)) (6.17)
where 3 = 2k cos6;,

e(—7kR1)

4dm Ry

By = fi(60)f.(61)(5 )2S1 (=010, 610)

A2 — ft(02) —]k R2 R1) Rl Sl( 0105 020
ft(el) R2 Sl( 0105 910
A3 — fr(92) ﬁk (R2—Ry) Rl Sl( 920,010

)
)
Ry Si(— 910,910)
Si(—
(—

fr(gl)
_ ft(92) r( ) e—Jk(RZ Rl)Rl 21 920,920)
A= S R 51(=0ro, 6r0) (6.18)

and p is the Fresnel reflection coefficient.
If we assume that the surface height h(7) follows a normal distribution, then

! 242

<) 5= 5 (6.19)

where s? is the variance of h(7). Now taking the ensemble average on both sides of

Eq. 6.17, and making use of Eq. 6.19, we obtain the coherent field as:
< E, >= Ey(1 + Ase ™75 + Age 75 4 A,e7i20) (6.20)

We observe that this treatment eliminates the need for correlation information,
and introduces an effective reflection coefficient p.sf as:

ﬁ22

pess =pel 7)) (6.21)
which is identical to that of physical optics (PO) [103]. For the power density calcu-
lation, after some algebra, we conclude that:

<|E*> = [Eol*(1+[Az]* + [As]” + |As* + 2Re(Ap)e 2~

2.2

+2Re(As e_ﬁTs + 2Re(A4 e_MTS + 2Re( A5 A%
3

52 52 2

+2Re(AsAY)e™ 7 + 2Re(Az A7)



= |E|

2
spec
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,6282

— 2‘E0|2[R6(A2 + A3 + AQAZ + A3AZ))(1 — G_T)

+2Re(AL)(1 — e 2]

(6.22)

2
spec

where |E| denotes the power density for the specular surface case, superscript *

denotes conjugate.
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Figure 6.13: Backscatter interference pattern of the o(dBsm) with antenna pattern
included as a function of the receiver height above a rough surface with
rms height s=1cm. The dots shown are the backscatter o(dBsm) from
the sphere itself, which serves as a base for calculating the interference
gain/loss. In this example, L=8.5m,e = 3, metallic sphere radius is
1.9cm, and antenna height is 1.5m.

The antenna pattern tends to attenuate the interference pattern and the rough-
ness tends to attenuate the gain, as shown in Figure 6.13. It is seen that the backscat-
ter o(dBsm) from the sphere itself decreases gradually as the sphere moves higher
and thus further away from the boresight direction of the antennas. For a radar sys-

tem with a beamwidth of 1.4°, o experiences a 7 dB drop as the sphere moves up 18

cm from the boresight direction. Meanwhile, due to the roughness of the surface, the
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effective reflection coefficient p.sf, as given in Eq. 6.21, is also smaller in magnitude.
Hence, the interference gain drops to 3 dB as compared to 8 dB for a smooth surface
(as was shown in Figure 6.10).

6.4 Equivalence Between Monostatic and Bistatic Scatter-
ing

The main purpose of using the backscatter technique is to infer the forward
scattered field from the measured backscattered field for practical considerations.
This section addresses this inference issue by establishing the equivalence between
monostatic and bistatic scattering for the coherent components. The conditions for
this equivalence relation to hold are also provided.

We shall start with the simple flat-surface case and then progress to the more-

complicated rough-surface case.

6.4.1 Case 1. Smooth Surface

In this case, there is no direct surface backscattering, that is, 5 = 0. For the

sake of clarity, we rewrite the other four components as follows:

e_ijl
By = (47rR1 )2ft(01t)fr(HIT)SPQ(_glm910)
e—ikR1 o—ikRs
Eopy = R, InR, J2(02¢) f(017) pSpq(—b20, 610)
e—ikR1 o—jkRs
Es,y = inR, mft(elt)fr(‘g%)pqu(_010a‘920)
e_ijQ
Eyy = (47rR2 )th(HZt)f'r‘(02r)p25pq(_920,920) (6.23)

where the subscripts p,q denote polarization configurations. The ability to factor the
summation

qu,b = Elpq + E2pq + E3pq + E4pq (6-24)

is the key to establishing the equivalence.
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We assume we can factor the summation as:
o—ikR1 o JkRs
(?ler(glr)hl + Hﬂfr(eh')ha)
o ikR1 o GkRs
( i, 1O e

Elpq + E2pq + E3pq + E4pq

pfi(02)hy)  (6.25)

where h; ~ hy are unknown functions to be determined. The solutions for h; ~ hy4 do

not exist in general, except for some special cases that meet the following conditions:

hihs = Spq(_eloa 910)
hihy = Spg(—ba0, 010)
hohs = Spg(—bho,020)
hohs = Spg(—0a0, 030) (6.26)

The fact that the scatterer is a sphere implies:
h1h3 = h2h4 (627)

For the copolarized fields, which are our main concern, the reciprocity theorem im-
plies:

h1h4 = h2h3 (628)

In view of the above, the following condition must hold:
hi=h3 = hy =+hy = h3 =+hy (6.29)

where the positive or negative signs are assumed simultaneously. Then the following

must hold:

Spp(—b10, b10) = £Spp(—b20, 010) (6.30)

If we concentrate on the absolute value, then the above result states: the bistatic

scattering magnitude must be sufficiently close to that of the monostatic magnitude.
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For a spherical scatterer, this condition can be satisfied when the scattering direction
is within 20 degrees of the incidence direction, that is, the bistatic range can be up
to 20 degrees.

So, if the biscattering direction is not far away from the backscattering direction

(say, within £20° range), then we have
Spp (=010, 610) & Spp(—b20, 010) (6.31)

Note that we have eliminated the minus sign due to the fact that these two terms
tend to be equal in both magnitude and phase [9].

Hence we can rewrite the backscatter field as:

Epp,b = Elpp + E2pp + E3pp + E4pp

—jkRy —jkRs
= (

e
IR fr(01r) + mﬂfr(aw))

—jkRy —jkRy

fe(01) + iR,

o—ikR: , . _ le (02 )
—019, 010)(1 Jhk(Ra—Ry) 2L Jr\72r
47 Ry )" Spp(—b10, 010) (1 + € R, fr(glr)p)

—jk(Ra— l)ﬁft(em)
(1 + ¢ KRR i ft(olt)p) (6.32)

The forward scattering field is:

(6
47TR1

= fr(alr)ft(elt)(

pft(92t))spp(_0107 610)

e Ik (1+ e—M(&—&)&M
A1 Ry Ry fr(01r) f1(611)

Epp.r = fr(017) f(01r) p) (6.33)

When the transmitter and receiver are both far enough away from the sphere,

the difference between 6, and 6y, is very small, and so is that between 6;; and 6.;.

The antenna pattern will satisfy %Z?:% ~ 1 and ;:EZ?S ~ 1. Consequently, we have

the following:

efijl

Elpp +E2pp + E3pp + E4pp = fr(elr)ft(elt) (?Rl)QSpp(—glo, 910)(1 +eijk(R27Rl)

Ry
i p)

(6.34)
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and

—jkR1 ) R
1 + e dh(Ra=F1) 2 6.35
R LT p) (6.35)

Eppr = Jr(01r) f1(612) Ry

which suggests the following relation between monostatic and bistatic scattering:

Spp(=010,010)

ot = 5 ) o 0n) 7 (6.36)

which indicates that the backward scattered field is proportional to the square of the
forward scattered field, within a factor determined by the backscatter of a metallic

sphere, antenna pattern and simple geometry.

6.4.2 Case 2. Rough Surface

Following the assumptions underlying Eq. (6.31), we can similarly factor Eq. (6.17)

as:

—jk(Rz—Rl)&fr(ew)ﬁ)
R2 fr(elr

eire roy B fi(02) -

jk(Ra—Ry) T4 JE\V2t 6.37
Ry i(0)") (6:37)

Ey = (1+e

(1+e

where p = pe 78h(Tsvec) is the effective reflection coefficient for a rough surface.
Taking into consideration the far field effect, the relation between monostatic and

bistatic scattering is identical to that of a smooth surface, namely:
_ Spp(_OIanlo)Ez

oo = 2 ) i) ! (6.38)

6.5 Experimental Results For The Backscatter Case

In the previous sections, to keep the model tractable, we made some simplifica-
tions. The four-ray model is used to calculate the backscatter fields. The validity of
this model needs to be checked against measured data.

The setup for the backscatter measurements is shown in Figure 6.14. We shall

start with the specular surface case. Given this configuration, to account for the
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Figure 6.14: Geometry of the forward and backward scattering with antenna pattern
for a rough surface

physical distance between the transmitter and receiver, the field components are

modified slightly to:

e JkRi1 o—jkRe1 _

By = Ar Ry AT R, Sl(gtlaérl)ft(etl)fr(grl) “é

efijt2 e*ij’,‘l — ~ _ A
B = AT Ry AR, S1(0s2,0r1) pefe(0r2) fr(Or1) - €1
efijtl e*]’kR’,-Q _ ~ _ )
By = 4r Ry 4w R, S1(041,0r2) pr f1(011) fr(6r2) - &1
e_ijt2 e—ijrg —

E4 = 47rRt2 47‘(‘RT2 Sl (éﬂ, érZ)ptprft(etg)fr(e,rQ) . él (639)

where the relevant items are defined in terms of the following quantities:

(1) the position vectors of receiver 7 and transmitter ¢ are given by:
ro= [ds/Q(COS ¢ - 1)a _ds/2 sin ¢a Hr]

t = [—ds/2(cos¢p+1),d,/2sin ¢, H,] (6.40)

where d; is the center-to-center distance from transmitter to receiver.
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(2) H, is the height of the antenna, and ¢ is the azimuth angle generated between
the transmitter and the receiver in Fig. 6.14.
The normalized direction vector of the transmitting antenna, which is the prop-

agation vector, is given by:
k= [sin @ sin ¢, sin 6 cos ¢, — cos 0] (6.41)

where 6 is the look angle. The position vectors of the sphere s and sphere image s

are :
5 = [0,L,hy
5§ = [0,L,—hy (6.42)
Let dist denote the distance operator. Then
Ry = dist(1,53)
Ry = dist(t,3)
R, = dist(F,5)

Ry = dist(F,3) (6.43)

and

O, = 0Oy (6.44)

We note that s is the vector from ¢ to s, or 5 — ¢.
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6.5.1 Perfectly Conducting Smooth Surface

The above formulation was verified by checking against measurements of a metal-
lic sphere over an aluminum plate. The size of the sheet was 2.4 m x 1.2 m x 3.2
mm. Absorbers were placed in front of the sheet to eliminate diffraction from the
front edge. The relevant parameters are: § = 80°, ¢ = 0.5°, L = 8.5m, H, = 1.50m,
f = 35 GHz. The measurements and simulations of VV and HH are shown in Fig-
ure 6.15(a) and Figure 6.15(b), respectively. It is seen that the measured pattern is
in close agreement with the pattern calculated based on theory.

Moreover, as mentioned before, this measurement technique holds the potential of
assisting inversion of some critical physical parameters, such as the effective reflection
coefficient. For instance, an inversion of the TM reflection coefficient based on the
measured data gives a value of 0.96, very close to the theoretic value of 1 for a

metallic sheet.

6.5.2 Smooth Sand Surface Case

The next experiment was to measure a refined sand surface(US Silica ASTM 50-
70) of uniform size distribution filling a wooden box of size 1.8 m x 1.05 m x 12.7
cm. Yet due to the limited available sand, the box had to be filled with styrofoam
on the bottom first. The thickness of the sand layer was 2 cm. The footprint of the
radar signal of the receiver with beamwidth 2.8° is comparable to the size of the box,
while that of the transmitter with beamwidth 4.2°, is larger.

Measurements were taken of a sphere over the smooth sand surface. The results
are shown in Figure 6.16(a) and Figure 6.16(b), respectively, along with the sim-
ulation based on the known dielectric constant for sand, which is 2.6. Both plots

show that the simple four-ray model approximately captures the scattering process
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Figure 6.15: Agreement between four-ray model and measurements of backscatter
radar cross section o(dBsm) interference pattern for a metallic sphere
over an aluminum plate. In this example, antenna height is 1.5 m, dis-
tance to sphere is 8.5 m, surface reflection coefficient is 1, and incidence
angle is 80°.
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under consideration, although the deviation shown may be attributable to volume

scattering and the limited thickness of the sand.

Sphere Over Smooth Sand -— VV
T T T T T

— VV - Meas
— — W-Simu
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(a) VV
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Figure 6.16: Agreement between four-ray model assuming perfect dielectric constant
of the medium (sand) and measurements of backscatter radar cross sec-
tion o(dBsm) interference pattern for a metallic sphere over a smooth
sand surface. In this example, antenna height is 1.5 m, L=8.5 m, inci-
dence angle is 80°, e = 2.6 — j0.1
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6.5.3 Rough Soil Surface Case

To investigate the interference pattern for a rough surface, fifty independent sam-
ples are obtained for each height of the sphere above a slightly wet rough soil surface.
The rms height of the rough surface is 1 cm.

Sphere Over Topsoil —— Ns=50
=20 T T

T
— VV - Meas
- Sphere only
— - VW -Simu

_50 L L L L L L
0

10 20 30 40 50 60 70
Height (mm)

Figure 6.17: Agreement between four-ray model assuming an effective reflection co-
efficient and measurements of backscatter radar cross section o(dBsm)
interference pattern for a metallic sphere over a rough soil surface with
rms height of 1cm. In this example, antenna height is 1.5 m, L=8.5
m, incidence angle is 80°, and the effective reflection coefficient along
boresight direction is 0.7. The number of independent samples used to
calculate the coherent field is 50.

The coherent fields of the measurements are shown in Figure 6.17. It clearly
shows an interference pattern ( large scale) with local random variations due to the
incoherent component. The four-ray model given by Eq. 6.39 and Eq. 6.21 is applied,

assuming an effective reflection coefficient of 0.7 at the boresight direction. Good

agreement between simulation and measurements is obtained, which suggests that the
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valid region of the simple four-ray model can be extended to a relatively complicated
setting such as a rough surface with rms height of 1 ¢cm, or ks = 27ws/\ = 7.3.
Nevertheless, the local variations raise the concern whether it is possible for the
coherent field to be so dominated by the incoherent component as the roughness
increases that the interference pattern becomes no longer discernible? If this is the
case, then the backscatter technique will fail to provide any inference of the forward
scattered field.

The answer to the above question depends on the ratio between the coherent and
incoherent power, which is equivalent to SNR in communication, and the number
of independent samples N. A detailed theoretical analysis of this topic is given in

Section 6.6.

6.5.4 Grass-Covered Surface Case

Grass-covered surfaces represent a more complicated situation. Similar to the
topsoil case, 50 independent samples were obtained for each sphere position. The
coherent field is shown in Figure 6.18. It is very difficult to tell whether or not the
measured variation contains a periodic interference pattern. Figure 6.19 shows that
the averaged incoherent component of the received power is the dominant compo-
nent since its average value is about 7 dB higher than the coherent component. A
simulated interference pattern is plotted against the measurements to illustrate to
what degree the interference pattern is destroyed.

The measurements were repeated to obtain 100 and 200 independent samples,
so as to reduce the effect of the incoherent component. Neither dataset provided a
discernible interference pattern, however.

The above observations elicit the following questions: given a SNR, how many
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Figure 6.18: Coherent component of VV backscattered field from a metallic sphere
over grass covered surface. 40 independent samples are used to calculate
the coherent field.
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Sphere Over Grass — Ns=40, Coherent
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Figure 6.19: Comparison between the measured coherent and average incoherent
components of VV backscattered field from a metallic sphere over a
grass-covered surface. 40 independent samples are used for all calcula-
tions.
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independent samples would be needed to establish a clear interference pattern?
Or more specifically, since the interference pattern describes the behavior of the
magnitude of the coherent field, the question is: how well can it be estimated for a

given SNR and a specified number of independent samples N?

6.6 Estimation of Backscatter Parameters
The measured backscattered field can be written as:
Ty =2+ Vp (6.45)

where z is the coherent field, v, ~ N(0,0%I;) represents the incoherent component,
o? is the incoherent power of either the real or imagery part of the field, I, is the
2 x 2 identity matrix to recognize the complex field.

To estimate |z| and o2, two methods can be used:

Method 1: Maximum likelihood (ML)

Define p = |z|. It is well known that r = |z,| follows a Rice distribution [103]:

p(r) = Lol — (2 4+ ) (2 (6.46)

202 o?
where I(+) is the modified Bessel function of 0-th order.

When N independent samples are available, the likelihood is

N

J =p(ri, e, .rn) = [[ p(ro) (6.47)
i=1
The ML method seeks such p and o that maximize J, or equivalently, In J:
Ny?
202

N
an:Zlnri—QNlna—

=1

> LA S AL

2
20 i=1

Solution for (i, o) may be obtained by solving:
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) InJ(p,0) 0
—1In o) =
Si Hs
0
%ln J(p,0) = 0 (6.49)
Because [nJ is highly nonlinear in structure, it is very difficult, if not impossi-

ble, to obtain a closed-form solution for Eq. 6.49. Nevertheless, we can still take

advantage of the following relation:
1N
N z ’[‘? = NQ + 20’2 = E(’["Q) (650)
r=1

Hence if we define v = %, Y= ﬁ, the pdf can be written as:

py(yly) = 2(1 + Yye' — [(1+ 7)y* + Lo (yy/v(1 +7)) (6.51)

which depends only on a single parameter, yv. A ML solution for v requires:

1 142y & yli(y)

1N
s ANPERE (6.52)
T+y Ny 47) = Do) N

where y, = 2y;1/7(1 + ), and I;(-) is the modified Bessel function of 1st order. It

comes as no surprise that a closed form analytic solution for + is still beyond our
reach. Hence, we have to resort to a numerical solution.

After the magnitude of 7 is determined numerically using Eq. 6.52, the result can
be used in conjunction with Eq. 6.50 to solve for p and o.

The ML estimator performance has two important attributes:

a) The ML estimator is biased, since the Rice distribution does not belong to the
exponential family [87].

b) The ML estimator is not a uniformly minimum variance estimator(UMVUE),
again due to the fact that the Rice distribution is not in the exponential family [87].

Method 2: Coherent averaging to estimate o and pu.

The coherent backscattered field after averaging over N independent samples is:

1 N

E:x—i-ﬁz%:x—f—@ (6.53)

n=1
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where v ~ N(0, z021,).

Let i = E(|z|) be the estimator of |z| = p, which is a biased estimator because

[7N (1% + 202 /N)Io(%5) + p2 I () )el — &4
E(‘i“) — 71'_((/1 o / ) 0(40— ) /‘L 1(40— ))e Ao ) (654)
8 o
which is not equal to |z| in general.
Now if we form the vector
Tip — Ty oo TNyp —Xp T1;— 5 -« TN; — T4 :|
and construct
1 N N
62 = [Z(xm" - jr)Q + Z(xm - 51)2] (655)
2N - 1 n=1 n=1

2

then we know 62 is an unbiased estimate of o2. Meanwhile, 62 follows a gamma

distribution.

The estimation uncertainties are:

Var(p) = (4°+ 2%) — E*(|z)) + (B(|7]) — p)?
Var@?) = ]3“_ 1 (6.56)

where Var stands for the variance.
To make use of SNR, which we define as v = g—z, we need to normalize the data

samples with respect to o. If we define y = /o, the new pdf is:

_ 20 +7)y 14+7 , 71 +7)

Let 7 = E(Jy|) be the estimator of /0. The mean and variance for this estimator
7) is given as:

TN

E(@) = (/= (v +2/N)Iy(Nv/4) + 7 (Ny/4))et = Nv/4)

Var(i) = (v+2/N)—E*(%) + (E() — v7)° (6.58)
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However, the expression for the ¢ estimator is much simpler:

E@G*) =1
Var(6*) = 2 (6.59)
2N -1 '

The asymptotic behavior of the estimator 7 as the number of independent samples

N goes to infinity merits some elaboration.
It is well known that for the modified Bessel function of p-th order, when the

argument z — 0,

+0(=)) (6.60)
where ;1 = 4p?.

Now when N — oo, we have the following:

o [N eny/4) N7/4
E(n) \/7 ((v+2/N) '727TN7 7 va 7 — Nv/4)

— V=

Var(n) — 0 (6.61)

SERS

which simply states that “the estimator provides an unbiased estimation” is approx-

imately true.

6.7 Forward Scattering Measurements

From the previous sections, it is seen that it is very difficult to measure the inter-
ference pattern of the coherent component from the backscatter measurements when
the field is highly disturbed by a random scattering medium, even after performing
coherent averaging with a large number of independent samples. Thus, it is difficult
to infer the forward scattered field from backscattered measurements of a sphere
over a volume scattering medium such as grass. Consequently, we need to resort to

forward scattering measurements.
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Yet what to measure? Another interference pattern as a function of the receiver
height? For smooth and slightly rough surfaces, we can expect some well behaved
interference pattern, which is helpful for diversity planning to combat signal nulls,
nulls that are usually associated with substantially low SNR at the receiver. Yet this
pattern becomes quite complicated when the surface is medium rough or covered
with vegetation such as grass. In such cases, regardless of the receiver position, the
received signal is the summation of multipath signals, and therefore subject to signal
fading.

From diversity theory, if statistical information of each path is available, then the
multipath signal can be processed in an optimal fashion to bridge the deep fading
gap [77]. Hence it is more important to characterize the channel response statistics
for any receiver position than to conduct the interference pattern measurement as a
function of receiver height. Such channel characterization is therefore the topic of
this section.

Since the channel response is the superposition of many scattered fields, we can
start by studying the scattered fields thereafter. If the field is scattered from a ho-
mogeneous random medium, then it follows a complex Gaussian distribution, which
is completely characterized by its mean and variance, or coherent and incoherent
parts of the scattered field. The homogeneous random media we chose included a

dry rough surface, a wet rough surface, and a grass-covered rough surface.
6.7.1 Measurements Description
The measurements were conducted using a 35 GHz network-analyzer based radar

system developed by the University of Michigan. Its specifications are summarized

in Table 6.2:
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Table 6.2: Network-Analyzer Based System

RF Frontend 35 GHz

Maximum Bandwidth 2 GHz

Transmitter Beamwidth 4.2°
sidelobe level -20 dB

Polarization isolation > 25dB

Polarizations trans. any
Receiver Beamwidth 2.1°
sidelobe level -20 dB

Polarization isolation > 25dB

The random medium (topsoil or grass) was placed on top of a turntable. The
transmitter and receiver were well aligned to be coplanar. The geometry of the

measurements is shown in Figure 6.20.

Tx
am \ Rx
3m

Figure 6.20: Setup for forward scattering measurements
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6.7.2 Measurements

Figure 6.21 shows the coherent power and phase of the forward scattered field
from a dry soil surface with a rms height of 8mm measured across the 35 GHz system
bandwidth. It is seen that HH is higher than VV, which is as expected since the
Fresnel coefficient for HH is higher than that for VV. Also the difference in phase
angle is 180°, as expected. The incoherent power is shown in Figure 6.22. It is several

dB higher than the coherent power level.

Soil (dry) VV and HH Mag Over BW —- Coh Avg of 120 Samples
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Figure 6.21: Coherent power and phase of the forward scattered field from a dry soil
surface with a rms height of 8mm measured across the 35 GHz system
bandwidth.

The same observations apply to measurements of the forward scattered field from
wet soil, as shown in Figures 6.23 and 6.24. In addition, it shows 1dB increase in

power level for both coherent and incoherent components, and slightly wider sepa-

ration between the copolarized coherent powers due to the increased reflection coef-
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Soil (dry) VV and HH Bistatic ¢ From 120 Samples
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Figure 6.22: Incoherent power of the forward scattered field from a dry soil surface
with a rms height of 8mm measured across the 35 GHz system band-
width.

ficient.

The measurements for grass-covered soil are shown in Figures 6.25 and 6.26, re-
spectively. The coherent components are contributed almost solely by the underlying
soil surface, since for a thin and long structure like grass, which can be modeled as

a straight line-dipole lying along the Z axis, the scattered field is [88]:

k? sinU
=—Ilp-P-q 6.62
where U is given by:
kl
U= 5(COS 05 — cosb;) (6.63)

Hence when [ is sufficiently large, the factor sin U/U approaches a delta func-
tion, which means that the scattered field is highly concentrated around the forward

propagation direction. One should notice that when 6; = 6;, the factor sinU/U
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Figure 6.23: Coherent power and phase of the forward scattered field from a wet soil

surface with a rms height of 8mm measured across the 35 GHz system
bandwidth.

degenerates to a delta function also.

It is seen that the HH coherent power level is 8dB down from that for the dry
soil surface, and the VV coherent power level is 11dB down from that of the dry soil
surface. This suggests that the grass layer serves as a highly attenuating medium,
with higher attenuation rate for VV due to the vertical structure of grass. Similar
observations are applicable to the incoherent components.

Figure 6.27 shows the magnitude and power statistics of the incoherent scattered
field. It is seen that the magnitude follows closely the Rayleigh distribution while the
power follows closely the exponential distribution, suggesting a circularly symmetric

complex Gaussian distribution.
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Figure 6.24: Incoherent power of the forward scattered field from a wet soil surface

with a rms height of 8mm measured across the 35 GHz system band-
width.

6.8 Relating Forward and Backward Scattered Incoherent
Powers

In this section, we try to relate the forward and backward incoherent powers
scattered from a volume scattering medium like grass with azimuthal symmetry.
At near grazing incidence of 80°, we conjecture that the backscatter is dominated
by the volume scattering from grass, hence it provides only information related to
volume scattering for the forward scattering case. The relations are best illustrated
in Figure 6.28.

We assume a simple scattering model for the forward scattering cross section of
the grass-covered ground:

oy =To,+ 0, (6.64)
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Figure 6.25: Coherent power and phase of the forward scattered field from a grass-
covered surface with a rms height of 8mm measured across the 35 GHz
system bandwidth.
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Grass VV and HH Bistatic o From 120 Samples
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Figure 6.26: Incoherent power of the forward scattered field from a grass-covered
surface with a rms height of 8mm measured across the 35 GHz system
bandwidth.
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Figure 6.27: Magnitude and power distributions of the incoherent component of the
forward scattered field from a grass-covered surface (bar graph). The
number of independent samples is 120. They follow closely the Rayleigh
and exponential distributions (broken lines), respectively.

Figure 6.28: Forward cross sections for a grass-covered surface and for the surface
only
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Table 6.3: Forward Scattering Measurements Data

Coherence Incoherence

\AY HH VvV HH

surface only | -21.21 | -18.92 | -14.58 | -12.30

surface+grass | -33.08 | -26.95 | -25.08 | -20.46

difference 11.87 | 8.03 | 11.50 | 8.16

which states that the total forward cross section o; is the sum of surface cross section
o4 being attenuated by the transmission coefficient I', and the volume cross section

0y. Since cross section is proportional to incoherent power, we can rewrite Eq. 6.64

as:
P,=TP,+P, (6.65)
or
Pt PU
— =TI+ — 6.66
P, * P, ( )

where P denotes incoherent power, and the subscripts bear the same meaning.

We shall try to determine the forward volume scattered incoherent power P,.
Assume both the coherent and incoherent powers are attenuated by the same rate.
From the measured data we can tabulate the relevant values as shown in Table 6.3(all
numbers are in dB):

Take VV for example. After substituting all the relevant numbers into Eq. 6.66,

we have:
10—10.5/10 — 10—11.87/10 + i
Pg
P,
= — = 0.024 = —-16.2dB
Pg

= P, = —14.58 —16.2 = —-30.78dB (6.67)
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This result is very close to the measured backscatter incoherent power of P, =
—30.92 dB. The good agreement between model prediction and measurements justi-

fies our conjecture.

6.9 Conclusion

In this chapter, an attempt was made to investigate the conditions under which
the backscatter technique can be used to substitute for forward scattering to circum-
vent the difficulties encountered in the experimental setup for forward scattering.
It is found that for a range of surface conditions from smooth to slightly rough
even to medium rough, the backward scattered fields were predicted using a four-ray
model to be in good agreement with the measurements, indicating the practicality of
such substitution in light of the equivalence between forward and backward scatter-
ing established in section 6.4. However, when a volume scattering medium such as
grass-covered surface is encountered, the four-ray model fails to predict the coherent
field given the high disturbance inherent in such medium. Forward scattering tech-
nique is called for use in such cases. Study of MMW forward scattering from rough
surface is the subject of next chapter.

As incoherent field is concerned, the backscatter measurements can provide good
estimation of the volume scattering if the medium is azimuthally symmetric. How-
ever, the incoherent component from the surface is almost missed in the backscat-

tering due to the near grazing incidence.



CHAPTER VII

Extension to the IEM Model to Incorporate
Antenna Pattern For Rough Surface Scattering

7.1 Introduction

In studying rough surface scattering, the Kirchhoff model and the small perturba-
tion model are among the most widely used models. Yet their efficiency is restricted
to small roughness or long correlation length surfaces. For instance, to study the
scattering of an incident plane wave with wavenumber £ from a rough surface with
rms height ¢ and correlation length [, the Kirchhoff model is used within the fol-
lowing restrictions: ko < 1.5 and kl > 6.28, and the validity region of the small
perturbation model (SPM) is ko < 0.3 and £l < 3.

To circumvent these limitations, the integral equation model (IEM) was recently
developed [34] and has become one of the most popular theoretical models for rough
surface scattering [63] [62] [13] [10] [20] [81] [24]. The IEM attempts to bridge the
gap between the validity regions of the Kirchhoff and the small perturbation model.
Moreover, it also attempts to include multiple-scattering effects as second order. This
model assumes a uniform plane wave incident upon the rough surface, then proceeds
to determine the tangential electric and magnetic fields, which are then decomposed

into a standard Kirchhoff and complementary components. Finally the Stratton-Chu

198
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integral is invoked in order to calculate the scattered far field from the rough surface.
Further extensions to the IEM model can be found in [45] [14] [44] [2] [36]. All of
the above variations found in the literature follow the original work in assuming a
uniform plane wave incident upon the rough surface. A comparison of backscattering
models for rough surfaces was provided in [13].

The IEM model is mostly used for the calculation of the backscatter or bistatic
scattering coefficients. In either of these cases, theoretical results, which are based
on the assumption of uniform plane wave incidence, are usually compared without
any danger with the measurements where the antenna pattern of the scatterometers
is accounted for by calibration. However, in the case of wireless communication,
the antenna pattern must be incorporated into the theoretical formulation for rough
surface scattering, because it is almost impossible to perform any calibration given
the constantly changing distance between the transmitter and receiver, the terrain
condition, and the incidence angles, just to name a few. It thus calls for modifications
to the conventional IEM formulation to address this issue.

Given the importance of including the antenna pattern into the theoretical formu-
lation for rough surface scattering, it might be assumed that at least some significant
work has been done in this regard. Yet surprisingly, such work can hardly be found
in the literature. The absence is mostly due to the detachment of the remote sensing
and wireless communication community. For the former, studying of the backscatter
or bistatic scattering coefficient from rough surface is of primary concern, where the
conventional IEM formulation has brought many plausible successes in explaining
radar calibrated measurements. For the latter, the critical channel characterization
problem is to determine the so called scattering function which tries to capture the

multipath and Doppler spreads in a compact form [79] [77].
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Studying the coherent and incoherent scattered fields at any specific point from a
rough surface, which is the main theme of this chapter, covers a wide range of realistic
wireless communication settings and can serve as a starting point for developing more
advanced models for more complicated terrain conditions such as vegetation-covered
rough surface.

Specifically, we shall derive the theoretical formulation for rough surface scat-
tering with the antenna pattern being taken into consideration. The derivation
basically follows the method outlined in [34] IEM formulation with two exceptions:
1) the antenna pattern is incorporated wherever is appropriate; 2) to avoid unnec-
essary numerical integration, the Fresnel region argument is adopted to identify the
effective illuminated area.

It is conceivable to keep the antenna pattern as generic as possible, except certain
restrictions are in order: 1) the antenna pattern is axially symmetrical with regard
to its boresight; 2) the antenna pattern affects the amplitude not the phase, which
is usually the assumption made for exponential beam; 3) the antenna pattern has
continuous first order partial derivatives with respect to its arguments.

This chapter is organized as follows. The IEM method will be recapitulated briefly
to provide the necessary background; then we derive the theoretical formulation for
rough surface scattering with the antenna pattern being taken into consideration;
calculation of the antenna pattern and its first order derivatives with respect to it
arguments are performed for two hypothetic antenna patterns, namely, sinc beam
and exponential beam; then some simulation results will be presented for different

settings. The last section concludes this chapter.
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7.2 ITEM Model

This section provides a brief summary of the IEM model as derived in [34], which
provides the base for our new treatment as detailed in the next section.

Assuming a uniform plane wave incident upon a rough surface:
E' = pEyel -1k} = pE (7.1)

where k; = l::,k is the wave propagation vector, and p is the unit polarization vector.

Let the incident and scattered directions be defined as shown in Fig. 7.1.

Figure 7.1: Geometry of rough surface scattering of an incident plane wave.

Then the propagation and polarization vectors are:

k; = k(Zsinfcos¢+ ysinfsing — Zcosh)
= ik, + ik, — 2k,
h = —Zsin ¢ + ¢ cos ¢

v = Zcosfcosp+ jcosfsing + Zsinb (7.2)
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for the incident wave and

ks = Fk(Zsinf,cos ¢s + §sinb;sin s + Z cos bs)
= iksw + gksy + 2ksz
hy, = Zsin ¢s — 1 COS P

v, = —xcosbscospg— ycosb,sinp, + Zsin b, (7.3)

for the scattered wave.
The tangential fields over the surface contain the standard Kirchhoff term and a

complementary term to represent the second-order multiple scattering:

(X E)g+ (nx E),

&
Il

n X

xH = (AxH)+ (A xH), (7.4)

>»

where the subscripts £ and ¢ denote the Kirchhoff and the complementary compo-

nents, respectively, and 7 is the surface vector with unit norm which is determined

by:
. =2+ 2
n= D, (7.5)
with Dy = /72 + 72 + 1, and Z, and Z, are local slope terms:
0z
Ly = —
ox
0z
Z, = — 7.6

where z = z(z,y) is the surface height at point (z,v).
The Kirchhoff tangential fields can be approximated as:
(Ax Bk ~ (1—R)AxHE

N x H)y, ~ (14 Ry)ix (k x 0)E*
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(14 Ry)7 X hE"

=
X
3
g
2

(1 =Ry x (k; x h)E (7.7)

=
S
X
3
z
2

where R and R, are TM and TE Fresnel reflection coefficients, respectively.
The complementary tangential fields can be approximated similarly.
In accordance with the Stratton-Chu integral, the scattered far field in the medium

above the rough surface can be written as

E: = c/q x ks (2 x By) +ng - (7 x H,)]elikD}ds (7.8)

where C' = (4@2 o R2€{ —Jk(R1+Ra)} , R and R, are the distances from the specular
point on the surface to the transmitter and to the receiver, respectively, as shown in
Figure 7.2.

Corresponding to the Kirchhoff and complementary components for the tangential

fields, the scattered fields contain also two components:

Egp = Ecljp + Egp (7.9)
where
Ef, = CBy [ fopet® 7 ds (7.10)
and
E,, = CEO / eliu(e—a ) +ivly—y ke T ke }dacdydx dy dudv (7.11)

Making use of Eq. 7.4, 7.7 and 7.10, the Kirchhoff coefficients are determined

as:

~

foo = —[(1 = Ry)hy- (2 x ) + (1+ Ry)0s - (i x h)] Dy

Jnn

Q

—[(1 = RL)hy - (A x ) 4+ (1 + Ry)d, - (A x h)]| D,

frw = [(1=R)b,- (A x 8) — (1+ R)hs - (7 x h)]Dy] (7.12)
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where R = R”;i.

It follows that the Kirchhoff coefficients f,, are linear functions of the surface
norm 7, which is in turn linear functions of the local slope terms Z, and Z,; terms
whose spatial dependence can be removed by performing integration by parts and
ignoring the edge term in the conventional way. The final simplification for the local

slope terms are found for the Kirchhoff coefficients f,, to be

kew — k
Zz — ST T
Fe 1 .
7, = —tw (7.13)
Y B ksz + kz '

These newly formed local slope terms Z,, Z, are used in Eq. 7.12 to simplify the

Kirchhoff coefficients. For instance,

2R
fvv = I

= m[sm@sm 0 — (1 + cos @ cos B,) cos(d; — B)] (7.14)

The expressions for the complementary coefficients Fy, are more complex than

for f,,. For instance, consider F,;:

Fu(wv) = =[(1= Ry)/g= (1= B)")(1 + Ry)C:
+[(1 - B))/g— (1+ Ry)/a)(1 - R))Cs
+[(1=R))/q— 1+ Ry)/(eq)](1+ R))Cs
0+ Bp/a = (L= Ry 71— By)Cy
+(L+ R))/g = (1= Ry /a](1 + R))Cs

+HA+Ry)/q— (1= Ry)/(prg)](1 — R))Co (7.15)

where

Cy = khy -7 x (7' x h)D, D, (7.16)
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and 7 is the local surface vector with unit norm at another point on the rough
surface, D| = \/Z;Z-l——Zg'f-l—l, g = VEZ—u2 =02, ¢ = \Jk} —u2—2, k is the
wave number in the space below the rough surface, and Cy ~ Cjy are defined in [34].

For the complementary coefficients Fy,, their local spatial dependencies can be

similarly eliminated and the results are:

7, = _ks;;:+u
kg, +v
7, = -t
4::@;“
7 If + v
Z, = ykz (7.17)

These newly formed local slope terms Z,, Z,, Z; and Z; are used in the Eq. 7.15

to simplify C ~ Cs for the complementary coefficients F,. For instance,

C, = kh,-nx(d xh)D,D,

= kcos¢s{cos¢ — %[(kw + u) cos ¢ + (k, + v) sin @]}
+k sin ¢4 {sin ¢ — %[(k;C +u)cos ¢+ (k, +v)sing|} (7.18)

7.3 Modified IEM

In the previous section, the scattered far field from a rough surface incident upon
by a uniform plane wave is decomposed into the standard Kirchhoff field and a
complementary field. The determination of the Kirchhoff field is completed through
the Kirchhoff coefficient fg,, while the complementary field is completed through the
complementary coefficient Fj,. In the case of nonuniform plane wave incidence due
to the incorporation of the antenna pattern, the above structure still holds, except

new expressions for both the Kirchhoff and complementary coefficients are expected.
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7.3.1 The Kirchhoff Coefficients f,,

Our starting point is to modify the Kirchhoff field equations Eq. 7.12 to incorpo-

rate the antenna pattern g(z,y):

fowo = =[(1= Ry)hs- (A x )+ (1+ Ry, - (i x h)|D1g(z,y)
fan = —[(1=Ry)hs-(AxD)+ (1+ R, (A x h)]Dig(z,y)

fwo & [(1=R)i, - (A x 8) — (1+ R)hy - (A x h)]D1g(z,y) (7.19)

Notice that the antenna pattern g(x,y) is actually the product of the antenna
patterns of the transmitter, g”*(z, y), and of the receiver, ¢®*(x, y).

Analogous to the conventional IEM formulation, we now seek to eliminate the
local spatial dependencies of the local slope terms Z, and Z,. We shall start with

Z, term and consider the following integral containing it:
E(’;p = CE, / Z49(z, y)e{j[(kSm_km)z+ksyy+(ksz—Hﬂz)z]}dxdy (7.20)

Upon applying integration by parts on the right side of the above equation, it

yields:

Ek — CE /d g(a:,y) {3l(kse—kz)z+ksyy+(ksz+k2)2]}
® ° yj(ksz - kz) ¢
gz(xa y) + ](ksw - kw)g(ma y)
_CE, /
° J(ksz - kZ)

e{j[(km—km)m-}-ksyy-}-(ksz-Hﬂz)z]}dxdy (7.21)

where g,(x,y) is the partial derivative of the antenna pattern g(z,y) with respect to
x. Similarly, g, (z,y) is the partial derivative with respect to y.
In Eq. 7.21, the first term is evaluated at the edge of the illuminated area in the

% coordinate, hence is negligible [6]. Comparing the second term with the right side
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of Eq. 7.20 implies the new identity for Z,:

gz(a:, y) + ](ksac - kz)g(ac, y)

Attention should be paid that in the above relation, Z, still carries local spatial
dependency through antenna pattern g(z,y) and its partial derivative g,(z,y), a
drawback which will be remedied later on.

Similarly, we obtain for Z,:

9y(7,y) + jkeyg(z,y)
](ksz - kz)

Zyg(z,y) = — (7.23)

Notice that f,, is linear in Z, and Z,, we can apply the superposition principle

to obtain a new expression for f,,. Taking f,, first.

fm) = fm;,F g(fL', y) + fvv,D (724)

where f,, r refers to the conventional IEM result for f,, assuming uniform plane wave
incidence, f,, p is the correction factor. Eq. 7.24 demonstrates that the Kirchhoff
coefficient f,,, when antenna pattern is incorporated, is the discounted version of
the conventional f,, r, plus a correction term f,, p. The correction term f,, p is

determined by:

fm;,D = %[_gy (.T, y) sind Sin(¢s - QS)

+(cos 0g(z,y) — gz(z,y) sin ) cos(¢s — @)]

—%[gu, ) cos 0, cos(ds — 8) + go(z,y)sind,]  (7.25)

Similarly, the new expressions for fj, and fj, are as follows:

fun = funp 9(x,y) + frn,p (7.26)
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where
_ (A-R)) .
fhh,D = m[cos 0, COS(¢5 - ¢)g($a y) + gw(xa y) sm es]
T g (o) sinBsin(o, - 0
+(9(2,y) cosO — gz (z,y) sin ) cos(ds — ¢)] (7.27)
and
fhv = fh'u,F 9(33, y) + fh'u,D (728)
where
frop = H[—gy(aa y) sin 6 cos 0 cos(ds — @)
—(g(z,y) cos8 — g,(x,y) sin ) cos O sin(ds — ¢)]
(1-R)

_mgy(x, y)cosfsinbs + (1 + R)g(x,y) sin(¢s — ¢) (7.29)

7.3.2 The Complimentary Coefficient F,

Our starting point is to modify the Kirchhoff field equations Eq. 7.15 to incor-
porate the antenna pattern g(z,y), which enters the equations through the primed
system.

Similar to the treatment of the local slope terms for the Kirchhoff coefficients,
upon applying integration by parts and eliminating the edge term, the new expres-

sions for the local slope terms are found to be:

U+ kg
Zy = —
kSZ
v+k
Z, = —— %
! ks
7 9, (@, y) + i (ke +w)g(z’,y)
’ k.
' (2 y) 4+ Gk, +v)g(@,y
7 _ W y)+ilky +v)g@,y) (7.30)

Y k2
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which demonstrates that the Z, and Z, terms are identical to that of the conventional
IEM, while Z, and Z;/ are modulated by the antenna pattern and its derivatives.
Consequently, although the general forms of the complementary coefficients Fj,
remain unchanged, C; ~ Cg in the F, expressions need to be recalculated. As an
example, we consider C; as expressed in Eq. 7.16. Upon substituting all the new

local slope terms into the surface vectors 7o and 7', it yields:

ksy +u

C: = k[(cos¢p — P

((ky + g2(z,9)k, + u) cos ¢

kSZ
+(ky + gy(z,y)k, + u) sin ¢)) cos ¢
ksy +v
kaSZ
+(ky + gy(z,y)k, + u) sin ¢)) sin ¢;] (7.31)

+(sin ¢ — (kg + gz(z,y)k, + u) cos ¢

A comparison between the new expression for C; as in Eq. 7.31 and the conven-
tional one as in Eq. 7.16 reveals that the modification is performed through substi-
tuting k, + g,(x,y)k, for k, and k, + g,(x, y)k, for k,, a natural consequence from
the new form of Z, and ZZ'/ as in Eq. 7.30 and the fact that C} is linear in both the
surface vectors 7 and 7. It is not difficult to verify that the same substitution rule
applies to the recalculation of Cy ~ (. For quick reference, all the C coefficients
C1 ~ Cg are listed in the appendix.

So far we have completed the reformulation of the Kirchhoff and the comple-
mentary coefficients when antenna pattern is considered. Yet the antenna pattern
is expressed in a generic form through g¢(x,y), g.(x,y) and g,(x,y). Specifications of

such antenna pattern is provided in the next section.
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7.4 Calculation of ¢(z,y), 9.(z,y) and g,(z,v)

The geometry of the wireless communication system above a rough surface is
shown in Fig. 7.2. It is obvious that the direct link field will be interfered by the
scattered field from the rough surface. The latter is affected by the geometry set-

ting, the dielectric constant of the rough surface, and the antenna patterns of the

transmitter and receiver.
 Z

/ First Fresnel Region
X

Figure 7.2: Geometry of a wireless line-of-sight communication system above rough
surface.

As mentioned before, the antenna pattern g(z,y) is the product of that of the

transmitter and the receiver, i.e.,

9(z,y) = ¢""(z,9)9™ (z,y) (7.32)

with its two partial first order direvatives:

9:(z,y) = 2% (x,v) g™ (x,y) + ¢" " (z, ) 95" (z, y)

gy(z,y) = g, (2, )™ (z,y) + 9" (x,9) 9" (,y) (7.33)

We shall assume the antenna pattern g?*(z,y) is a function of the angle between
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the direction from the transmitter to the specific point, P, and the direction of the
boresight. The same assumption holds for the receiver antenna pattern ¢/ (z,y). We
shall calculate g7*(z,y) and its partial direvatives as an illustration. For simplicity,
we shall refer to this angle by antenna pattern angle hereafter. We further assume
that the transmitter is always looking directly at the receiver, as shown in Fig. 7.2,
where the shown item (Q is the image of the receiver above the mean surface. Then

the antenna pattern angle for arbitrary point P can be calculated with
0 =cos™' < TyR,, T,P > (7.34)

where < - > denotes the inner product, T, R, refers to the unit vector pointing from
T, to R,.

Now the coordinates for the transmitter, the receiver, and the image of receiver

are:
T, : (0,0, H)
R, : (0,L,h)
Q : (0,L,—h) (7.35)

For any arbitrary point on the rough surface, P(z,y,z), the antenna pattern

angle can be determined as follows:

, T,R, T,P

= €08 < =——— TR TP P\
i (OLh H) (r,9.2—H)
\/LQ ’\/acQ—i-y?—l-(z—H)?
1 _OLR- H) (z,y,—H)
= \/L2 2’ /22 +y?> + H?
_ yL H(h H) ) (7.36)

\/L2 2z + 7 + H?
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In the above we have forced z = 0 in calcuating the antenna pattern angle because
the distance between the transmitter and the receiver is assumed to be sufficiently
large and the roughness is never comparable.

In what follows, the antenna pattern ¢g’®(z,y) and its derivatives g2%(x,y) and
gg ?(z,y) are specified for the specular point for reasons will be soon clear. The

coordinate for the specular point is:

Tsp = 0

H

= L .
Ysp T (7.37)

Two antenna patterns are considered here: one follows a sinc pattern and the

other represents an exponential beam.

7.4.1 Casel: Sinc Antenna Pattern

In this case, the antenna pattern is given by:

g7 (z,y) = sinc(B,0) (7.38)

It immediately follows that when specified to the specular point:

g7 = sinc(fy cosTH(7))
gfw,sp — 0
g = (h + H)[By cos™! () cos(By cos™1(7y)) — sin(By cos™(7))] (7.39)

BoH\/[(h + H)? + L2|[1 + g5 (cos ™ (7))?
where the superscript sp denotes specular point, and

12
Y= H—-h+ 315 _ (7.40)
\/[(h — H)2+ L?|[1 4+ m]
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7.4.2 Case2: Exponential Beam Antenna Pattern

In this case, the antenna pattern is given by:
9" (2, y) = e (7.41)

It immediately follows that when specified to the specular point:

g = oo ()
o = 0
g?,sp (h + H)ﬂoe{_ﬁo cos™1(7)} 2 (7.42)
H/[(h+ H)? + L?|[1 + 151
where ,
H-h+55 (7.43)

T VI — H)? + L2)[1 + 5]

7.5 Calculation of the Coherent and Incoherent Scattered
Field

When calculating the scattered field from a rough surface, the conventional way is
to perform the integral in the Stratton-Chu representation over the illuminated area.
Yet when the incident wave does not illuminate the rough surface even obliquely, as
in the communication case where the transmitter is directed towards the receiver,
only part of the energy through antenna pattern reaches the rough surface and gets
scattered. In this case, there is an ambiguity in how to determine the region over
which the integral is performed. Be it called the effective scattering region of the
rough surface, the determination of which is critical in the sense that an underes-
timate of this effective scattering region will render the calculated scattered field
inaccurate, while an overestimate of it will significantly increase the computational

burden.
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One approach is to follow the Fresnel zone argument. For a point source above a
specular plane, on which the locus of all points whose secondary radiation arrives with
a constant phase difference § with respect to the direct radiation at the observation
point forms an ellipse. A family of ellipses will result as ¢ is allowed to be increased
in steps of half wavelength. The first three ellipses in such family are shown in dotted
line in Fig. 7.3. The first zone is encompassed by the first ellipse, while successive
zones are bounded by two neighboring ellipses and have opposite average phases. As
a result, the secondary fields from adjacent zones, such as from the second and third
zones, or from the forth and fifth zones, will tend to cancel. Consequently, the first
Fresnel zone makes the most significant contribution of the field at the observation

point [6].

Figure 7.3: The Fresnel zones on a scattering rough surface.

We argue that the same conclusion holds for millimeter-wave scattering from a
rough surface even if there exists an antenna pattern as opposed to the isotropical
pattern by a point source. First of all, we should recall that the equal phase curve is
an ellipse on a specular surface. When the surface becomes rough, it induces some
distortion to the ellipses, as shown in Fig. 7.3. Yet the average distance between

neighboring ellipses is very small because the net traveling distances from the source
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to the observation point through the points on the distorted ellipses differ from each
other by only half wavelength. As a result, the contributions of the scattered field
from adjacent zones still tend to cancel each other in a patchwise way, for instance,
as from patches A; and A, as shown in Fig. 7.3. These patches are small enough
not to allow any appreciable change in the antenna pattern, hence the cancellation
mechanism still holds at the presence of antenna pattern. Consequently, again the
first Fresnel zone makes the most significant contribution to the scattered field at
the observation point.

Based on the observation that the first Fresnel zone contains the specular point
and that the antenna pattern does not change appreciably within this zone, it is
reasonable to let the antenna pattern and its partial derivatives be specified at the
specular point, which is done in the last section.

Having determined the effective scattering region to be the first Fresnel zone
on a rough surface, we are in a position to calculate the coherent and incoherent

components of the scattered field.
7.5.1 Scattered Coherent Field

The field at the receiver is the summation of direct field and the field being

scattered by the rough surface. That is,

Eqp = 7qp,1 + Eq 2 (7-44)

where only the second term is random, hence taking ensemble averaging of both sides
leads to:

< Eqp >= Eqp,1+ < Eqp,? > (7-45)

According to Eq. 7.9, the second term can be decomposed into the Kirchhoff term
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and complementary term:
< Epp>=<E},>+<E,> (7.46)

with each term being determined as follows. For the Kirchhoff term,
El, = CEy [ fueld07as
=
< El];p > = CEO/fqpe{j[(ksm—km)x‘i‘(ksy_ky)y]} < e{j(ksz+kz)} > dl*dy
— CE, / fypellksa kot oy —k)il} o0y g

2 )
CEqupe{_WU }/fqpe{][(ksz—kw)z+(ksy_ky)y]}dxdy

Q

{7 (ksz+kz)2
e 2

= 4n’CEyf, TV (ksy — k)0 (ksy — ky) (7.47)

In the above, we have assumed that the rough surface follows a normal distribu-
tion.
Similarly for the complementary term,

C EO

E¢ = {JU o= Jjo(y—y )+ike T—jkiT }

d:vdydx dy dudv

=

< E¢ > = %/que{ju(w—z’)+j'u(y—yl)—|—jk8ww—|—jksyy—jka@$’—jkyy’}

82

< elikestib:d} S dudydy’ dy dudv (7.48)

where 4(+) is the Kronecker delta function.
It is well known that the linear combination w = ky,z + k,z follows a normal

distribution with

E{w} = 0

Var{w} = k.,0° + k20?4 2k k.p(x —z ,y —y )o? (7.49)
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Hence

CE _ k2,482 o
<E§p > & 87r20que{ 5 -0}

. ’ . ' . .
/e{JU(w—x V+iv(y—y )+iksax+iksyy}

e{=ket' ~kwy —kuckzo™0la =2 w3}y dydey' dy dudy

CE() {_ (ksz+kz)?
p€ :

oz Y425 (ksy — ko) (ksy — k) (7.50)

In view of Eq. 7.46, 7.47 and 7.50, the coherent scattered field is

{_ (ksz+kz )2 2

F,
< E,, >= 41°CFEye T O (fp + 8—;2)5(k5$ — k)6 (ksy — ky) (7.51)

7.5.2 Incoherent Power of The Scattered Field

In the conventional IEM derivation of the incoherent power of the scattered field,
the Kirchhoff and complementary coefficients f,, and Fj, are kept in generic form.
The extended IEM formulation, reported in Section 7.3, modifies only f,, and Fy, to
incorporate the antenna pattern. Therefore, we can adopt the conventional expres-
sion for the incoherent power of the scattered field, except that f,, and F, should
be changed accordingly.

From [34], the incoherent power due to single scattering is given by:

E2A0 ]f { az(lc2+k§z)} mzty 2n| (ksz - k':m ]fsy - ky)

S

ap A RQ

(7.52)

n!

where A is the area of the effective scattering region on the rough surface, and

{—02%k,ks,} + (k?qup(_kma _ky) + (kZ)nqu(_ksma _ksy)

Igp = (ks: + kZ)nfqpe 9

(7.53)

and W"(ksy — kg, ksy — ky) is the roughness spectrum of the surface related to the
nth power of the surface correlation function. For a Gaussian correlation function,

we have:

12| [(ksw—ka)?+(ksy—ky) 202
Wn(ksw - kxa ksy - ky) { “ : -:"k S } (754)

2n
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where [ is the correlation length of the rough surface.
The incoherent power due to multiple scattering is given in [34].
In the above, fg, should be calculated using Eq. 7.24 ~ 7.29, and Fy, should be

calculated using the procedure described in section 7.3.2.

7.6 Numerical Illustrations

In this section, when the modified IEM method is used to study a rough sur-
face, the impacts of polarization, antenna pattern, beamwidth, surface roughness are
examined by simulations. Unless stated otherwise, the frequency is 35 GHz.

First, the relative magnitudes of the coherent components of the calculated fields
scattered from a rough surface using the modefied IEM method (E-IEM) and the
physical optical method (PO) are compared, as shown in Figure 7.4 using the mag-
nitude ratio. It is seen that the magnitude from E-IEM is several folds larger than
that from PO at small horizontal distance between the transmitter and receiver, then
decreases monotonically with increasing distance, eventually becomes smaller than
that from PO. Since larger distance is translated into larger incidence angle (from
the view of the specular point on the rough surface), the above states that at small
incidence angle, the magnitude from E-IEM is larger than that from PO, then it
decreases monotonically with increasing incidence angle.

Second, the coherent component of VV total field is compared to the free space
line-of-sight component, as shown in Figure 7.5. It is seen that the interference due
to the field scattered from the rough surface ranges from 2 to 10 dB, depends on the
horizontal distance between the transmitter and receiver.

Third, the coherent components of the copolarized VV and HH total fields are

compared in Figure 7.6. As expected, they are out of phase.
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Figure 7.4: Comparison between E-IEM and PO. In the simulation, H=3m,h=2.5m,
beadwidth is 5° for both transmitter and receiver, both assume exponen-
tial antenna pattern, ko = 0.8, kl = 4,¢, = 3.
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Magnitude of E,y Coherent Component by E-IEM
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Figure 7.5: Comparison between total and free space fields. All simulation parame-
ters are the same as in Figure 7.4.
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Figure 7.6: Comparison between VV and HH. All simulation parameters are the
same as in Figure 7.4.
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Forth, the effect of assuming different antenna patterns, namely, exponential
and sinc patterns, on the coherent component of the scattered field is examined in
Figure 7.7. It is seen that except at small horizontal distance, where sinc pattern
induces a sharp drop in signal level, for medium and large distances, both antenna
patterns show a resemblance of impacts.

Magnitude of Eyv Coherent Component for Diff Ant.Pattern E-IEM
=20 T T T T

T T
—— Exponential Ant. Pattern
— - Sinc Ant. Pattern

251

H=3m, h=2.5m, BW = 5deg for both Tx Rx
ko=0.8, kl=4

=30/ £=3
r

-35

Magnitude (dB)

-55 Il Il Il Il Il Il Il Il
50 100 150 200 250 300 350 400 450 500
Horizontal distance between Tx and Rx (m)

Figure 7.7: Comparison between exponential pattern and sinc pattern. All simula-
tion parameters are the same as in Figure 7.4, except the antenna pattern
is replaced with what is appropriate.

Fifth, the effect of antenna beamwidth on the coherent component of the scattered
field is examined in Figure 7.8. It shows that the impact of antenna beamwidth is
considerable when the beamwidth is very small, yet tends to saturate quickly as the
beamwidth increases.

Finally, the effect of surface roughness on the coherent component of the scattered

field is examined in Figure 7.9. It is seen that at near grazing incidence, roughness
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Magnitude of Received Coherent Fields by E-IEM
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Figure 7.8: Effect of antenna beamwidth. All simulation parameters are the same as
in Figure 7.4, except the horizontal distance L = 300m.

plays an negligible role.

7.7 Conclusion

Although IEM has shown to be suitable for studying scattering from a broad
range of different rough surfaces, it ignored the antenna pattern. Yet in the case
of wireless communication, the antenna pattern must be incorporated into the the-
oretical formulation. Such formulation was developed in this chapter. The impacts
of polarization, antenna pattern, beamwidth, surface roughness upon the scattered

field from a rough surface were examined by simulations.
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Magpnitude of Received Coherent Fields by E-IEM
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Figure 7.9: Effect of rough surface rms height.All simulation parameters are the same
as in Figure 7.4, except the horizontal distance L = 300m.



CHAPTER VIII

Conclusions and Directions for Future Work

In Chapter II, the topic of sensitivity to soil moisture for vegetation-covered land
by active and passive sensors at L. band was revisited. At such a low microwave
frequency, for the usually encountered vegetation covers such as grass and soybean,
which are electrically small in dimension, the conventional RTE was used to study
the scattering mechanisms.

In Chapter III the radar response of a soybean canopy was examined. The scat-
tering mechanism becomes more complex for a soybean canopy at C band. Since the
main concern was to develop an inversion algorithm for extracting water content,
biomass, rough surface rms height and soil moisture from the L, C bands measu
rements of soybean at 45° incidence, both the high order scattering approach and
the antenna array-like approach were ruled out due to the complexity and the lim-
ited measurement data available for inversion, respectively. Rather, assuming the
adoption of the conventional RTE technique, effort was focused on the characteriza-
tion of the dependence of the volume extinction coefficient k., and the phase matrix
P, two critical input parameters to RTE, upon the water content to the biomass.
Chapter IIT addressed all the relevant issues and provided discussions of the inversion

results.
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When the sensor frequency moves from the microwave to the millimeter-wave
regime, the scattering mechanism becomes even substantially more complicated,
mainly due to the dense medium nature of many natural media such as snow. For dry
snow, the conventional RTE was used, in conjunction with QCA, for studying the
backscatter due to the relative simplicity of the air-ice mixture approach. Moreover,
the different characterizations of the propagation properties of the dry snow media
provided by CRT and QCA were reconciliated and addressed in Chapter IV, along
with the modeling performance. Further discussion was also provided on the impact
of snow particle shape and surface roughness upon the backscatter.

Yet when snow becomes wet, as frequently encountered in diurnal observations,
the QCA approach for determining the volume extinction coefficient k. collapses due
to the severe violation of its assumptions. Encouraged by the success of conventional
RTE when applied to other dense media [56], the conventional RTE was adopted for
wet snow. This treatment was addressed in Chapter V where the thermodynamic
information was incorporated in the application of the model to explain diurnal
observations.

Pure incoherent power treatment is insufficient when it comes to the charac-
terization of a communication channel, where the interference statistics assume a
considerably important role. In such cases, the necessary electric-field based study
was given in Chapter VI. At 35 GHz, a simple Kirchhoff model was used for scat-
tering from rough surfaces. Based on it, a four-ray model was constructed to help
interpret the observed backward interference pattern. Moreover, to infer the forward
scattering behavior from the backward one, an equivalence relation between forward
and backward scattering was established. However, when the surface is very rough,

or covered by some vegetation such as grass, the backward interference pattern tends
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to disintegrate, even for a moderate number of independent samples. This calls for
techniques that can address both the coherent and incoherent components of the
scattered field from a rough surface directly. IEM is one such candidate, but it can-
not be applied directly in its current form because it assumes uniform plane wave
incidence. Such an approximation may not be valid or appropriate for calculating
the forward scattered field. Hence, the IEM formulation was revisited in Chapter VII
wherein the antenna electric-field pattern was incorporated in the calculation of the

field intercepted by the receive antenna.

8.1 Summary of Accomplishments

1. Evaluation of the sensitivity to soil moisture for both active and passive sensors
at L band. This evaluation brought to a conclusion a long disputed issue.

Implementation of the MIMICS model was extended to passive case.

2. Development of an inversion algorithm for extracting water content, biomass,
rough surface rms height and soil moisture from the L, C bands measurements

of soybean at 45° incidence.

3. Characterization and extensive measurements of MMW backscatter from snow

at near grazing incidence.

4. Development of MMW snow backscatter model for angular pattern at near

grazing incidence.

5. Development of MMW snow backscatter model for diurnal pattern at near

grazing incidence.

6. Characterization and measurements of backscatter interference pattern at 35

GHz over different terrain.
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7. Development of model to interpret the observed interference pattern.

8. Establishment of the equivalence between backscatter and forward scattering

interference pattern.

9. Extension of the conventional IEM model for rough surface scattering to incor-

porate antenna pattern.

8.2 Directions for Future Work

The directions for future work envisioned by the author are:

1. Extend the analysis of sensitivity to soil moisture to other frequencies, such as

C band.

2. Extend the inversion algorithm from a scalar version to a vector version. In-

corporate the dynamics of underlying soil surface roughness.

3. Characterize the shape, size and orientation of snow particle more accurately

through ground truth collection.

4. Use more advanced surface/volume scattering model to improve the predictive
power for cross-polarized backscatter for MMW snow diurnal measurements.
For instance, use the modified IEM model developed in Chapter VII to calculate

the rough air-snow interface scattering.

5. Develop more advanced model for scattering from vegetation covered terrain in
the interference study. Use the modified IEM model developed in Chapter VII
rather than the Kirchhoff model to calculate the scattered field from the rough

surface in the four-ray model.



228

6. Study more realistic antenna pattern other than the hypothetic exponential

beam or sinc pattern in the modified IEM model.
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APPENDIX A

C coefficients of F|, for the modified IEM

ksp +u
k,

kSZ
+(ky + gy(z,y)k, + u) sin @)) cos ¢
kg + v
kzksz
+(ky + gy(% y)kz + u) sin ¢)) sin ¢s] (A-l)

— K[(cos§ — (ke + ga(, 1)k, + ) cos 6

+(sin ¢ — (ks + go(z,y)k: + u) cos ¢

cos ¢ cos
kSZ

(k:c + gw(xa y)kz + U)U -

sin ¢ cos 6
kSZ
cos ¢ cos 0
kZ

(ksg +u)u +

= —Cos ¢s[ (ksw + ’U,)’U

sin ¢ cos 6
k.
sin 6

+ﬁ((ksz + u) (ks + 9. (z, y)k, + u)u

+(ksz + u)(ky + gy (7, y)k. + v)V)]
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