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CHAPTER 1

INTRODUCTION

The need for compact and affordable sensors capable of detecting and tracking
man-made targets in the presence of clutter has attained significant prominence over
the past decade. Millimeter wave sensors have been proposed for these applications
because of their compact size, high resolution, and their ability to work in, almost,
all weather conditions. Recent developments in millimeter-wave (MMW) technology

have made MMW radars a viable approach for these applications.

Scattering by man-made targets in the presence of clutter is a very complex prob-
lem that involves a large number of parameters. These include the system parameters
(incidence angle, system bandwidth, footprint area, etc.), parameters associated with
man-made target (strength of the radar backscatter from the man-made target, fre-
quency response, etc.), and clutter parameters (homogeneity of the clutter, physical
parameters, water content, etc.). The high degree of complexity of the scattering

problemn along with the large number of parameters involved make the detection and



tracking problems very convoluted. Hence. an accurate characterization of MMW po-
larimetric radar backscatter from clutter (the background) is an essential component
in designing the optimal sensor and in developing detection algorithms. Of special
importance is the characterization of the radar backscatter from tree trunks since
they represent a major class of targets that may be confused with man-made targets
by a MMW radar. This confusion is expected in power-based detection algorithms
due to the anticipated high radar cross section (RCS) of tree trunks compared to
other types of clutter. The high RCS of tree trunks is expected because of their
vertical physical extents, as well as the bistatic nature of the scattering process. This
expectation was confirmed by an observation reported by researchers at the Army
Research Laboratory (ARL) [54]. It was observed that in forested areas synthetic
aperture radar (SAR) images at near grazing angles had several bright pixels with
RCS levels on the order of magnitude of those associated with man-made targets

(vehicles). These bright pixels were found to correspond to tree trunks.

In addition, because of the large variation in shape, size, and material of man-made
targets, the backscatter from a man-made target is difficult to specify, particularly
at MMW frequencies where the wavelength is much smaller than the dimensions of
the man-made target. This behavior of the backscatter from man-made targets adds
more complexity to the scattering problem and makes it more difficult to develop
an efficient detection algorithm that is capable of detecting man-made targets in the
presence of clutter. One of the basic ideas to enhance the capabilities of detection al-
gorithms is to increase their input information. Along this line, many approaches have

2



been introduced and applied to enhance the detection capabilities of remote sensing

systemns. These approaches can be divided into two main categories as follows:

[- Performing more radar measurements
An examples of this approach involves the introduction of polarimetric mea-
surements instead of power-only measurements. Another example involves the

data fusion of multiple sensors output [51].

[I- Exploiting more features from the available radar measurements
Examples of this approach are the E-pulse technique [11, 10], and the use of
information from both time and frequency domains, combined together, to make

a detection decision [38].

Comparing these two approaches. the first one is expected to lead to better results.

but it also implies larger sensor size and greater cost.

For a number of proposed applications, such as vehicle collision-avoidance sys-
tems and low-alititude military target detection sensors, the configuration is such that
a MMW radar will be operated at near grazing incidence. Although, numerous inves-
tigations and extensive measurements of the radar backscatter from terrain have been
conducted over the past three decades at centimeter wavelengths, far fewer observa-
tions have been made at millimeter wavelengths, particularly at near grazing angles
(high incidence angles). Therefore, this thesis is intended to fill the gap of available
information at MMW frequencies with a focus on near-grazing incidence as a step
towards the development of optimal remote sensing systems that have the ability to

3



detect and track man-made targets in the presence of clutter.

1.1 Motivation

Electromagnetic (EM) wave scattering by terrain is a stochastic process, as op-
posed to a deterministic process. Many models had been proposed, at lower frequen-
cies, to characterize the statistics of EM scattering by natural terrain. Among those
models are (a) the popular model of Rayleigh fading [16], (b) several non-Rayleigh
fading models including, among others, the log-normal distribution, and the Rician
distributien, {16, 36, 47], and (c) the K-distribution, which have been used in many
observational studies [9, 31, 46]. While model (a) was mostly applied on cases of sta-
tistically homogeneous terrain, the models in (b) and (c) were in general reported for
heterogeneous terrain. Moreover, these models were based on data at lower frequen-
cies. hence, not necessarily applicable at MMW frequencies. The differences among
these models may be attributed to the differences in the degree of homogeneity of the
terrain under consideration, but this explanation needs to be examined more rigor-
ously, which in turn requires the availability of a reliable data set of MMW scattering

for various types of terrain at angles near grazing incidence.

In addition to the need to examine the statistical and angular variability of MMW
scattering by terrain at near grazing angles, scattering by tree trunks is a component

of particular importance that also needs to be considered. Many studies have been



performed. such as those reported in [33, 17], to analyze and model electromagnetic
scattering by tree canopies. Other studies focused on the scattering by the trunk
segment of forested areas [35, 50]. In any study that deals with electromagnetic inter-
action among tree trunks or between tree trunks and the ground plane underneath,
a model for the scattering by tree trunks must be involved. In some studies such
as [35, 48], the tree trunk is approximated as a smooth dielectric cylinder of finite
length. This approximation is valid only at low frequencies where the roughness com-
ponent of the trunk surface is much smaller than the wavelength. In other studies
[32. 33. 49|, the rough layer (the bark layer) of the tree trunk is approximated by
an equivalent periodically corrugated dielectric layer of dielectric constant different
from that of the internal layers of the trunk. This second approach is also not valid
at MMW frequencies because of the following reasons: (a) the electromagnetic wave
is attenuated by the bark layer and the wave that penetrates the air-trunk bound-
ary into the trunk interior is highly attenuated, (b) the rough layer for many tree
species is inappropriate to be considered as a periodic series of grooves, and (c) due
to the short wavelength at MMW frequencies ( A =~ 3 mm at 95 GHz), any ir-
regularity in the assumed periodicity of the grooves on the order of A/10 ( ~ 0.3

mm at 95 GHz) results in a violation of the basic assumption of this second approach.

The lack of reliability and experimental verification of the current models at MMW
frequencies raises the need for the development of an accurate model for MMW scat-
tering by tree trunks that is capable of handling trunks with arbitrary roughness
parameters. Hence, the candidate approach for modeling the scattering by a tree
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trunk at MMW frequencies is to treat it as a rough, dielectric cylinder. For a cylin-
der with a slightly rough surface, the small perturbation method is applicable, as
reported in [8. 27], but for very rough surfaces, corresponding to MMW frequencies,
no studies have thus far (to our knowledge) been reported on scattering by rough
cylinders. This need for an accurate and a general model for scattering by rough,
lossy, dielectric cylinder and its application to tree trunks at MMW frequencies (high
frequencies in general) represents a main motivation for carrying out this part of
the research. Such a model is also needed in order to study the phenomenon of oc-

currence of high RCS values by tree trunks and to calculate the associated probability.

The modeling and characterization of the scattering by terrain and tree trunks
were originally aimed to contribute to enhance the performance of detection algo-
rithms. Other factors that deepened our interest in studying the detection problem
and narrowed our focus to resolving the possible confusion between man-made tar-
gets and tree trunks were: (a) the challenging complexity of the problem of detecting
man-made targets in the presence of clutter along with the concurrent need of a num-
ber of remote sensing applications, such as vehicle collision-avoidance systems and
low-altitude military target detection systems, for this detection ability, and (b) the
confusion between tree trunks and man-made targets reported by researchers at ARL

[54].



1.2 Outline

In this thesis we study and analyze MMW scattering by natural terrain, at near
grazing angles, in general and by tree trunks in particular. In addition, we deploy the
characterization of the scattering from terrain and tree trunks at MMW frequencies
and at low grazing angle to study the problem of detecting man-made targets in the

presence of clutter.

The study of MMW scattering by natural terrain, Chapter 2, includes: (a) mod-
eling the characteristics of the statistical variability of the radar backscatter from
natural terrain, and (b) studying the angular variability and the dynamic range of

the backscattering coefficient of various types of terrain at near grazing angles.

Scattering by tree trunks ended up being a major focus of this study. Radar
scattering by a rough, lossy, dielectric cylinder is examined as a model for charac-
terizing the scattering by tree trunks. In Chapter 3, we present analytical models
for the coherent and incoherent components of the scattering by a rough, lossy, di-
electric cylinder. Also, we verified the validity of these models and examined their
accuracy experimentally. In Chapter 4 we present the details and results of a series
of experiments that were conducted to: (a) measure the dielectric constant of the
wooden material of the tree trunk, (b) verify the assumption that the bark layer is
lossy enough to hide, from a radar standpoint, the interior dielectric structure of the

trunk, (c) incorporate the radar system impulse response into the theoretical model



predictions, (d) measure the coherent and incoherent angular backscatter responses
of a rough, conducting cylinder and a section of tree trunk to compare them to the
theoretical model predictions, and (e) measure the roughness parameters of the rough
cylinder and the section of the tree trunk . These experimental measurements along
with the incoherent model were deployed, in Chapter 3, to study the possibility of oc-
currence of high RCS value from tree trunks. In addition, in Chapter 5, we introduce
a methodology to calculate the probability of occurrence of high RCS values from a

tree trunk above a ground plane.

Another topic that we considered in this thesis is a way to resolve the possible
confusion (which occurs with power-based detection algorithms) between tree trunks
and man-made targets. Two general approaches to resolve such a confusion were
identified through a search of the literature. These approaches are: (a) performing
more radar measurements, and (b) exploiting more features from the available radar
measurements. To that end. we adopted approach (b). Towards that, in Chapter
6, we present an analytical study of the characteristics of the frequency correlation
function (FCF) from the detection standpoint and relate these characteristics to the
time-domain scattered signal. In Chapter 7, we report on an outdoor measurement
campaign that was designed and conducted to investigate the use of an FCF-based
features in detection. The results of this campaign led to the introduction of the
FCF bandwidth (FCFBW) as a detection feature. In addition, in Chapter 7 we
developed an FCFBW-based detection algorithm and evaluated its performance. A
more rigorous study of the characteristics of the FCF and its relation to the type of
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targets (terrain versus single scatterer) and relevant system parameters is performed
using numerical simulation. The details of the numerical simulation are presented
in Chapter 8. Also in this Chapter, we introduce three more FCF-based detection
features (in addition to FCFBW) and use them to develop an enhanced detection

algorithm.



CHAPTER 2

MMW SCATTERING BY TERRAIN AT NEAR

GRAZING ANGLES

2.1 Introduction

When we characterize the radar backscatter behavior of a target, be that a point
target —such as a truck, a fence, or an urban feature— or a distributed target —
such as a field of corn or a forest canopy— we usually do so in terms of two sets
of parameters: the target parameters and the sensor parameters. The target pa-
rameters include shape factors and dielectric attributes, and the sensor parameters
include the wave frequency f, the incidence angle 6, the receive-transmit polarization
configuration (such as HV for a horizontally polarized receiver and a vertically polar-
ized transmitter), and (possibly) the dimensions of the cell illuminated by the radar
antenna. In the microwave region, numerous investigations and extensive measure-
ments of the backscatter from terrain have been made over the past three decades

at centimeter wavelengths, but much fewer observations have been made at millime-
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ter wavelengths. particularly at high incidence angles (low grazing angles). In this
chapter we will study the MMW backscatter from natural terrain at near grazing

angles with focus on 95 GHz. The study in this chapter were performed to answer

the following questions:

1. What is the statistical model of the backscatter from homogeneous/heterogeneous
terrain at MMW frequencies and at near grazing angles?, is there a universal
statistical model for the backscatter from terrain?. and if not, what are the
reasons behind differences among statistical models proposed in the literature

for the backscatter from terrain?.

N

What is the dynamic range of the backscatter from homogeneous terrain at
MMW frequencies and at near grazing angles?, and how does the backscattered

signal (in volt amplitude or power amplitude) depend on the angle of incidence?.

By way of introducing some of the terms we intend to use in this chapter, let us
consider the hypothetical scene depicted in Fig. 2.1. The scene consists of several
fields of vegetation (grass, for example) at various stages of growth. Each field is sta-
tistically homogeneous, meaning that it exhibits the same local statistics (in terms of
plant height. density, water content, etc.) for any location within that field. The scene
is imaged by a distant radar with resolution-cell area A at the range corresponding
to the scene under consideration. The dimensions of A are such that: on one hand,
each cell contains many randomly distributed scatterers, thereby satisfying one of the
assumptions of the Rayleigh fading statistics [16], while on the other hand A is much

11



Ficld #1 Field #2

cell(1,1)

cell(1,N)

cell(iy)

cell(M,1)

Field #(M-1) Field #M

Figure 2.1: Illustration of a radar image of a scene consisting of M fields of vegetation,

with each field occupied by N illuminated cells.

smaller than the overall field dimensions. Because of this latter feature, the number
of cells N contained in each field is sufficiently large as to allow us to examine the
statistical properties of the radar backscatter variation across a given field. Each cell

in the scene is denoted by a combination of two indices, i and j, defined as follows:

- 1 = field index, with t = 1,2,--- , M fields,

- j = cell index within a field, with 7 =1,2,--- , N cells.
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The radar response can be characterized by the following quantities:

— oa(i,j) = o(i,7)/A = radar cross section per unit area of cell (. j),
1 N

- o = < oa(i,j) >= ~ Z o4(i,j) = scattering coefficient of field ¢,
N =

— pi(c4) = probability density function (pdf) of o4 for all cells of field 7, and

— p(os) = pdf of o4 for all cells of all fields within the scene.

In terms of the scene depicted in Fig. 2.1, p;(c1) might be the pdf of one of
the fields of vegetation, whereas p(c4) would be the pdf for the entire class of veg-
etation (all fields) present in the scene. We make this distinction for an important
reason. Many papers appear in the literature in which the authors have fitted radar
backscatter data from terrain, often referred to as radar clutter, to the K-distribution
(9. 31. 46], implying that the Rayleigh fading model [16] is inapplicable. As we stated
before, in this chapter, we aim to characterize the statistics of the radar backscatter
from homogeneous terrain, like field i in the hypothetical scene of Fig. 2.1, and from
heterogeneous terrain, like the whole scene of Fig. 2.1. In addition, we will investigate
and search the reasons behind differences among statistical models proposed in the

literature for the backscatter from terrain.

The Rayleigh model is based on three main assumptions:

(a) each cell should contain large number of scatterers to satisfy the central limit

theory upon which the Rayleigh statistical model is based,
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(b) the scatterers should be randomly distributed in location within the radar-

illuminated cell so as to satisfy the assumption that the returns are characterized

by a uniform phase distribution, and

(c) the strengths of the returns from the scatterers are comparable in magnitude,
or, equivalently, that no individual (or few) scatterer(s) should dominate over

the others.

These conditions are usually satisfied for any terrain target with statistically ho-
mogeneous properties, so long as the cell dimensions are much larger than the dimen-

sions of individual scatterers.

According to the Rayleigh statistical model, the total backscattered signal from
terrain is a complex random quantity, its phase is a uniform (0, 27) random variable,
and its real and imaginary parts are uncorrelated, zero-mean Gaussian random vari-
ables. In other words, if we presented the backscattered signal in the scattering matrix

format. any element of the scattering matrix (denoted by S) would be presented as:
S =5,¢° =5 + ;5" (2.1)

where S’ and S” are the real and imaginary parts of S, respectively. Hence, S’ and
5" are uncorrelated, zero-mean Gaussian random variables, and we can express the

pdf of &, S’, and S” as:

, 1
1 G2
PIE) = T T s s (2:2)
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whereo = VvV §?2 = v/ §7 , with the bar over the variable refers to its statistical
average. Based on these pdf’s of S, §”, and ¢ we can derive the pdf of the amplitude
and of the power of the backscattered signal which are found to be of Rayleigh and

exponential distribution as follows:

52
pA(S,) = 5oy o550 (2.3)
pU(S) = pdf(P) = & (P17 (2.4)

In what follows, we will describe the sources of the data used in this study as
well as the setup used in data acquisition, data processing steps, and the terrain
classification procedure, Sections 2.2 - 2.3. In Section 2.4, we will study and model
the statistics of the radar backscatter from both homogeneous and heterogeneous
terrain. In that section, we will consider the statistics of the real and imaginary
parts, the voltage amplitude, and the power of the backscattered signal for both the
cross and copolarizations. The statistical analysis will be followed, in Section 2.5, by
a study of the angular variability of the signal backscattered from various types of

terrain at near grazing angles.

2.2 Data Sources

This study is based on an extensive data set acquired at 95 GHz. This data set
was acquired by a polarimetric scatterometer system belonging to the Army Research
Laboratory, ARL. The ARL system is a pulse radar that operates in a frequency
stepped mode between 95 and 95.64 GHz [40]. It is configured to transmit 100-ns
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long pulses (with an equivalent range resolution of 15 m) at 45 W peak power and a
pulse repetition frequency of 10 KHz. Using a 6-inch diameter horn antenna operated
in a monostatic mode, the effective two-way antenna beamwidth is 1°. The radar op-
erates in a fully coherent mode and can measure the scattering matrix of a target
in either the linear, V/H, polarization coordinate system or the circular, LHC/RHC,
polarization system. A total of five different calibration targets are employed in the
calibration procedure. When deployed in the field for measuring the backscatter
from terrain, the radar is mounted on an elevation-over-azimuth computer-controlled
pedestal at a height of about 10 m above ground level. At a grazing angle of 3.4°,
the dimensions of the ground cell measured by the radar are 2.9 m in azimuth and
about 15 m in range. For the purpose of random noise reduction, the measurements
of each cell were repeated at least 8 times (ramps) at all of the 64 frequency steps,
so those measurements were averaged coherently while recalibrating the data. This
system operates in an imaging mode where it scans a certain area of terrain. The
backscattered signal from the terrain is then stored on a computer disk while, in the
same time, the optical image of the cells being measured are stored on video tapes.
The video tape real-time optical images has, on top of the optical image, the cell co-
ordinates and the measurement time stamp printed as a legend at the bottom of the
screen. The radar image data was obtained over periods of 6-7 weeks at Yuma, AZ in
1992 and at Grayling, MI in 1992 and 1994. During each campaign of measurements
the same area of terrain was observed repeatedly at random times within this 6-7

week periods. Each of these observations is called a mission.
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Each cell (a pixel in the radar image) of the scanned terrain were observed at
each of the 64 equally spaced (by 10 MHz) frequencies extending between 95 and
95.64 GHz. For this radar system, which has a range resolution AR = 15 m, the
decorrelation bandwidth Af is given by [16, p. 72]:

150 :
Af ~ EMHZ = 10 MHz. (2.

[S™]
[W]]
~—

Hence, the multi-frequency radar observations are statistically independent, which
means that the total number of statistically independent samples of any type available
from a given mission (one-time observation of a scene) is 64NV, where V. is the number

of terrain cells of this specific type.

2.3 Data Extraction and Processing

The optical real-time video images of the missions of terrain scanning were browsed
and 7 different types of homogeneous terrain were identified. Those types are: de-
ciduous tree canopy, coniferous tree canopy, bare soil, short grass, bushes, wet snow
cover. and fresh snow cover. The radar linear polarization (H/V polarization system)

backscatter data of more than 2000 cells of those types of terrain were extracted.

The acquired data were calibrated by the ARL as follows:

1. A-to-D offsets are subtracted.

[V

. I/Q receiver amplitude and minor phase distortions are removed.

3. Radar-dependent polarimetric distortions are removed using Barnes’ matrix
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technique (this removes cross-polarization leakage and frequency-dependent am-
plitude and phase errors). The result is radar-cross-section in units of squared

meters and phase in radians.

4. A range correction is applied. Amplitude units are converted to dBm?2.

But, since the ARL calibration procedure does not consider the effect of the an-
tenna pattern on the acquired data, we wrote a code to correct the data for the

antenna effect or the illuminated area effect.

Polarimetric

Radar
V ---------------------------- Horizontal
9, 1)
AN RS
Tl
5
2 ® R
- s
2,
< s e
|+
Radar-liluminated Cell
Figure 2.2: ARL measurement setup.

Because the measurements were done in a real environment and the measured
pixels are not all at the same relative height with respect to the radar, we found that
considering an absolute height of the antenna over all of the measured cells could
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result in inaccurate results. Therefore, we designed our recalibration code to calcu-
late the relative height between the antenna and the measured pixel for every pixel
based on the power level from the pixel at different ranges. Where, in this procedure,
we average the received power over all the frequency steps for each of the measured
ranges individually, then we pick the range that gives the highest received power to

be the base for our setup parameters calculations.

Our date extraction and recalibration procedure can be summarized as follows:

1. Extract the scattering matrices of the pixel over all the frequency steps and
over all ramps (by ramp we mean one scan over the whole frequency steps),
then average the scattering matrices coherently over the whole ramps. In other
words, for every frequency step the data of all the ramps are averaged coherently

to reduce the effect of noise on the measurements.

[tV

For every range, average the sum of the co-polarized (VV and HH) backscat-
tered power over the whole frequency steps. Then, make the setup parameters
calculations based on the range corresponding to the maximum backscattered
sum of the two co-polarized powers. This was done in order to overcome the

lack of a surveyed height profile of the terrain associated with radar data.

3. From the geometry shown in Fig. 2.2, calculate the relative height of the an-

tenna over the measured pixel as follows:

h=(R —7.5)*cos(90 — ~), (2.6)
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where R is the range corresponding to the maximum backscattered power.

. Using both the chosen range and range resolution (15 meters), calculate the
minimum and maximum angles from the center of the beam to both edges of

the measured cell as follows:

h
— o~ — sin-]

Ymin = sin”! (%)—7 . (2.7)

5. Calculate the, single measurements, pseudo-Mueller matrix of all the frequency

steps.

- undo the range calibration performed by ARL and apply the antenna pattern
calibration, which involves dividing the backscattered response by the illumina-
tion integral /A as follows:

G.G,
IA = R / da ,
illuminated area Rt

where. R, is the range to the center of the cell (which was used by ARL), and

G, G, are the receiver and transmitter gain respectively. In discrete form, /A

can be expressed as:

IA = Rg*zg—’iﬁda, (2.8)
all i's J
and
Ml
M= — 2
Where:
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- M’ is the pseudo-Mueller matrix before removing the range calibration
done by ARL,

- R; is the distance from the radar to the cell number i of the illuminated
area, and

- The subscript i refers to the cell number i of the illuminated area.

Since the antenna pattern was measured at 0.1° angular steps, the illuminated
area was discretized based on 0.1° angular steps, in both the azimuth and elevation

directions, too.

2.4 Radar Backscattering Statistics

The validity of the Rayleigh statistical model was examined for each of the 7-
types of statistically homogeneous terrain identified from the video tapes (deciduous
tree canopy, coniferous tree canopy, bare soil, short grass, bushes, wet snow cover,
and fresh snow cover). The examinations were performed over several near grazing
incidence angles around 85° for each of the principle polarization configurations: VV,
HV. and HH. In each individual case, the measured histogram of the backscatter
from terrain were examined against the pdf’s of the Rayleigh statistical model. We
started by the Rayleigh statistics because it is supported by a rigorous theoretical
derivations and it was reported for the statistics of the backscatter from statistically

homogeneous terrain in many studies at lower frequencies [16].
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In more details, histograms of the real and imaginary parts of the measured scat-
tering matrix elements S, S,,. Sis, Sias Shy. and S, , of terrain were generated and
compared to the zero-mean Gaussian pdf. In addition, we performed comparisons
between the measured histograms of |S,.|, |Sks|, and |Sk,| and the Rayleigh pdf and
between the measured histograms of [S,.[?, [Skn[?, and |S,|? (which are proportional
to o7,. 0k, and o3,) and the exponential pdf. The cumulative distribution function,
P(X < X,), were also used to examine the accuracy of the Rayleigh statistical model

in describing the statistics of the radar backscatter from statistically homogeneous

terrain, where,
Xo
PIX <X) = [o(X) & (2.10)

0

The comparisons between the pdf’s of the Rayleigh statistical model and the his-
tograms of the measured quantities (real and imaginary parts, amplitude, and power
of the backscattered field) were performed based on two different bases: (a) the abso-
lute quantities, which show some statistical variability in the mean and/or standard
deviation values from mission to mission or from cell to cell due to the variation of the
physical parameters of the cell either spatially or over time, and (b) the normalized
(to the mean or the standard deviation of the measurements of each cell) value, which
is done to leave the measurements with the effects of the scattering process alone as a
source of randomness and remove the randomness caused by the physical conditions
variabilities. Similar tests for the validity of the Rayleigh statistical model were per-
formed on the absolute and normalized data of all the cells, aggregated together in

one data set, of the 7-different homogeneous types. This later test is used to examine
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the statistics of the backscatter from statistically heterogeneous terrain.

Examples of the results of the comparison between the measured histogram of
terrain (short grass) and the exponential pdf (based on both the absolute and nor-
malized values) are shown in figures 2.3 and 2.4. The exponential pdf is the pdf of the
Rayleigh statistical model for the backscattered power. In this example 14,976 spa-
tial and frequency statistically independent data points are available at 86.6°. Figure
2.3 compares the histogram of the measured o4 to the exponential pdf and the mea-
sured cumulative distribution to the exponential corresponding one for both VV and

HV-polarizations. The same data was normalized (denoted here by FF = 24) to o?

q

which is the average over the 64 frequency statistically independent samples of each
cell individually. Then compared to the exponential pdf again as shown in Fig. 2.4.
As expected, due to physical parameters variability from cell to cell or from mission
to mission, Fig. 2.3 shows more deviations from the theoretical model than the devia-
tions shown in Fig. 2.4. However, Fig.2.3 shows some deviations from the theoretical
models. these deviations are small. This small deviation can be attributed to the high
degree of statistical homogeneity of the physical parameters (density, height, water
contents, etc.) of the short grass-covered terrain. An important point to note here
is that, although the short grass data shows a high degree of statistical homogeneity,
and hence a good agreement with the Rayleigh statistical model, the normalized data
(Fig. 2.4) shows a higher level of agreements between the statistics of the measured
data and the Rayleigh statistical model. This is because of the removal of the physical

parameters variability (by normalization) and leaving the data with the randomness
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associated with the scattering process. alone. which is well (analytically and experi-

mentally) described by the Rayleigh model.
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Figure 2.3: Comparison between the short grass measured histogram of o4 and its

cumulative distribution function, P(c4 < o,), and the theoretical expectations based

on the exponential pdf.
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Another example is the case of coniferous tree canopy which are shown in figures
2.5 and 2.6. It is important to note that the data for tree does not include mixed
categories; a cell observed by the radar is defined to belong to the terrain type called
trees only if the cell contains trees and no other categories. Thus, a cell that was par-
tially a ground surface and partially a tree was excluded from consideration. However
this being the case, the data of the coniferous tree, Fig. 2.5, shows a much larger
deviations from the theoretical model when compared to the case of short grass, Fig.
2.3. This comparison (between Fig. 2.3 and Fig. 2.5) indicates that the coniferous
trees have less physical parameters statistica! homogeneity (leaf density, air gap dis-
tribution, water of contents, etc.) than the case of short grass. In other words, the
coniferous tree canopy is less homogeneous, from the radar backscatter perspective,
than the short grass. Removing the physical parameters variabilities from the data,
by normalization, results in very good agreements between the statistics of the nor-

malized measurements and the theoretical model, as illustrated in Fig. 2.6.

These examples depicted in figures 2.3 - 2.6 represent the typical behavior, with
some variations depending on the level of physical parameters homogeneity of the
type of terrain, for all the combinations of terrain types, incidence angles, and polar-

izations examined in this study.

These results and observations can explain the reasons behind the differences
between the statistical models, proposed in the literature, for the backscatter from
terrain. That is, in the literature many models are proposed based on fitting the
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histogram of the measurements to a probability distribution function, pdf, without
considering the degree of homogeneity of the terrain. In other words, the randomness,
and hence the statistical properties, of the scattering by terrain can be attributed,
mainly, to two sources: (a) the phase interference of the field backscattered from all
the scatterers in the illuminated cell, and (b) the variations of the physical parameters
of the terrain from a statistically-independent cell to another. The Rayleigh statisti-
cal model explains the behavior of the first component, while the second component
is too general to have a unique statistical model. Hence, trying to model the charac-
teristics of the two components together would lead to a variety of statistical models

based on the behavior of the second component of physical parameters variability.
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Figure 2.5: Comparison between the coniferous tree measured histogram of o4 and

its cumulative distribution function, P(c4 < o,). and the theoretical expectations

based on the exponential pdf.
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Previous examples showed that the higher the degree of statistical homogeneity
of terrain, the closer its statistics to the Rayleigh statistical model. This observation
is examined further by considering the case of extreme heterogeneous terrain where

the data of all the 7 different terrain types is combined together to form one set.

Figures 2.7 and 2.9 show comparisons between the measured histograms of the
absolute backscattered amplitude and backscattered power with the Rayleigh and
exponential pdf’s, respectively. As expected, due to the low degree of statistical ho-
mogeneity, the comparisons show large deviations from the Rayleigh statistical model
(which does not account for physical parameters variation statistics). While in the
case of normalized quantities, figures 2.8 and 2.10, the comparisons show very good

agreements to the pdf’s of the Rayleigh statistical model.
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Figure 2.7: Comparison between the measured histogram of the amplitude (absolute

value) of the backscattered E-field from heterogeneous terrain and the theoretical

expectations based on the Rayleigh pdf for VV and HV-polarizations.
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Figure 2.8: Comparison between the measured histogram of the amplitude (normal-

ized value) of the backscattered E-field from heterogeneous terrain and the theoretical

expectations based on the Rayleigh pdf for VV and HV-polarizations.
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Figure 2.9: Comparison between the measured histogram of the power (absolute
value) backscattered from heterogeneous terrain and the theoretical expectations

based on the exponential pdf for VV and HV-polarizations.
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2.5 Angular Response of ¢°

Another important part of this study is to characterize the relationship between
the incidence angle and the MMW backscattered from terrain at near grazing angles.
As mentioned in the preceding section, within the narrow range of incidence angles
between 84° — 89° of the data set at hand, the statistical characters of the backscat-
tered signal do not show any noticeable dependence on the incidence angles. In this
section we will focus on the dynamic range of the backscattering coeflicient of the four
linear polarizations (VV, HH, VH, HV) and the dependency of the average scattering
coefficient 0° on the incidence angles. Figures 2.11-2.17 show the dynamic ranges
of the backscattering coefficient, for the four linear polarizations, for each of the 7
types of homogeneous terrain extracted from the ARL data set along with their ¢°
as functions of the incidence angle. Based on the results shown in figures 2.11-2.17,

we have the following observations:

(a) The vegetation classes (grasses and trees) exhibit o°-variations due to the vari-
ations of density, height, shape of the vegetation, and moisture content, in the
case of surfaces, the variation is, mainly, a result of roughness and moisture
content variations, and the backscatter from snow is governed by crystal size,

liquid water content, snow depth and snow density [22, 20, 52],

(b) The 95-GHz data set of radar backscatter from terrain at hand shows that the
VV-polarization and the HH-polarization levels of the backscattering coefficient
are always within 2 dB of one another regardless of the incidence angle and in
most of the cases the difference is close to zero.
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(c) The dynamic ranges of the four linearly polarized backscattering coefficients
of surface terrain types (in which the backscattering is more due to surface
scattering, like bare soil, snow-covered surfaces) tend to widen with the increase
of the incidence angle, which, in part, can be attributed to the decrease of the
backscattered power level which cause the data to be more susceptible to noise.
In contrary, for the volumetric terrain types (in which the backscattering is
more due to volume scattering, like trees and bushes) the dynamic range seems

to be independent of the incidence angle.

Similar observations on a much larger data set, [23, 24], exhibit similar depen-

dency of the backscattering coefficient on the incidence angles.
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Figure 2.11: The dynamic range, and the average value (plotted in gray color) of
the backscattering coefficients o2, of,, 02,, and o}, for deciduous tree canopy as

functions of incidence angle.
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2.6 Conclusions

This study reaffirms that the Rayleigh fading model is applicable for characteriz-
ing the statistical behavior of the radar backscatter from statistically homogeneous
distributed targets, such as terrain surfaces, at near grazing angles so long as the
illuminated cell is large enough to contain many scatterers, and, additionally, no sin-
gle (or few) scatterer(s) dominate over all others. In addition, this study showed
that, the radar backscatter from heterogeneous terrain obeys conditional Rayleigh
distribution. In other words, knowing the pdf of the local mean scattering level of
heterogeneous terrain, p(o?), can be used along with the Rayleigh model to derive
its statistical properties. Further study of this latter point led to the application of
the Bayes formula to derive the pdf of the scattering from heterogeneous terrain as

follows, [42, 43]:
poa) = [ mloal a?) plot)dor, (2.11)
0
or in the discrete format

ploa) = Y. piloa]a?) P(a?). (2.12)

all local fields

In a number of studies reported in the literature [31, 46], it was stated that the
pdf of the backscattering cross section per unit area, p(c4), exhibited a long tail,
requiring the use of the K-distribution to fit the data. This type of behavior was not
observed in the present study. The above Bayes formula is a good explanation for
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the difference. Another possible explanation for this difference between this study
and the other studies is that, the data in the other studies, which is based on high-
resolution SAR images of terrain, may have included non-terrain targets or that some
of the pixels contained only 1 or 2 dominant scatterers, thereby violating one of the
tenets of the Rayleigh model. Such a situation can easily arise if the pixel of a high

resolution radar image contains a single trunk of a tree.

Another contribution of this study is the documentation of the dynamic ranges ex-

hibited by ¢° for various terrain types at near grazing angles for all linear polarization

combinations at 95 GHz [25, 44, 45].
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CHAPTER 3

MMW SCATTERING MODEL FOR ROUGH,

LOSSY, DIELECTRIC CYLINDERS

3.1 Introduction

Accurate characterization of radar backscatter from tree trunks is a significant
component for a number of remote sensing applications that are probable to work
near forested areas. One of these applications is detection and tracking of man-made
targets in the presence of clutter, especially near forested areas. Other applications
are. vehicle collision-avoidance systems, and remote characterization and extraction
of physical parameters of forested areas. Many studies have been performed to an-
alyze and model electromagnetic scattering by tree canopies at different frequency
ranges, such as [33, 17]. Other studies, such as those reported in [35, 50], focused
on the scattering by the layer of tree trunks in forested areas . In any study dealing
with the electromagnetic interaction among tree trunks or between tree trunks and

the ground plane underneath them, a model for scattering by tree trunks must be
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involved. In some studies, such as [35, 48], a tree trunk is approximated as a smooth,
dielectric cylinder of finite length. This approximation is valid only at low frequencies
where the roughness of the bark layer is much smaller than the wavelength and. there-
fore, can be ignored. In other studies [32, 33, 49] the rough layer (the bark layer) of
tree trunks is approximated by an equivalent periodically corrugated dielectric layer
around an inner dielectric cylinder. This second approach is, also, not valid at MMW
frequencies because of the following reasons: (a) the electromagnetic wave is highly
attenuated by the bark layer, and therefore, the effect of the inner dielectric layers can
be ignored, (b) the bark layer for many tree species is inappropriate to be considered
as a periodic series of grooves, and (c) due to the small wavelength at MMW fre-
quencies ( A ~ 3 mm at 95 GHz), any irregularity in the assumed periodicity of the
grooves on the order of A/10 (=~ 0.3 mm at 95 GHz) violates of the basic assumption

of this second approach.

The lack of reliability and experimental verification of the current models at MMW
frequencies raise the need for an accurate model for MMW scattering by tree trunks.
Hence, a candidate approach for modeling the scattering by a tree trunk at MMW
frequencies is to treat it as a rough, lossy, dielectric cylinder. For a cylinder with a
slightly rough surface, the small perturbation method is applicable, as reported in
[8, 27], but its reliability is limited to conducting, circular cylinders. For a very rough
surfaces, corresponding to MMW frequencies, no studies have thus far (to our knowl-
edge) been reported on the scattering by rough cylinders. This need for an accurate
model for the MMW scattering by rough, lossy, dielectric cylinder and its application
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to tree trunks represents a main motivation for carrying out this research work.

In this chapter, we will study, theoretically. the MMW polarimetric scattering by
rough, lossy, dielectric cylinders as a model for the scattering by tree trunks. Asshown
in Fig. 3.1, the backscattering by a tree trunk above a ground plane is composed of

four main scattering components which can be divided into three categories:

1. direct backscattering by the tree trunk,

N

direct backscattering by the ground plane, and

3. three components of interaction between the trunk and the ground plane (trunk-
ground-receiver, ground-trunk-receiver, and higher order interaction compo-
nents, e.g. trunk-ground-trunk-receiver, which can be neglected because of their

small contributions to the total scattered field).

In the rest of this chapter, analytical model derivations for the coherent (Section
3.2.2) and incoherent (Section 3.2.3) components of the scattering by rough, lossy,

dielectric cylinders are presented.

3.2 Theoretical Analysis

To the first order, a tree trunk can be modeled as a lossy, dielectric cylinder with
a random rough surface (the bark layer). However, the problem of the radar scatter-
ing by rough, lossy, dielectric cylinder is more complicated than the old problem of

scattering by smooth, lossy, dielectric cylinder, it is useful to shed some light on the
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Figure 3.1: The four main components of the radar backscattered from a tree trunk

above a ground plane.

case of smooth cylinder as it represents a fairly important background to the case of
interest. According to [33. 49]. at MMW frequencies. the diameter of a typical trunk
is much larger than the radar signal wavelength ( A = 1 cm at 35 GHz and =~ 3 mm
at 95 GHz). Hence. the semi-exact solution of the bistatic scattering by a smooth
dielectric/conducting cylinders [26]. becomes computationally inefficient. Moreover,
the solution fails when the cylinder’s cross section is not circular. These deficiencies
can be overcome at high frequencies by applying the geometric optics approximation
(GO). Lin and Sarabandi [49]. used the GO approximation to derive a solution for
the scattering by a lossy. dielectric cylinder with a large radius of curvature compared

to the wavelength.
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In the remainder of this section. the GO solution for the case of a smooth. lossy.
dielectric cylinder. [49]. is reproduced for completeness. followed by the derivations
for the coherent and incoherent components of the scattering response of a rough,

lossy. dielectric cylinder.

3.2.1 Geometric Optics Approximate Solution for the Scat-
tering by Smooth Cylinders

This derivation assumes that the cylinder’s permittivity has a large imaginary
part. so that creeping waves and effects of glory rays could be neglected. According
to the GO model and under these assumptions. the cylinder is replaced with fictitious
electric and magnetic currents. and these currents are approximated by the currents
of the local tangential plane. To simplify the derivation two local coordinate systems
(r'.y’.2") and (f.i.[) are established with respect to the position of the cylinder
and at any point on the surface. respectively. For convenience. a global coordinate
syvstem (I.y.Z) is used to express the unit vectors of the local coordinate systems.

These different coordinate systems are shown in Fig. 3.2. where their unit vectors are

defined as:

t=—"21. i=axt (3.1)
ll‘l x kl[
where fi is a unit vector normal to the cylindrical surface at any point.
-~ .I Ai -~ - -~
y' = . X =y’ xz. (3.2)

|z’ x kil



The unit vector z/ is chosen to be in the plane defined by the vector of the incident

wave and the axis of the cylinder, k; and Z’. such that the lit surface is described by

T <<z
A
z !
Rotating
Angle 6
A
K;
A A >
X 4
- 2o TSSO o [
A
KS

[}

<>

Figure 3.2: Sketch illustrating local and global coordinate systems.

The fields of the local tangential plane, used in the GO approximation, are the
total tangential fields resulting from combining the incident and reflected fields at

every point on the surface of the cylinder. These total fields, (E = E™ + E¥) and

(H = H" + H"), are expressed as:

E, 1 — R, 0 E}

E, 0 1+ Rpn E;
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H, 1—Rw O H}
= . (3.3)

H, 0 1+ R, H;

Where R., and Rps are the Fresnel reflection coefficients of the surface of the cylinder

at the local angle at any point on the surface. The electric and magnetic currents J

and M are defined by:
J=nx H,, M=-nxE, (3.4)

Assuming the radius of the cylinder is a and its length is b, the electric and

magnetic Hertz vector potentials can be expressed as follows:

~ lZo 8 /6/2 /.‘./2 , kR _
I[.(r) = J(2', @) e Rk ¢ di'd=’. 3.5
R e I RS (3.5)
'Y ikor 5/2 e
Mn(F) = 3= — / / M(', &) ekoke? ¢ dgid’. (3.6)
0 /2 J —=x/2

For a uniform plane incident wave, both J and M have the location dependent
factor e*ki®  Thereby, we can factor it out and define J = Jeoki* and M =
Me*ki®  Where J and M are vector functions of (R, Run), and R,, and Ry
depend on the angle between ki and fi at each point on the surface. Assuming that
we are in the far field of the cylinder, the scattered electric field can be expressed in

terms of the Hertz vector potential as follows:
E(F) = V xV XIL(F) + tko Z,V x [I(7)

= —k? (ks x ks x IL(7) + Ks x Z,IIn(F)). (3.7)
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Where in equation(3.7) the far field approximation of the Curl operator (V x

"k°'f V] o L f) was used. Knowing the surface height profile and the dielec-

r r

tric constant of the cylinder, enables us to evaluate R,, and Ry, at every point on

the surface of the cylinder, consequently E,(7) can be evaluated using the following

expression:
_ eikor . R B R _
Es(r) = — (ks x ks(Zo [(J) ) + ks x [(M) ), (3.8)
where
1. b/2 /2 e o,
noy=2 [ [ ¢ embiios g aga, (3.9)
A7 J_vp2Jrp2

and C can be either a scalar or a vector.

Starting from the scattering matrix, which relates the scattered and incident elec-

tric fields as shown below,

E: eikor | Suu Sun E:,
= ) (3.10)
E; Sf;v Shh E;ll

and with some algebraic manipulations involving the following inner products:

Vs ks x (ks X Zol(J)) = —I(ZoJ - ¥s),
hy -k x (ks % ZoI(J)) = ~I(ZoJ - hs),
Vs - (ks x [(M)) = —I[(M-hy),

lTls - (Rs x [(M)) [(Aj[".’s)a



the diagonal elements of the scattering matrix can be expressed as:

Svw = [(Cu) = 1((i V) Zodt + (£ V) Zodew + (1- he) Miy + (£ - ﬁs)Mw)

Stn = 1(Chn) = I((1- Ba) Zodin + (& - Ba) Zodus — (1- ) Min — (E - “)M) (3.11)
where:

= Jp, and M, are the electric and magnetic currents along p direction induced

by a ¢-polarized incident wave (p can be ¢ or [ and q can be v or k),

-

-hj=ZXi7j/IZAXi‘,jI 5

wi}
fl
P add
-

% kj (and j can be 1 or s),

- equation (3.11) is valid to evaluate the radar backscatter from any cylindrical
surface, rough or smooth, with circular or of arbitrary cross section as long as
the integration I() is performed over the lit surface and the assumptions of
high imaginary dielectric constant and large surface’s radius of curvature with

respect to wavelength are satisfied, and

- the GO is a first-order approximation model which is not capable of evaluating

the cross-polarized elements of the scattering matrix, S,x and S,.

In case of a smooth, conducting, circular cylinder of radius a and length b, the

expression in equation (3.9) reduces to:



ko [** : 123) ikolbmka)iet
(c)y = 2 / C e hoaBeos@-elgikalhi=ki)-2"g do'dz!
—-r/2

477 —b/2
b si . 7 k .
= %___3'3‘/6-*05“ koa {F[ "°B“ &) + F| °B“(1—¢>)]} C,

where;

= S — k)2 + (k)97

- —_— -1 —(k—ks)-y
<p tan (4-—-—L-(k e )

1

- - PN

— kob( ). L) o
- V= %‘( [ Ls)-",v

C, is the non-exponential term of equation (3.9) evaluated at the stationary

phase point, and

- F(.) is the Fresnel integral, which is valid provided that kgBa > 1 and & are

away from the shadow boundary [33].

Upon substituting (3.12) into equation (3.11), analytical expressions for the diag-
onal elements of the scattering matrix of a smooth, lossy, dielectric (or conducting,)
circular cylinder is obtained. The angular dependence of |S,,| of a smooth, conduct-
ing cylinder, with radius of 3.75 cm and length of 150 cm, calculated using the above

GO model at 95 GHz, is illustrated in Fig. 3.3.
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Figure 3.3: The backscattered radar cross section of a smooth, conducting cylinder
with radius of 3.75 cm and length of 150 cm as a function of the incidence angle 4 at

95 GHz. where normal incidence is at § = 0°.



3.2.2 Coherent Scattering by Rough, Lossy, Dielectric Cylin-
der

In general, the backscattered field is composed of two components, coherent and
incoherent. In case of a rough cylinder, the coherent component can be attributed to
a smooth cylinder of a diameter equal to the mean diameter of the rough cylinder,
while the incoherent component can be attributed to the randomness of the rough
surface. The coherent component is obtained from equation (3.11) by computing
the ensemble average (< . >) of S,, and Sas, which reduces to the evaluation of
< I(C) >. In other words, the copolarized coherent elements of the scattering matrix

are expressed mathematically as:
<S> = < I(C,,) >, < Sih> = < I(Chn)>. (3-13)

For a lossy, dielectric cylinder with rough surface whose radius of curvature is
large with respect to the wavelength, the expression of /(C), equation (3.9), can be

written in the following form:

[(C) =

1k,
47

// C ekolbik)r’ gor ;—E—//Ce"o ds' (3.14)

Where,

- h(y'.2') = Va®—y?+ f(y',2'), ais the mean radius of the rough cylinder,
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- f(y',Z') is a random function describing the surface roughness,

- -

- Q = k(ki—ks).r' = qh(y.2) + qyy’ + q=2’,

ds' =dy'dz'.\ /1 + k2, + h%,. and

- hy = 3‘%, and h. = g%‘,.

Figure 3.4: Illustration of the proposed mathematical function to describe the surface

roughness of a circular cylinder.

An example of the roughness component along with the mean circular cylindrical
surface are depicted in Fig. 3.4. A note worth mentioning here is that this mathemat-
ical description of the roughness is not accurate to a high degree at angles |¢| > 7 /4.
However, this mathematical description of the roughness is still very useful in this
model which uses the stationary phase (SP) approximation. Under SP approximation
the main contribution to the integration over the lit surface comes from the strips

around the strip of stationary phase, which is at ¢ = 0 for the backscattering case.
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Therefore, for bistatic configurations that result in SP at angles |¢| < 7/4, this way
of describing roughness is expected to lead to accurate results. That is, this roughness
function approximation represents a compromise between the range of validity of the
models at hand and the simplicity of derivation. In other words, by this approxima-
tion we narrowed the range of validity of our models, but we introduced an accurate
solutions for the backscatter setup and for a wide range of bistatic setup of interest

to many applications.

Substituting @ and ds’ into equation (3.14), I(C) can be expressed as:

[(C)= //C e v’ +93") gilanh(y'2)) f1 4 h2 +h2 dy'dz’ (3.15)

At MMW frequencies, @ > 1, hence, the SP approximation can be applied (at the

SP point g—g =0 and g% = 0). The application of the SP approximation leads to

—q, —q. . -
hys = 7% and ho,= T, and reduces equation (3.15) to:
x

x

[(Cs) = EE 1+ qy +q-l t(qyry +q.r2') el(qzlh(y =) dv'dz’
4 Yy

= dne © / / oy +002) Giloar /30 ilawl WD) dy'dy’, (3.16)
41' qr:

where the subscript s indicates that the term is evaluated at the SP point. The

ensemble average of I(C,) is expressed as:

< I{(C,) >= lﬁi C’,// e (9yy'+a.7") Gilag/a?—y'?) - ilaf(¥'2) S dy'dz’, (3.17)
T qr s’
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which is applicable to any rough surface that satisfies the SP condition (Q > 1). In
general, this integration can be evaluated numerically (but, it is. computationally,
highly demanding). However, for the common case of a rough surface with Gaussian

distribution roughness function we reduced this integration to an analytical closed

form solution.

Special Case:

A rough surface with Gaussian distribution roughness function:

For a surface roughness function, f(y’,z’), which is Gaussian with zero-mean and

o-standard deviation, < e'(%=f(+*)) > becomes the characteristic function of the
. ; C . _t2 o . . .-

Gaussian random function which is equal to e~ 7% . Substituting the characteristic

function in equation (3.17), we can rewrite < I(C,) > as:

<I(C,) >= 2—41‘— 9 -5, / / e 9y y' +9:0) 0 Va2 =) gy 1yt (3.18)

™ gy

Performing the integration with respect to z’ results in:

< I[(C,) >= lk°.2_ e-évil M C, ei(9yr¥) gilaz\/a?—y'?) dy’ (3.19)

47%:' q-1b/2 —a
Substituting y’ = a sing’, dy’ = acos¢'d¢’, T = /q% + qg,, and ¢ = tan“(—:-glj-)
(hence. g = —T cosé, and gy = —T sz’nq?)), the previous equation can be rewritten
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1k, 2 2 bsin(g.b/2
<ICy> = K4 -ga bsinleb/2)
47 qz.z q-b/2
/2 - -
. Cs e—iTa(sina stnd’+ cosd coso’) a cosd’ d@' (320)
—x/2

Since (sing sind’ + coso cosd') = cos(¢' — @) and Ta > 1 at MMW frequencies,

the SP approximation can be applied as follows:

b . ~ =2 o' —3)2
{Cs) > = i—e"é"x' b sinc(g;—) ™7 cosé C, eTa 552, cosd'dg’

4T qu 277 _3/2
' . . 2

<I(Cy)> = ik 9 -5 p sznc( b) e™'T? cosd [ —
A7 Qg 27 Ta

Ta ~ Ta -
{F( S22 = 8) = F(/ 5 (==/2 - &)} C, (3.21)

Which is similar to the expression of the scattering from smooth cylinder, equa-
. - _e2 2 < . .
tion (3.12). multiplied by f;e 79 coso. This expression states that, the coherent
response of a rough cylinder decreases in amplitude, while maintaining a pattern simi-
lar to that of a smooth cylinder, with the increase of the roughness standard deviation

in case of Gaussian roughness function.

3.2.3 Incoherent Scattering by Rough, Lossy, Dielectric Cylin-
der

The starting point for deriving the model of the incoherent component is the

expression of [(C,) given in equation (3.16), namely,

(C,) = // ey’ +3.05) gilagrv/a2—y'?) PRICHB () dy'dz".

47' qu
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Based on the above equation, the ensemble average of the total scattered power

from a rough cylinder is given by

< H(CHI(Cs)> = < |[[(C,)]? >

k2 2
IC |2 ety (vi—v2)+a (51 -32)) |
"qu")z s

exq,:(\/az—(yl)’—\/a’—(yg)’) < exq,l(f(ypﬁ)—!(yz':z)) > dy;dy;dz{dzé

(3.22)

And the power of the coherent component scattered from a rough cylinder (based

on equation (3.18)) is given by:

< [(Cs)>|? = (4]: € o, // // e (9 vi—w3)+a(:1-23)) |

et (Ve =)=V~ gyt dyt 4 dzl (3.23)

The incoherent power is the difference between the average total power and the co-

herent power. Mathematically
[l = <[|H(C)?> — | < I(Cy) > (3.24)

In general these two integrals can be evaluated numerically for rough surfaces with
arbitrary statistical properties (but, it is, computationally, highly demanding). How-
ever, for the common case of a rough surface with exponential characteristic function

we reduced the expression of |/;n.|? to a closed form solution, as shown below.

Special Case:

A rough surface with exponential characteristic function:

62



For cylinders with rough surfaces with exponential characteristic functions of the

form:

< i) ~fr2))l 5 = =t TV(n-—n)l+z-2)?

o~
g.o
[
(S]]
S’

the average total scattered power equals:

< [ C.!) 2 > P— C 2 // // ‘(Qy'(yl y2)+q ’(~1 ))
I ( I (4nqx )' I l

9= (Va2 =412 =2~ (1)) i (f(v1.51)=f(43-53)) < dy) dy,dz|dz,

< {I C_, 2> = C 2 // // '(qy’(yl y2)+91(z1—23))
Hear> = 2l

etq,'(\/az—(yl)2—\f2—(y2)2) e-<z,n'\/(yx—yz»)2+(:1—:2)2 dy;dy;dz;dz;

(3.26)

At MMW frequencies and for incidence angles not very far from the direction
normal to the axis of the rough cylinder, ¢, >> 1. Consequently, the coherent power
(equation (3.23)) can be neglected due to its very small amplitude, resulted from the
decaying exponential e ~2*%% term, with respect to the average total power (equation

(3.22)). Hence, [[;n]2 = < |I(C,)? >

We can perform the double integral on y; and y; using the stationary phase ap-

proximation if e~V -w) + (a1-n) g slowly varying (7 < 0.1) with respect to

ef (Vi =v3) ite (Va2=(¥])? - /a?—(43)?)

The SP point is at y; = y2 and by performing the following substitutions;
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Yy, = a sind}, dy; = a cosd| do,

- y; = a singh, dy; = a cosd, dol,
- T=‘/q§,+q§,, and
- 6= tan‘l(—:—:L:), hence, ¢, = —T cos¢.>. and qy = -T sin:f),

and similar to the derivation of equation (3.21), the expression of [, can be rewritten

as:

k3q2 7 —iTa ERH —2) |u2 /
[inc(c) = m [: a COS¢ € / (__-é) Ta l

.2 .2 -
(4"% LG @ cos'd o (F( [ S2E = ) - F( 22 - )]

(3.27)

where,

b2 rbj2
I. =/ / el (z1—22) o=qpT(z1—32) dz, dz,. (3.28)

—-bs2J—b/2

With the change of variable V' = z; — z; , U = z;, shown in Fig. 3.5, the two folded
integration can be done by performing the integration first along V. For constant V
the integral function is constant and is proportional to the length of the line confined

to the original region of integration, hence I. equals:
b
[. =2 / (6—V) cos(q V) e %=V dV (3.29)
0

At MMW frequencies g7 >> 1, hence, due to the decaying exponential term
e~%'™V the integration limit can be extended from b to oo without affecting the ac-
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curacy of the result.

Using the two following identities (which are reported in [28] pp. 490 , 477 re-

spectively),

[(2) cos(u tanh™'(j8/7) /J)
82 + T2

/ *7 ' e " T cos(d ) dr =

T cos(A) — & sin(A)
52 + 2

/ e " Tcos(dz+A)dr =

where ['(z) is the Gamma function of z, I. can be expressed as

[ o= 9p =T _ 2 1(2) cos(2 tanh™'(jg-/(g=7)) /)
T T (e g (g=7)% + 42

(3.30)

(3.31)

(3.32)

Which when substituted in equation (3.27) gives the closed form solution for the

incoherent scattering component from a rough, lossy, dielectric cylinder of surface

roughness with exponential characteristic function.
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Area of constant V ‘
=(b-|V|)dV o

Figure 3.5: Sketch illustrating the method used to conduct the integration I..
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3.3 Conclusions

Based on the Kirchoff’s approximation, the problem of MMW scattering by rough,
lossy, dielectric cylinder was formulated. Then, following the geometric optic (GO)
approximation, general solutions for both the coherent and incoherent components of
MMW scattering by rough, lossy, dielectric cylinder were developed. These general
coherent and incoherent solutions are in the forms of two and four folded integrals,
respectively. For the common case of rough cylinder having a Gaussian distributed
roughness, we reduced the coherent solution to a closed form expression. Also, for the
common case of cylinder having a surface roughness with exponential characteristic
function, we reduced the solution to a closed form expression. The models for both
the coherent and the incoherent components are valid for the backscattering and a

wide range of bistatic configurations.
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CHAPTER 4

EXPERIMENTAL VERIFICATION OF THE
MMW SCATTERING MODEL FOR ROUGH,
LOSSY, DIELECTRIC CYLINDERS AND ITS

APPLICATION TO TREE TRUNKS

4.1 Introduction

One of the main deficiencies of the models available in the literature for the scatter-
ing by rough cylinder is the lack of experimental verification. To avoid this deficiency
a set of experiments aimed at measuring the MMW scattering response of a rough
conducting cylinder and a section of a tree trunk were performed. The purpose of
this measurements is to, experimentally, examine the validity of the analytical models
developed in Chapter 3. This goal (model verification) required the performance of
another set of experiments and measurements to: (a) measure the dielectric constant

of a tree trunk, Section 4.3, (b) incorporate the radar system impulse response into
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the model prediction, Section 4.4, and (c) measure the roughness parameters of both
the rough conducting cylinder and the section of the tree trunk, Section 4.6. These
measured parameters were then applied to the analytical models to evaluate their
predictions which were compared to the measurements to examine the accuracy of

these models.

However, the analytical models are valid for both the backscatter and a wide
rang of bistatic configurations, the experimental work of this chapter is focused on

the backscattering configuration to avoid the complexity of the bistatic configuration.

4.2 Radar System Description

The University of Michigan 95-GHz polarimetric scatterometer was used in this
experimental study conducted to verify the analytical models. The U-M system is
a truck-mounted, network analyzer-based polarimetric radar system that operates
over a bandwidth of up to 2 GHz centered at 95-GHz. Using a coherent-on-receive
measurement technique, the system is capable of measuring the Mueller matrix of a
target by sequentially transmitting six different polarizations (vertical(V), horizontal
(H)), 45° linear, 135° linear, LHC, and RHC) and receiving simultaneously the V and
H-polarized components of the backscattered field for each transmitted polarization
[7, 18, 19]. The transmitted power level is 3 dBm and calibration is accomplished

by employing a technique that uses a metallic sphere and any depolarizing target
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(whose scattering matrix need not be known) [6]. This calibration procedure provides
measurements with an accuracy of + 1 dB in magnitude and £5° in phzase. The radar
uses a 3-inch diameter horn antenna for transmission and a 6-inch diameter horn
antenna for reception arranged in a pseudo-monostatic mode. This configuration
produces a two-way beamwidth of 1.4°. For measurements at incidence angles up
to 70° from nadir, the system is mounted a top a truck-mounted boom. and for
measurements at angles near grazing, the radar is mounted on a computer-controlled
gimbal housed inside of a van. The gimbal is used to control the radar look direction

in both azimuth and elevation.

4.3 Dielectric Constant Measurement

In the models for the coherent and incoherent scattering response of rough cylin-
ders developed in Chapter 3 we assumed that the cylinder is made of a lossy dielectric
material. To examine the validity of this assumption for the case of tree trunks, an
experiment was conducted to measure the dielectric constant of the wooden material
of tree trunks.

The experiment was designed to measure the backscatter from a circular disk
positioned along the radar’s bore-sight with its circular base facing the radar as shown
in Fig. 4.1. In this experiment a thick (enough, with respect to the wavelength, to be
considered infinitely deep) wooden disk (cut from a tree trunk), was used. Since the
disk fills a small portion of the radar beam centered around the bore-sight, the incident

field can be considered as a plane wave. At MMW frequencies, GO approximation
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Radar

Figure 4.1: The setup used for dielectric constant measurement of a disk cut from a

tree trunk.

can be used to evaluate the field scattered by the circular disk. Applying the GO
approximation to the circular surface of the disk of radius a, the backscattered field
from a V-polarized incident field can be expressed as:

—2; k, e¥kor

E(F) = & E, 7 a® T, (4.1)

wre

where, E, is the amplitude of the incident field , [ is the complex Fresnel reflection
coefficient of the half space of the wooden disk, and r is the distance from the radar
to the disc. Without loss of generality, the zero-reference plane was taken to be at the
radar system. The complex reflection coefficient of the material of the tree trunk can

be determined by calibrating it against a material with known reflection coefficient



(conducting material in our case). As follows:

-2 ko eZiko r )
=£—2_Eo“—a *Fwood*Gs
wood 4nr

Es
E,

2k er’ko r

P o

= I—2_ Eo T a2 * chtal * Gs
metal 4nr

E,
E,
where G, is a coefficient that depends on the radar system parameters. Assuming

that it is possible to position the two samples at the same position accurately enough

to ignore the phase difference in the €2 7 term, we can write

E,

Eo wood __ FWGOd (4 .))
E, Fmetal

Eo metal

and from that expression the complex reflection coefficient can be evaluated, and
consequently the complex dielectric constant of the sample. However, it is a straight
forward, theoretically speaking, procedure to determine the complex reflection coeffi-
cient of the sample, practically it is a difficult task. This difficulty arises from the fact
that the two samples (wooden and metallic) must be positioned in the same place
with an accuracy of at least A/10 which is about 0.3 mm at 95 GHz. Since the posi-
tioning accuracy requirement is very tough to achieve manually, the experiment was
repeated many times with different samples and only the measurements that resulted
in a dielectric constant that is independent of the frequency —over the operating
bandwidth of 1 GHz— were considered. The dielectric constant independence of fre-
quency was considered as an indicator of accurate positioning of the two samples at
the same position. Figure 4.2 shows an example of one of these measurements. Four

measurements, out of many others, achieved this frequency-independence criteria and
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resulted in an average trunk dielectric constant of €;rynx =~ 2 + 70.7. The water con-

tents of these samples were 30% on the average.

Another accurate method was reported by Li [12] in his thesis. but it requires the
preparation of a thin sample of the material under consideration. According to that
method, the sample should be thin enough to allow electromagnetic field to propa-
gate through it a round trip without major decrease in its amplitude due to dielectric
losses. This criteria forces the thickness of the sample to be on the order of 2-3 mm,
which is difficult to achieve for the trunk material (which is a wet wood cut across or
parallel to the tree fiber). The thiner the disc cut from the trunk, the faster the evap-
oration of its water content (and hence its dielectric constant variation), the higher
the probability of developing cracks while cutting, and the faster the shape of the
disk to vary to either a concave or a convex shape. This shape variation is a natural
process associated with the evaporation of the water content of wood , specially if it

is cut across the trunk fiber.

Since one of the main objectives of this experiment is to check the validity of
assuming the bark layer to be lossy dielectric material to the extent that causes
the wave penetrating it to the internal layers of the trunk to be highly attenuated.
And since the above methodology of measuring the dielectric constant has a tough
accuracy (in positioning) requirement, another experiment was performed to check

the validity of this assumption. Towards that, the following procedures were followed:



1. Cut the bark layer of a cylindrical disk from the tree trunk, and back the bark

layer (which is in a cylindrical shell shape) with a metal sheet.

Measure the backscattering from the above setup (bark layer shell backed with

o

metal sheet).

3. Remove the metal backing and record the difference in the backscattered field,

[Svul-

4. Repeat the same procedure after repositioning the bark layer to different posi-

tions and calculate the average variation in |S,.|.

. Measure the water content of the bark layer.

Ut

Performing this experiment over a large number of samples which were rough and
their thicknesses (including the thickness of the rough layer) were between 0.2" and

0.4”, we obtained the following results:

Wet sample | Dry sample | Water content | Average variation

weight (gm.) | weight (gm.) (%) of 20log|S.,.|
63.9 54.3 15% <0.5dB
69.4 38.3 16% <0.5dB
52.4 48.2 8% 1-3dB
47.7 43.3 9% 1-3dB
54.3 54.3 0% >6dB
58.3 58.3 0% >6dB
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From the above results we concluded that the bark layer of a tree trunk is lossy
—when wet and thick enough— enough to hide, from radar point of view, the internal
dielectric structure of the trunk at MMW frequency. Hence, the analytical derivations
of the scattering by rough, lossy, dielectric cylinders are applicable to the case of tree

trunk for many species.
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Figure 4.2: Example of the frequency-independent dielectric constant measurement

which is adopted as an indicator of accurate positioning of the used samples.



4.4 Radar System Impulse Response

In the models proposed in the Chapter 3, both plane wave incidence and an
isotropic antenna pattern for the receiver were implicitly assumed. These assump-
tions hold well when the cylinder under consideration subtends over a small portion
of radar beamwidth (i.e. acting as a point target). However, in a confined indoor
measurement setup, where the cylinder fills the radar beam in at least one dimension
(along the cylinder’s axis), the assumption of point target measurements is no longer
valid. Instead, a spherical wave confined within the radar beamwidth and incident on
the cylinder, must be considered. In this case, the measured backscattered response is
the product of convolving the actual response of the cylinder with the radar’s antenna
pattern. In principle, removal of the antenna pattern contribution via deconvolution
is needed, in order to validate the model predictions against measured data. Yet, in
practice, it is difficult to conduct this deconvolution efficiently and successfully. An
alternative approach would be to convolve the theoretical model predictions with the
actual radar system pattern, then compare the resulting theoretical response to the

measured one.

In this study, the U-M 95 GHz dual antenna radar system was used and operated
over | GHz bandwidth (15 cm range resolution). In addition, the 3-dB beamwidth of
the transmit and receive antennas of this system are 2.8° and 1.4°, respectively. As a
first order approximation, the pattern of the transmit antenna was assumed isotropic.

This approximation is justified by the fact that the beamwidth of the transmit an-
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tenna is twice as wide as that of the receive antenna . Under this approximation, the

receive antenna pattern represents. in effect. the impulse response of the radar system.

To convolve the theoretical response prediction with the impulse response of the
radar system, the standard technique outlined in [14] was used. To test the validity of
this technique, a set of backscattering measurements of a smooth, conducting cylin-
der with a radius of 3.75 cm and a length Of 150 cm were conducted as a function
of incidence angle. Then, the theoretical response based on the GO approximation,
shown in Fig. 3.3 (which had a narrow backscattered pattern of 0.2° centered around
the normal incidence), was convolved with the impulse response of the radar system
using the standard technique in [14] . The normalized backscattered patterns of both,
the measured and the simulated (after convolving it with the radar system impulse
response), responses are plotted in Fig. 4.3 as a function of the radar incidence an-
gle, with respect to the normal to the axis of the cylinder. A very good agreement
was observed between the normalized patterns. However, the two responses exhibit a
difference, on the absolute basis, as opposed to the normalized basis, in peak values

of about 15 dB as depicted in Fig. 4.4.

From figures. 4.3 and 4.4, we concluded that the technique proposed in [14] pro-
vides a good approximate approach for incorporating the system response into the
theoretical model to predict the shape of the scattering pattern, but it is not capable
of predicting the correct magnitude of the scattering pattern. To improveon the accu-
racy of this method, the antenna pattern of the transmitter antenna was incorporated
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too. Hence, the system impulse response becomes the product of the antenna gain
patterns of both the receive and transmit antennas. Applying this modification to the
system’s impulse response, the good agreement between the shapes of the measured
and theoretical backscattered patterns was maintained and the difference between

their respective peaks was reduced from 15 dB to about 9 dB.

To further improve on the accuracy of incorporating of the radar system effect into
the theoretical model predictions, we propose an alternative approach. The proposed
approach utilizes the radar equation for one-dimensional distributed target. This
new technique takes into account the amplitude and phase variations (instead of the
amplitude variation only as in [14]) of the incident wave over the illuminated target.

The following section discusses this technique in details.
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4.4.1 One-dimensional Radar Equation Method

To accurately account for the radar system impulse response, the cylinder was
divided into V short segments each of length dl, as shown in Fig. 4.5. The cylinder’s

scattering matrix element S,,, —and similarly the S,,— can be expressed as:

R,

2 (4.3)

Seu(8) = D A 500i(8) gr.u(6:) ge(6:) *e(RmRe)
where;

= gru(0:), g:,.(0:) are, respectively, the receiver and transmitter antenna gain as-
sociated with segment i of the cylinder which makes an angle 6; with the radar’s

bore-sight.

- e/*e(Ri=Ro) « B2 is a propagation factor (referenced to bore-sight), in both phase

and amplitude, at the location of the ith segment of the cylinder,

- AS.,i is the differential scattering matrix, vv-element, of the i,, segment of the

cylinder.

In equation (4.3), 7’}; was dropped from the radar equation since it was compen-
sated for when the calibration technique, outlined in [6], was applied to the measured
response. Using this approach to incorporate the system effect into the theoretical
model predictions results in an excellent agreement, as shown in Fig. 4.6, between
the measured and theoretically computed backscattered pattern of the smooth con-
ducting cylinder. The agreement extends to both the peak value and the shape of the
backscatter pattern. A difference of about 1 dB in peak values was observed which
is on the order of the measurement error.
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Figure 4.5: Sketch illustrating the details of the setup used to measure the radar
backscattered from cylinders and the parameters of the one-dimensional radar equa-

tion method.
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4.5 Measurements of the Radar Backscattered from

Rough Cylinders

A series of indoor measurements were conducted to examine the theoretical pre-
dictions against measurements. The measurements were conducted on a rough, con-
ducting cylinder, and a section of a real trunk. Figures 4.7 and 4.8 show the ex-
perimental setup used to measure the backscatter response of the rough conducting
cylinder and the tree trunk section, respectively. The mean diameter of the conduct-
ing cylinder is 11.4 cm, while the mean diameter of the trunk is 8.9 cm. Both targets,
were positioned horizontally over a Styrofoam pedestal on top of a rotating (turn)
table. The turn table along with the timing and recording of the measurements of
the elements of the scattering matrix are computer controlled. Measurements were
conducted over incidence angles between —30° < 6 < 30° (normal incidence to the
axis of the cylindrical target is at § = 0°) at 1° angular increments. Since. these
measurements are statistical, as opposed to deterministic as in the case of the smooth
cylinder, 20 statistically independent measurements were conducted at every inci-
dence angle. The statistically independent samples were generated by rotating the
cylinder and the trunk around their longitudinal axes. The statistically independent
samples were doubled by making use of the fact that the two angles +6; and —#; are
statistically independent samples, and the scattering angular response of the cylin-
der/trunk can be seen as a function of |§;|. That is, we take advantage of the angular

symmetry about the line perpendicular to the longitudinal axis of the cylinder/trunk.
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Figure 4.7: The indoor setup used to measure the backscattered RCS pattern of the

rough conducting cylinder.

Figure 4.8: The indoor setup used to measure the backscattered RCS pattern of the

tree trunk section.
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In figures 4.9 and 4.10, the measured coherent and incoherent components of
the backscatter RCS of the rough, conducting, cylinder are plotted as a function of
the incidence angle 8, with respect to the normal to the axis of the cylinder. It is
important to note that the reported coherent component does not represent the exact
coherent backscatter response of the rough, conducting cylinder. This is attributed
to the difficulty of rotating the cylinder around its axes without physically displacing
it towards or away from the radar (at 95 GHz, a displacement of the order of 1 mm
produces a substantial phase error of 120°), beside the low level of the coherent
signal which is comparable to the noise level. Similarly, the measured coherent and
incoherent components of the backscatter RCS of the section of the tree trunk are
plotted as a function of incidence angle 6 in figures 4.11 and 4.12. The coherent
component of Fig. 4.11, also, does not represent the exact coherent backscatter
response of the section of the tree trunk. That is attributed to the difficulty of
rotating the trunk around its axis without physically displacing it towards or away
from the radar, in addition to the nature of the axis (not straight) of the tree trunk

section and the low level of the coherent signal which is comparable to the noise level.
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Figure 4.9: The cross and co-polarizations of the coherent backscattered RCS of the

rough conducting cylinder.
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section of the tree trunk.
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4.6 Laser Profiler System

Figure 4.13: The laser profiler system.

The laser profiler system shown in Fig. 4.13 uses a computer controlled mobile
(along one axis) laser head, which is capable of measuring its height above a target
with the accuracy of £0.3 mm. The position of the laser head along the axis of mo-
tion and the timing of registering the measured height are controlled via a personal
computer software. The horizontal (along the axis of motion) resolution of the laser
profiler system is on the order of 0.5 mm. This laser profiler systern was used to
measure the surface height profiles of both the rough conducting cylinder and the
tree trunk section along 8 different axial traces which are statistically independent to
estimate the statistical roughness parameters of their surfaces. The statistically in-
dependent traces were generated by rotating the cylinder and the trunk around their
longitudinal axes to 8 different positions and record the associated height profiles.
Figures 4.14 and 4.15 show the 8 traces of the rough, conducting cylinder and the
tree trunk section, respectively. It is noticeable that the rough conducting cylinder

trace profiles include some spikes. These spikes are error values. This error is caused
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by the nature of the laser head which works with non-shining surfaces and gives bet-
ter results with surfaces of colors close to white. To improve the performance of the
laser profiler system, these height profile measurements were performed after covering
the surface with a very thin layer of flour (because it is white). The shining nature
of the metallic rough surface prevents further improvement of the measurements of
the metallic cylinder. However, because these spikes represents a very high frequency

component of the surface roughness, they were removed by proper low-pass filtering.

The height profile traces, figures 4.14 and 4.15, were used to extract the statisti-
cal properties of the two surfaces, the rough conducting cylinder and the section of
the tree trunk. The histograms of the measured height profiles of the two surfaces,
shown in figures 4.16 and 4.17, were found to be close to the Gaussian pdf’s with
zero-mean. The standard deviations, based on averaging over the 8 profile traces, of
the height profiles of the rough, conducting cylinder and the tree trunk section were
found to be 1.1 and 0.914 mm, respectively. Figures 4.18 and 4.19 show the measured
ensemble average of the correlation function, < e“=(/(:1)=f(2)) > as a function of
the distance |z; — z,| along with the continuous function that best fit it. The en-
semble average of the correlation function of the rough, conducting cylinder was best

fitted with (=055 axli-=2l) 3nd that of the tree trunk section was best fitted with

(=0.042 g |2y —22])
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Figure 4.14: The eight statistically independent traces of the surface height profile of

the rough conducting cylinder. Vertical height is in mm.
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Figure 4.15: The eight statistically independent traces of the surface height profile of

the section of the tree trunk section. Vertical height is in mm.
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4.7 Comparison Between the Theoretical Model

Predictions and Measurements

Substituting the measured values of the standard deviation of the height profile
of the conducting cylinder (the section of the trunk) into equation (3.21). the model
predictions of the coherent component of the scattering by the rough cylinder (the
section of the trunk) is obtained. Because of the high operating frequency, 95 GHz,
the exponential term e‘%qi' is of very small amplitude, hence, the peak amplitude
of the theoretical response is close to the noise floor of the system (= -70 dB). The
small amplitude of the coherent component along with the high sensitivity of the
measurement accuracy to axis displacement of the order of 1 mm, it was difficult to

examine the accuracy of the coherent model, experimentally.

Substituting the measured correlated function, < €= {/(z1)-/{=2)) > into the model
of Section 3.2.3, the theoretical predictions of the incoherent backscattered responses
of the rough cylinder and that of the tree trunk section are obtained. To compare the
incoherent measurements to the theoretical model predictions, the effect of the radar
antennas patterns must be incorporated into the theoretical model predictions. The
one-dimensional radar equation approach of Section 4.4.1 can not be used for the in-
coherent case, as this approach adds the fields backscattered by all of the infinitesimal
sections, of length dz’, coherently. To apply similar concept on the incoherent case,
the amplitude and phase variations of the incident field must be incorporated into

the integral expression of [(C,), equation (3.16), before evaluating the incoherent
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averaging, < I(C,) I*(C,) > in equation (3.22). Following this suggested proce-
dure complicates the expression of equation (3.27) and prevents its reduction to an
analytical closed form solution. Alternatives are either to evaluate equation (3.27)
numerically (computationally highly demanding), or to come up with a new approach

for the incoherent case.

The theoretical predictions, without accounting for the radar system effect, have
very good agreement, pattern-wise, with the measurements. Hence an alternative
approach is needed to correct for amplitude differences, between the model predictions
and measurements, only. A descent alternative approach is to use one of the targets
(the rough conducting cylinder for example) as a calibration target for the other one
(the tree trunk in this case). Applying this approach results in very good agreements

between measurements and theoretical predictions as shown in figures 4.20 and 4.21.
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Figure 4.20: Comparison between the model predictions and measurements of the

radar backscattered from the rough conducting cylinder.
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Figure 4.21: Comparison between the model predictions and measurements of the
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4.8 Conclusions

To experimentally verify the analytical models, a set of indoor measurements of
the coherent and incoherent angular responses of a rough conducting cylinder and
a section of a tree trunk were conducted. To examine these measurements versus
the analytical models, the two main assumptions of these models were considered.
These two main assumptions are: (a) the tree trunk is lossy to the level that it hides.
from the radar point of view, the interior dielectric structure of the trunk, and (b)
the radar is in the far field of the rough cylinder, which implies that, the models are
independent of the radar system parameters. The first assumption was confirmed
experimentally. Moreover, an approximate procedure were used to measure the di-
electric constant of the wooden material of the tree trunk, which was found to be
2 + ;0.7 for samples with average water content of 30%. Then, to model the real
measurement setup, different approaches to incorporate the radar system impulse re-
sponse into the theoretical model predictions were examined and the best of them
—up to our setup— was chosen and used. Also, a laser profiler system was used
to measure the roughness parameters of both the rough conducting cylinder and the
tree trunk section. All the measured parameters were, then, applied to the analyti-
cal model to evaluate its backscattered predictions. The evaluated incoherent model
predictions were compared to the indoor measurements and very good agreements,
between theory and measurements, for the two cases of the rough conducting cylinder

and the tree trunk section were achieved.
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CHAPTER 5

SCATTERING BY A TREE TRUNK ABOVE A

GROUND PLANE

5.1 Introduction

Backscattering by a tree trunk above a ground plane is composed of four main
scattering components which can be divided into three categories: (a) direct scatter-
ing by the tree trunk discussed in Chapters 3 and 4 and reported in [1, 5], (b) direct
scattering by the ground plane which is the focus of other studies, such as [12], and
(c) components of interaction between the tree trunk and the ground plane which is

the focus of this chapter.

The interaction between the tree trunks and the ground plane includes, as men-
tioned in Section 3.1 and shown in Fig. 3.1, two main components. These are: (a) the
wave reflected from the trunk to the ground, then back to the radar, and (b) the wave

reflected from the ground to the trunk, then back to the radar. An exact model for
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the backscattering by a tree trunk above a ground plane must take into consideration
all of the power scattered from the illuminated area back towards the radar. Hence,
an exact model for the interaction between the tree trunk and the ground plane, as

illustrated in Fig. 5.1, must account for:

1. The electromagnetic wave scattered from the illuminated part of the trunk, T'1,

towards the ground area Al then back to the radar, and

2. The electromagnetic wave scattered from the illuminated footprint on the ground,

Al towards the trunk part T'1 then back to the radar.

Such an exact model would require a detailed ground truth information of the
trunk-ground interface (grass parameters, surface roughness parameters, water-content

profile and the geometry of the trunk-ground interface).

In an outdoor data acquisition campaign, described in details in Chapter 7, 50
different trunk-ground combinations were visited and their geometrics were observed.
From this sample of outdoor natural configurations we found that: (a) usually there
is a local hump of grass-covered surface at the trunk-ground interface, and (b) trunks,
in general, have some sort of shape irregularities at the interface with the ground. In
other words, we found the geometry of the trunk-ground interface too complex to be
described mathematically.

The geometry description difficulty, along with the unavailability of a reliable
model for the scattering by vegetation-covered surfaces at MMW frequencies (a model
for bistatic scattering is needed), make it very difficult to accurately model the two
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Figure 5.1: Illustration of the illuminated area of the trunk-ground scene.

components of interactions between the tree trunk and the ground plane analytically.
Instead, and since a major goal of this study is to examine the possibility of occurrence
of high RCS values from trunks, in what follows we will try to answer the following

questions:

1. What are the possible scenarios of occurrence of high RCS values from a tree

trunk above a ground plane (Section 5.2 )?

2. What are the probabilities of these events (the occurrence of high RCS values

based on each scenario) (Section 5.3 )?
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5.2 Possible Scenarios of Occurrence of High RCS

Values

In this section we will try to explore bistatic scattering by tree trunk-ground
configurations to study possible scenarios of occurrence of high RCS values. In other
words, we will focus on the contributions of the interaction between the trunk and
the ground plane as possible mechanisms that can lead to high RCS values in the

backscattered direction. This analysis will be based on:

1. The analytical models, introduced in Chapter 3 (within their range of validity),

for the bistatic scattering from rough, lossy, dielectric cylinders, or tree trunks.

2. The experimental measurements of the backscattering by the rough conducting

cvlinder and the section of the tree trunk described in Section 4.5.

Figure 5.2 shows the incoherent bistatic scattering pattern in the plane of inci-
dence, defined by the direction of incidence and the axis of the cylinder, for three
different values of the roughness parameter r (the exponential coefficient of the char-

acteristic function of the surface roughness). From the three plots we observe that:

1. The specular direction is indeed the direction of maximum incoherent average

power.

2. The value of the maximum incoherent average power is a function of the rough-

ness of the cylinder and it decreases with increasing roughness.
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3. The difference between the level of the maximum incoherent average power and
the levels at other directions decreases with the increase of roughness of the

cylinder.
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20 log (ISmC'WI) dBm

Figure 5.2: Variations of the incoherent bistatic |S,,| with ¢, for different values of
the roughness parameter 7. The relevant angles are: 6. = 90°, ¢. = 80°, 6; = 90°,
o; = 180°, and 6, = 90°, where 0. and ¢. are the angles of the axis of the cylinder,
0; and ¢, are the angles of the incident direction, and 8, and ¢, are the angles of
the scattering direction. All angles are with respect to the global coordinate system

illustrated in Fig 3.2.
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Figures 5.3 and 5.4 show the measurements of the incoherent mean and dynamic
range of the backscattered |S,,| of the rough conducting cylinder and the section of
the tree trunk, described in Section 4.5, as a function of the angle between the axis
of the cylinder and the incident direction. From these two figures we observe that
the dynamic ranges of the deviation of individual (statistically independent) measure-
ments from the mean incoherent response (or from the model predictions which are
in very good agreements with the measurements as shown in Section 4.7) are almost

angle independent and are on the order of 20 dB.

Based on the above observations and associated conclusions, a high backscattered
RCS value from a tree trunk above a ground plane is probable to occur according to

one of the following scenarios:

1. The tree trunk is tilted such that the backscatter direction is along the specular
direction. In other words, the tree trunk is tilted such that the incident direction

is perpendicular to the axis of the tree trunk. This scenario implies a small tilt

angle of the tree trunk at near grazing angles.

(8]
.

The high RCS value results from bistatic scattering by the trunk specularly to-
wards the ground plane, then followed by specular reflection back to the radar.
This scenario can occur at a wider range of incidence angles as opposed to the

first scenario which is more probable to occur at near grazing incidence.
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In the above scenarios we focused on the occurrence of high RCS values only
in the specular direction (either in bistatic or backscattering configuration). This
focus is based on the observations that the peak of the incoherent mean is in the
specular direction and the dynamic range of the deviation of individual (statistically
independent) measurements from the incoherent mean is almost angle independent.
Therefore, if either of these two scenarios resulted in high RCS value, most probably
this will be in the specular direction. However, our calculations of the probability
of occurrence of high RCS values, presented in the next section, account for the

occurrence of high RCS value in any direction.
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Figure 5.3: The incoherent mean response and dynamic ranges of the backscattered
|S.v| of the rough conducting cylinder as functions of the angle between the axis of

the cylinder and the incidence direction.
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Figure 5.4: The incoherent mean response and dynamic ranges of the backscattered

|S.e| of the tree trunk section as functions of the angle between the axis of the trunk

and the incidence direction.
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5.3 Probability of Occurrence of High RCS Values

Radar cross section is a quantity that is dependent on measurement configuration
(radar antenna pattern, distance of the target from the radar, etc.). To define the
term high RCS value we must choose the definition to be independent of the mea-
surement configuration. Towards that, we shall use the scattering coeflicient, which
is a measurement-configurations independent quantity, as a reference and define high

RCS value to be that corresponds to 0 dB scattering coefficient.

RCS

=, (5.1)

Scattering Coefficient, 0° =

where, A is the illumination integral in m?. Hence, high RCS value is that is

greater that or equals to (0° - /A) dBm?.

In the indoor measurements of Chapter 4 the cylinder and trunk were measured
at 7 meters away from the radar system which has a beamwidth of 1.4°. This config-
uration results in an illumination integral = .0l m? = — 20 dBm?. Therefore, the
RCS value of the scattering by a trunk is considered to be high —under our indoor
configuration— if its value is greater than or equal to —20 dBm?. Also we will denote

the incident angle as 6;.

Examining the two possible scenarios of occurrence of high RCS values we observe
that:
- According to the first scenario, a high RCS occurs if the backscatter signal is higher

than or equal to —20 dBm?.
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= According to the second scenario, a high RCS occurs if the scattered signal is higher
than or equals to (—20 — I';) dBm? where [, is the power reflection coefficient
of the ground plane at the angle 8;. For simplicity, we will assume the reflection
coeflicient of the ground at 6; to be 0.1 i.e. -10 dB. Hence, the second scenario
results in a high RCS value if the scattered signal from the trunk is higher than

or equal to —10 dBm?2.

To evaluate the probability of occurrence of high RCS value based on each scenario
we need to know the incoherent mean value of the scattering by the trunk/cylinder
and the pdf of the deviation of individual RCS values from it. To consider the proba-
bility of occurrence of high RCS value in any direction, not only the specular direction,
we must calculate the probability of occurrence of RCS deviation from the incoherent
mean with values greater than or equal to §,, where 4, is the difference between the
high RCS level (-20 dBm? for the first scenario or -10 dBm? for the second scenario)
and the peak of the incoherent mean. Since the peak value of the incoherent mean
is used in this calculation along with the cumulative density function of the RCS
deviation from the incoherent mean, occurrence of high RCS value in any direction

other than the specular on is implicitly included.

Therefore, the probability of occurrence of scattering from the trunk with RCS
value greater than or equals to P, (P, equals -20 dBm? for the first scenario and equals
-10 dBm? for the second scenario) depends on the pdf of the deviation of individual

RCS values from the incoherent mean, and the magnitude of the peak (which is in
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the specular direction) of the scattering by the trunk/cylinder. This peak depends on
the roughness of the bark layer, the diameter of the trunk, and the dielectric constant
of the bark layer. The RCS of the trunk (or rough cylinder) is a nonlinear function of
the roughness parameters of the surface which, in turn. is a random variable. Due to
this nonlinearity it is not possible to evaluate, analytically, the relationship between
surface roughness and the pdf of the individual RCS deviation from the incoherent
mean. A possible approach is to characterize this relation based on measurements.
Hence, in what follows we will evaluate the pdf of the individual RCS deviation from
the incoherent mean based on the available measurements, described in Section 4.5.
Then we will use it to calculate the probability of occurrence of high RCS value based

on each scenario.

A remark to mention here is that, since the scattering by smooth cylinders is
deterministic and by rough cylinders is stochastic, the pdf of the deviation of indi-
vidual RCS value from the incoherent mean is also a function of the roughness of the
bark layer. Therefore, the results of this study will be limited to the cases of surface

roughnesses at hand, however the approach is general.

To characterize the pdf of the individual RCS deviation from the incoherent mean
we aggregate individual deviations of all the measurements at each angle into a single
vector. This step resulted in a vector of 20x61 elements (the number of statistically
independent samples at each angle x the number of angles). Then, we look for a pdf
to fit the histogram of this vector. Doing this we implicitly ignore the dependence of
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the pdf on angle as the measurements were performed over a relatively small range
of angles. —30° to 30°. The results of this procedure are shown in figures 5.5 and
5.6 where the pdfs of the individual RCS deviation from the incoherent mean were
fitted to a Gaussian pdf. For the case of the rough conducting cylinder this pdf can

be expressed as:

PAf(AS,) = b e—§(B2=t)? (5.2)

g = —148dB, o = 552dB

and for the case of tree trunk it can be expressed as:

PAf(ASy) = obmr e—1(BSem)? (5.3)
g = —151dB, o = 555dB
where
ASyy = 20 log( S, ) — 20 log(mean(S.,)) dB (5.4)

and is calculated at each angle, then aggregated in a single vector as described above.
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Figure 5.5: Histogram of the individual RCS deviation from the incoherent mean

fitted to a Gaussian pdf (the case of the rough conducting cylinder).
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Figure 5.6: Histogram of the individual RCS deviation from the incoherent mean

fitted to a Gaussian pdf (the case of the tree trunk section).
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Since the histograms of the individual RCS deviation from the incoherent mean
were fitted to Gaussian pdf’s with the means and standard deviations calculated from
the measurements, the probability of the AS,, to be greater than or equals to 4§, is

calculated as follows:

P(AS,, >6,) = /:\/)1'_6 e—l(‘\‘s £)2d(AS..)
- 50 —H - =
= 0.5—erf( ) (4o > ) (5.3)

where er f(z) is the error function of z. To examine the values of the probability of
occurrence of each scenario, we used the model developed in Chapter 3 to evaluate
the peak of the incoherent mean for cylinders (trunks) that have roughness function
similar to the measured one but with different diameters (for details on the roughness
parameters of the conducting cylinder and tree trunk, refer to Section 4.5). Figures
5.7 and 5.8 show the angular responses of the incoherent mean RCS for the rough
conducting cylinders and for the tree trunks, respectively, for three different values
of the diameter. Since for all the cases of conducting cylinder (tree trunk) we used
the same roughness parameters as the measured case, we can use the pdf of equation
(3.2) (equation (5.3)) to calculate the probabilities of occurrence of high RCS based

on each scenario. Doing this we obtained the following results:
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Cylinder’s

Probability of High RCS

Probability of High RCS

Type Diameter | Based on First Scenario | Based on Second Scenario
Rough 10.8 cm 9.65 x 107¢ 5.61 x 10°1°
Conducting | 40.0 cm 9.9 x 10— 4.57 x 1077
Cylinder 80.0 cm 5.41 x 1073 6.39 x 10°¢
Tree 9.0 cm 5.42 x 107! 5.55 x 10-'7
Trunk 40.0 cm 6.72 x 108 6.66 x 10°13
80.0 cm 1.13 x 10°° 296 x 10~
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Figure 5.7: Dependence of the incoherent mean angular response on the diameter

of the rough conducting cylinder. The angular response is shown for three different

values of the cylinder diameter.
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Figure 5.8: Dependence of the incoherent mean angular response on the diameter of
the tree trunk. The angular response is shown for three different values of the trunk

diameter.



5.4 Conclusions

Bistatic scattering from a tree trunk above a ground plane was studied with fo-
cus on the possible scenarios of occurrence of high RCS value from the trunk-ground
combination. Two possible scenarios were identified and studied. One of them is due
to the tilt angle of the trunk that makes it perpendicular to the incident direction,
and the other one is due to the trunk bistatic component which bounce back to the
radar after being scattered from the ground plane. The probability of occurrence of
high RCS values from both scenarios depends on the pdf of the deviation of individual
RCS values from the incoherent mean. The measurements of Section 4.5 that mea-
sured the scattering by a rough conducting cylinder and by a tree trunk were used to
characterize this pdf. The incoherent model for scattering by a tree trunk, introduced
in Chapter 3, was used to evaluate the incoherent angular response of the scattering
from a tree trunk (rough cylinder) of different diameters but with the same roughness
parameters as the measured one. The model prediction along with the pdf of the devi-
ation of individual RCS from incoherent mean were used to evaluate the probabilities
of occurrence of high RCS value based on both scenarios. The results showed that
the first scenario is much more probable to occur and the probability of occurrence
(in both cases) increases with the increase of the trunk (cylinder) diameter. This
increase is expected to reach saturation when the size of the trunk (cylinder) fills the
radar beam in the direction perpendicular to the axis of the cylinder. Even though,
the shown results are limited to the measured cases, the methodology is general and

can be applied to other cases.
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CHAPTER 6

ANALYTICAL STUDY OF THE FCF FROM

THE DETECTION POINT OF VIEW

6.1 Introduction

For a number of remote sensing applications, the ability to detect man-made tar-
gets in the presence of clutter is a desired feature. Examples of these applications
are: automotive collision-avoidance systems and military target detection radars. The
scattering problem of man-made targets in the presence of clutter is a very complex
problem that involves a large number of parameters. The parameters involved in the
scattering problem are the system parameters (incidence angle, system bandwidth,
foot print, etc.). parameters associated with the man-made target (strength of the
backscattering from the man-made target, frequency response, etc.), and clutter pa-
rameters (homogeneity of the clutter, physical parameters, water content, etc.). The
high degree of complexity of the scattering problem along with the large number

of parameters involved in it make the detection problem very convoluted. Many
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approaches had been introduced in the past and applied to enhance the detection

capabilities of remote sensing systems. Those approaches can be divided into two

main categories:

[- Performing more radar measurements
An example of this approach involves the introduction of polarimetric measure-

ments instead of power-only measurements. Another example involves the data

fusion of multiple sensors output [51].

II- Exploiting more features from the available radar measurements
Examples of this approach are the E-pulse technique [11, 10], the use of infor-
mation from both time and frequency domains, combined together, to make a
detection decision [38], and the polarimetric feature analysis applied to auto-

matic target recognetion [41].

[n this study we will examine the application of the complex frequency correlation
function (FCF'), introduced in [34], in detection. That is we will adopt the second

approach which depends on introducing new detection features as shown in [2, 3].

In this chapter, the definition of the FCF and its physical meaning will be in-
troduced in Section 6.2. Then, in Section 6.3 we will investigate the characteristics
of the FCF of the signal scattered from a single scatterer, two scatterers, and the
general case of scattering by N scatterers. This will be done by positioning the one.
two or N scatterers arbitrarily within a radar-illuminated cell, then examining their
FCF analytically. Finally, in Section 6.4 a physical interpretation of the FCF and

126



its relationship to the time-domain signal will be introduced and used to gain more

physical insight the characteristics of the FCF.

6.2 Definition of the FCF

The FCF (Frequency Correlation Function) is the function generated by convolv-
ing the frequency response of a target, X(f), with a conjugated, shifted version of

the same response, X*(f + ). Mathematically it is expressed as:

FCFx(y) = / T X)X+ ) df (6.1)

—o0
However, for many practical systems the bandwidth is limited and the frequency
response is measured at discrete frequency steps, as opposed to a continuous frequency

response. Hence, the discrete form representation of the FCF is:

i=Ny-m
FCFx(m Af) = Zf X Af) X(1+m) Af) Af, (6.2)
=1
where, Af is the frequency sampling resolution, m Af is the frequency shift, and
Ny Af is the total system bandwidth. It is obvious that for m = 0, because of the
phase conjugation, FCF takes its maximum value, then, it decreases in amplitude,
due to frequency decorrelation, with the increase of the frequency shift (or equiva-

lently, with the increase of m in the discrete form).

More physical insight in the characteristics of the FCF can be obtained from its

time-domain expression, which is the Fourier transformation of its frequency-domain



expression (equation (6.1)) as follows:

Q0

FCFx(t) = / e’ [/m X(f) X'(f+7)df] dy

= / X(f) [/ X (f+7) e“"'fl‘v} df (6.3)
Let f4+vy=u, v=u—f, dy=du, and substitute in the above equation, the

time-domain expression of the FCF would be written as:

FCFX(t) = /oo X(f) [/Oo _X'(u) ei2r.ut du} e—i2rft df
= /oo .X(f) e—i2rft df /°° _X‘(u) ei2rut du

-0
2

IR

= [X(-t)f (6-4)

That is, the FCF is the frequency-spectral density of the absolute power of the
inverse-time signal. Another important property of the FCF to mention here, which

can be driven from its definition (equation (6.1)):
FCFx(~7) = FCF3(7), (6.5)

which shows that the FCF is fully characterized by its positive half-domain, including

the zero frequency-shift.

6.3 General Problem Formulation

Next, we shall develop a general formula for the FCF of the radar backscatter
from a radar-illuminated cell which contains one, two, or more generally a set of N
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Center of the T
tlluminated cell, Single
and the O-phase Scatterer
reference Plane

Figure 6.1: Illustration of the setup parameters for the case of a single scatterer.

single scatterers, which are arbitrarily positioned within the cell. For convenience,
and without loss of generality, in what follows we will define our zero-phase reference

plane to be intersecting with the center of the radar-illuminated cell.

For a single scatterer illuminated by an incident uniform plane wave E; of polar-
ization g (¢ = v or h) the scattered p-polarized field (p = v or k) by this target is

given by:

ei ZZ%Lr

E? =

s

SP E], (6.6)

r

where, SP? is the pq element of the scattering matrix S of this single scatterer, c
is the phase velocity in free space, and the zero-phase reference plane is r meters,
in the direction of propagation, away from the position of the target as shown in
Fig. 6.1. Without loss of generality, the polarization notation will be dropped since

what follows is independent of the polarization-combination, and the amplitude of

129



the incident field will be taken as unity. Therefore, the field scattered by the single

scatterer can be expressed as:

ei22—:£r 22f
E(f) = § T = 5o e (6.7)

where S° = % Hence, the frequency correlation function (FCF) of a single scatterer,

as a function of the frequency shift x, is given by:

FCF(X) — S° ei2?—:1r 50-6—1'2—--‘-l—-”‘”’r c+ r df
— / ISO|2 e—i22—':1r df (6.8)

However, at MMW frequencies actual radar system has a limited bandwidth
(BW), as opposed to infinite bandwidth, and that bandwidth (BW) is usually a small
percentage of the operating frequency. Therefore, we can assume that the frequency
response of a single scatterer is constant over the operating bandwidth. Hence, the

above expression, for the case of positive yx, reduces to,

|52 e~ 2 5 (BW — ) 0 < x < BW
FCF(x)= (6.9)
0 x > BW,

INA

and for negative x, equation (6.5) can be used to evaluate the FCF.

For the case of two scatterers with scattered electric fields £; and E,, the FCF of
the total scattered E-field (E1(f) + E,(f)), which is equal to the coherent sum of

the individual fields, is given by:

FCF() = [ (B +En) (B +0+ Balr +20) &

=]

- /_°° E(f) Ex(f + x)" df

oo
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+ /_°° Ex(f) Eo(f + x)" df

>0

+ /_°° Ev(f) Eo(f + )" df

o0

+ /_ T B B+ df

o0

= FCFU + FCF22 + FCFlz + FCle. (610)

More generally, if the number of scatterers in the radar-illuminated cell is N, the

resultant F'C F(x) can be expressed as:

N
FCF(x)=)_ ) FCFu(x). (6.11)

k=1 I=1

Scatterer
[lluminated k
cell of terrain Center of the
llluminated cell,
and the 0-phase

reference plane

Figure 6.2: [llustration of the setup for the general case of backscattering by terrain.

Next. let us consider the case shown in Fig. 6.2 in which a radar system is used

to measure the backscatter from a cell that contains a large number of scatterers at
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a grazing angle §;. Taking the zero-phase reference plane to be intersecting with the
center of the illuminated cell, which is r, meters away from the radar system, we can

express the distance of the scatterer number k (r;) from the radar as follows:
rr =1, + TrCcosb; — zisinb; (6.12)
In other words, Ar;, measured with respect to r,, is given by
Ary = 1 — r, = zic088; — zpsinb;, (6.13)

where 4 and z; are the z- and z-coordinates of the position of scatterer number &, as
shown in Fig. 6.2. The y-axis is chosen to be perpendicular to the plane of incidence
which is defined as the plane containing the incident direction and the normal to the
surface. Hence, the y-coordinate of a scatterer does not affect the phase shift due
to propagation from/to the scatterer. Writing the field scattered from the scatterer

number £ in the following general form:
Ek(f) — SZ ei 22—21 Arg — SZ e:' 22—’:1-(:kc038.—:ksin8.)’ (614)

the expressions of FC Fix(x) and FC Fiyx2(x), for positive x are given by:

| Sg[Pemi( 25 reoshi—suaind) (B — ) 0 < x < BW
’ x > BW
¢
Se(Sp) e 222X (zicosf, -z 5ind,))
.ei( 2#“[(:&-:&:030,—(:,‘_:‘),,'ngl.]) .

et 2 X (BW —x)[(xy —x[)cos8, —(zf —z;) $in8,] -1

t 2 27*[(’* —zt)cosd, ~(zx —z)sinb;]




where, F, is the lower frequency-limit of the radar system bandwidth. I.e. the radar

system is working from F, to F, + BW.

6.4 Physical Insight

Two notes worth mentioning here are that:

l.

o

The frequency response associated with a target, X ( f), is composed of two com-
ponents: (a) the system component which is a function of the setup parameters
(incidence angle, radar beamwidth, etc.), and (b) the target component which is
a function of the target parameters only (dimensions, constituents, orientation,
etc.). For some applications, such as physical parameter retrieval, it is necessary
to eliminate the system component from the FCF before using it as shown in
[34]. For our case, the detection problem, we chose another approach. Our ap-
proach is to choose the system parameters to enhance our detection capabilities

as will be explained in Chapter 8.

In this investigation the FCF will be examined from the target detection point
of view. That is, because decisions in detection algorithms are usually made
based on single-look measurements, the FCF also will be evaluated based on
single-look measurements. This is contrary to physical parameter retrieval ap-
plications, such as those reported in [34], where the ensemble average of FCF,
< FCF > atiar (averaged over the individual, statistically independent sam-

ples), is used.
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To better understand the characteristics of the FCF, let us consider the general
case of a radar-illuminated cell with N, where N is an arbitrary number, single scat-
terers randomly positioned in it. As explained in the previous section, equation(6.11),
the FCF of the radar backscattered from such a case is the sum of all the FC Fi;’s and
the FCFi's terms where k and [ takes any value between 1 and N. The expression
of FCFl(x) of equation(6.15) is a complicated non-linear function of zx, zx, S, z,
21, and S7. In case of clutter these parameters are random variables that change
from one spot to the next for most cases. The total number of scatterers N in the
illuminated cell is also a random variable. The complexity of equation(6.11), after
substituting equation(6.15) into it, makes it almost impossible to further investigate

the properties of the single-look F'CF analytically.

Although it is difficult to characterize the behavior of the FCF analytically, the
following properties of the FCF were observed (using equation (6.11) after the sub-

stitution of equation (6.15) into it):

[- The FCFu(x) has its peak when x = 0 (due to phase conjugation) and its
amplitude decreases with the increase of the frequency-shift x due to the change

of the relative phase angle of the backscatter from the target with frequency.

II- The zero-frequency shift is not necessarily the point at which FC Fi(x) is a
maximum. This is because of the lack of phase conjugation at zero frequency-
shift which, in turn, is a result of the dependence of the relative phase angle
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on the positions of both scatterers, k and [, with respect to the zero reference

plane.

[II- based on the above observation, we expect the contribution of the cross-correlated
components, F'C Fy, to the FCF to be much less than the contribution of the

self-correlated components, FC Fj,.

IV- By ignoring the cross-correlated components, a less-complicated, but approxi-
mate, expression for the FCF of the total signal can be realized and used to
gain more understanding of the behavior of the FCF, while the exact expres-
sion can be used in numerical simulations, as will be shown in Chapter 8, to
guarantee accurate results. This simpler, but approximate, expression for the

FCF(x)is

N
FCF(x)~ ) FCFu(x). (6.16)
k=1

6.5 Conclusions

To investigate the application of the FCF in the detection problem, its definition
was introduced, and its physical meaning along with its relation to the time-domain
signal were presented. In addition, a general expression for the FCF of the backscatter
from a radar-illuminated cell of terrain that contains NV single scatterers, where N is
an arbitrary number, was developed. This general expression was then, based on a
qualitative discussion, reduced to a simpler, but approximate, expression that gives

more physical insight to the characteristics of the FCF. For consistency with the
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structure of this thesis, this expression will be utilized, in Chapters 7 and 8, to gain
more physical insight to the properties of the FCF, its relation to the number of
scatterers in the illuminated cell, and its relation to the system parameters (system
bandwidth. incidence angle, etc.). Also, the accuracy of this approximate expression

will be examined in Chapter 8.
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CHAPTER 7

EXPERIMENTAL STUDY OF THE FCF AND
ITS APPLICATION TO THE
DISCRIMINATION OF TREE TRUNKS FROM

NEARBY TARGETS

7.1 Introduction

Of special interest to us is the detection of man-made targets near forest stands
because of its significant importance for a number of remote sensing applications.
Among those applications which are probable to work near forested areas are: low-
altitude military helicopter radars, and automotive collision-avoidance systems. In
forested areas, and at near grazing angles, tree trunks represent the first candidate
class of targets probable to confuse —from radar standpoint— with man-made tar-
gets. The confusion is attributed to the expected high RCS of trunks which, in part,

is due to its vertical physical extent, as well as to the bistatic nature of the scattering
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process. As explained in Section 6.1. introducing new detection features can poten-
tially enhance the ability of discriminating tree trunks from nearby targets, including

man-made targets.

In this chapter we will investigate , through experimental study, the application of
the FCF in discriminating tree trunks from nearby targets. In Section 7.3 we report
on an outdoor measurement campaign that was designed and conducted to examine
the use of FCF-based features in detection. In addition, we present some observa-
tions (from the detection standpoint) on this measurement campaign in Section 7.4.
Based on the data analysis of the outdoor measurements, FCF bandwidth (FCFBW)
defined in Section 7.2 is chosen as a detection feature and used to develop a detection
algorithm. The details of this detection algorithm along with its performance evalu-

ation are presented in Section 7.5.

From the FCF definition (equation (6.1)) we notice that the peak value of the
FCF is proportional to the total power of the frequency response, hence, the FCF is
proportional to the RCS. Since the RCS is a feature that causes MMW radar to con-
fuse tree trunks and man-made targets (i.e. RCS is a source of confusion), it is useful
to normalize the FCF with respect to its peak value (to eliminate its dependence on
RCS) for the application at hand. Hence, throughout this chapter we shall use FCF

to refer to the normalized FCF which is defined as FCF/FC F(0).
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7.2 Definition of the FCFBW

The definition of the FCFBW (Frequency Correlation Function BandWidth),
shown in Fig. 7.1, is the frequency shift 3 at which the FCF amplitude drops to 1/e

of its value at zero-frequency shift. That is,

FCFBW = 8 : FCF(3)= F—C:@
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Figure 7.1: A typical behavior of the FCF with the illustration of the definition of

the FCFBW.
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7.3 Experimental Setup

To investigate the application of the FCF in target detection, an outdoor measure-
ment campaign was designed and conducted at 35 and 95 GHz. Both radar systems
were used to measure the polarimetric backscattering matrix S at 301 discrete fre-
quency points spanning a bandwidth of 0.375 GHz. In this measurement campaign
the two radar systems were used to vertically scan randomly selected trunk-ground
scenes. Figure 7.2 shows some of the scenes which were scanned in this campaign.
In these scans the backscattered responses of different sections of the trunk-ground
combination (namely: the trunk, the trunk-ground corner, and the ground) were
measured. The vertical scans were performed at 14 different look-angles with 1° sep-
aration. In each scan, the trunk section corresponds to look-angles from 8° to 1°,
the ground corresponds to look-angles from —1° to —5°, and the corner between the
trunk and the ground corresponds to 0° look-angle, which we chose to be our refer-
ence angle. The reference zero-look-angle corresponds to a grazing-angle of 4.0° from

horizontal.

In this campaign, the measurements were performed over 50 different trunk-ground
combinations. The measured trunks varied in bark roughness, and were tilted with
respect to the ground. Their tilt angles ranges from —9° to +2.6°. In addition, the

trunk circumferences were between 1.2 and 3.1 m.

The backscattered response of the tree canopy was obtained from earlier measure-
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ments and merged with the measurements of this campaign to build a data set of the
backscattered response of all the sections of the trunk-ground combination that are
considered in this study, as shown in Fig. 7.3. For completeness, the backscattered
responses of two different tanks in different positions standing in a field of a bare soil
(man-made target with terrain in the background) were extracted from the SWOE
data set collected by the army research laboratory (ARL) at 95 GHz described in
Section 2.2. This data was used to evaluate the FCF of these tanks and to investigate
the possibility of confusion between tree trunks and these tanks, and to examine the

ability of FCF to resolve this confusion.

The 35 and 95 GHz radar systems used in this measurement campaign compose a
fully polarimetric ultra-fast wideband millimeter-wave scatterometer system. The sys-
tem is developed at the University of Michigan and consists of two RF-frontend units
(one at 35 GHz and the other at 95 GHz) and an IF transceiver (transmit/receive)
module. The scatterometer system operates in Real Aperture Radar (RAR) mode
with an angular resolution of 2 and 1.4 degrees at 35 and 95 GHz respectively. In
addition, the two scatterometers have 1 foot range resolution (500 MHz systems).
The principle of operation of the ultra-fast scatterometer system can be summarized
as follows: The transceiver module generates a C-band pulse chirped over 500 MHz.
The chirped pulse is upconverted in the RF-frontend units to the desired MMW fre-
quencies and transmitted as either vertically or horizontally polarized pulse. The
backscattered response, intercepted by the receive antenna, is downconverted in the
RF-frontend units to C-band and sent back to the IF transceiver module. Inside the
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transceiver, the received signal is downconverted once again to baseband and detected
directly using a Digitizing Oscilloscope. The data is then transfered to a personal
computer where the time domain response and/or the frequency domain response of

the target (or clutter) under test can be extracted.

An important feature of this system is the high speed with which it acquires
the complete scattering matrix, thereby preserving phase coherence between polar-
izations. This later feature is very useful to accurately calculate the FCF which is

performed based on the complex scattering matrix S.
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Figure 7.2: Examples of the scenes that were scanned in the measurement campaign.
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Figure 7.3: Illustration of the different sections of the trunk-ground combination

considered in this study.



7.4 Observations on Trunk Measurements

Both 35 and 95 GHz data were processed and analyzed. The outcome of this anal-
ysis were similar for both frequencies. But, since the data of the man-made targets
(tanks) is available only at 95 GHz, the comparison between man-made target and

tree trunk will be based on the 95 GHz data alone.

The measured data indicates that the dynamic ranges of the co-polarized ele-
ments of the scattering matrix, |S,,| and |Sia|, of the trunk section are overlapped
with those of the trunk-ground corner and those of the ground, as shown in Fig. 7.4.
Similarly (but based on the co-polarized scattering coefficient because the measure-
ments were performed using two different radar systems), the dynamic ranges of the
trunk measurements are overlapped with those of the man-made targets as shown in
Fig. 7.5. These observations emphasize the need for a new feature (that is indepen-

dent of RCS) to enhance the ability of discriminating tree trunks from nearby targets.

A point to mention here is that the backscatter from different sections of the trunk-
ground combination were measured with a system that is different from the one that
were used to measure the backscatter from tanks in a bare soil field. The backscat-
ter from different sections of the trunk-ground combination were measured by the
Universfty of Michigan radar system described in Section 7.3 (0.5 GHz radar system
bandwidth and an illuminated cell extending 12 m in range), while the backscatter

from the tanks in the bare soil field were measured by the ARL system described in
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Section 2.2 (0.64 GHz radar system bandwidth and an illuminated cell extending 15
m in range). In Chapter 8 we will show that the FCF behavior of a target depends on,
among others, the along-range dimension of the illuminated cell and the radar system
bandwidth. Therefore, comparing behaviors of measured FCFs of different targets
based on measurements performed with different setups would result in inaccurate
results. However, in the case at hand the limited differences among the main setup
parameters —from FCF point of view— (along-range dimension of the illuminated

cell and the radar system bandwidth) is expected to lead to fairly accurate results.

Looking for a new detection feature, the average frequency correlation function
(averaged over spatially independent samples) was examined. Figure 7.6 depicts the
average FCF of the corner, the ground, and the trunk sections at one angle each.
From Fig. 7.6, we observe that the FCFBW of the tree trunk is larger than that of
the trunk-ground corner and that of the ground. However being based on the average
FCF instead of a single-look FCF as required for detection, this observation shows
that the FCFBW is a candidate feature to be used in tree trunk discrimination from

nearby targets in a natural scene.
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7.5 Detection Feature and Algorithm

In many remote sensing applications, detection decisions are better to be based
on a single measurement, as opposed to the mean measured response. In this section
we shall examine the use of the FCFBW of individual measurements in detection.
Towards that, the measured data of all the sections of the trunk-ground combination
was used to calculate the FCFBW of individual measurements. Figure 7.7 shows the
dynamic ranges and mean values of the FCFBW, based on S,,, of all the sections of
the trunk-ground combination at 95 GHz. From this figure we observe that, however
the FCFBW values of individual measurements have wide dynamic ranges, for trunks
they are centered around higher values than that of the other sections (trunk-ground
corner, ground, and tree canopy). For completeness, the FCFBW of the individual
man-made (tank) target measurements, shown in Fig. 7.8, were examined versus
those of the sections of the trunk-ground setup at 95 GHz. Figures 7.7 and 7.8
demonstrate that the dynamic ranges of the FCFBW of these tanks are centered at
values much smaller than those of the trunk cases. The above observation indicates
the possibility of using the FCFBW in discriminating tree trunks from nearby targets

including man-made targets.

An explanation for this behavior was thought. An ideal single scatterer, theoret-
ically, is not expected to decorrelate with frequency at MMW frequencies except be-
cause of the limited radar system bandwidth. This is because its frequency response,

amplitude-wise, is independent of frequency over the operating bandwidth which is a

151



small percentage of the center frequency. Also, its frequency response, phase-wise, is
a linear function of frequency over the operating bandwidth. The slope of this linear
function depends on the location of the scatterer with respect to the zero-phase ref-
erence plane. Therefore, the amplitude in-dependency of frequency, along with the
phase linear dependency on frequency are believed to be the properties that control
the value of the FCFBW. To examine the validity of this explanation, the frequency
responses of the backscatter from the types of targets considered in this study were
examined. Figure 7.9 shows examples of the frequency responses of a trunk, a tank, a
tree canopy, and a ground at 95 GHz. From these plots we observe that the frequency
response, amplitude-wise, of the trunk is the most independent of frequency and its
phase is very close to be linear (when unwrapped) with frequency. Hence, this test
supports our explanation which is; the tree trunk exhibit higher FCFBW than other
nearby targets because its behavior is closer to that of a single scatterer than the

other targets.
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As depicted in Fig. 7.10, an FCFBW threshold can be selected, based on any
polarization-frequency combination (VV-polarization at 35 GHz for example), to sep-
arate most of the trunk measurements from those of the other targets including man-
made targets. This observation suggests the simple detection algorithm shown in
Fig. 7.11 to be applied. In this proposed algorithm, the FCFBW of each measure-
ment is examined against FCFBW threshold. If, for both VV and HH-polarizations
(i.e. based on S,,, and Sis), the FCFBW of the measurements are greater than the

FCFBW threshold, the algorithm will indicate a tree trunk.

This algorithm was applied to all the measurements and the percentage of mea-
surements which the algorithm indicated as trunks (whether false or true) at each an-
gle were calculated. The percentage of indicating a trunk using the FCFBW threshold
are plotted in Fig. 7.12 as a function of the look-angle. The percent value represents
the false alarm rate when the radar was looking at the ground, or at the tree canopy.
But, it represents the detectability of trunks when the radar was looking at the trunk.
This simple algorithm has greater than 89% detectability of trunks at different radar
look angles at 35 GHz with a slightly lower performance at 95 GHz. In addition, its
false alarm rate is less than 8% at 35 GHz and is a bit higher at 95 GHz. Applying
this algorithm to the tank measurements, shown in Fig. 7.8, will not result in any
case of indicating a tank as a tree trunk. In other words, this algorithm resolved all

the confusions between the tanks and tree trunks for the measurements at hand.

A remark to mention here is that the 35 GHz radar is more stable —over frequency—
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than the 95 GHz one. This higher stability is believed to be the reason for the
superiority of the performance of this algorithm at 35 GHz when compared to its

performance at 95 GHz.

157



O.SSF
x vv
0.3F =] hh
o.2s| ° 2 o0
~ x5 o i é x g
5 0.2 x y. B E Suggested
= S e <@ - FCFBW
£ oisf o ° 2 4 & Threshold
b= =0 ¥ P
E = ] -
T o1} : 5 )
(-] .-
@
TS L 4
S 0.05
. x
or A
l< ‘bl< Sk >1
-0.05 g)
Ground 3 Tree Trunk Canopy :
. L Q 1 1 A
=01 -5 o 5 10 15
(a) 35 GHz
0.35-
v vv
0.3+ - hh
0.25}
g S ted
5 0.2+ . Suggeste
= - FCFBW
g 0.15 v Threshold
= :
2 o1} §
S y
o
[T L
s 0.05
w
o.-
l< Pl< Sk >l
-0.05 o Q
Ground 3 Tree Trunk Canopy
-0.1 X . . .
-5 s ] 5 10 15
(b} 95 GHz

Figure 7.10: The dynamic range and mean values of the FCFBW, based on S,., and

Skr of different

sections of the trunk-ground combination at both 35 GHz and 95

GHz. Radar system bandwidth = 0.375 GHz.

158



‘Start

v

Calculate
FCFBW

,///'\\\\\\
e // Is - T
Itis No FCFBW (vv) AND FCFBW (hh)

Not - >

K trunk Threshold
— ???
— T

4
Iitis
a trunk

Figure 7.11: Flow chart of the proposed detection algorithm.

159



Percentage of indicating a trunk

100~

35 GHz -X-
sof 95GHZ ——+—— - [
60._ .......................................................................
40
20.— ...................................................................................
oL et
l< ———>] Cl)l< ' : : > jgm——— >|
Ground: o ~ Tree Trunk : Canopy
20 . i 2 : ; i ; ; :
-6 -4 -2 &« 2 4 6 8 10 12

Figure 7.12: The performance of the proposed detection algorithm.

160



7.6 Conclusions

FCFBW is introduced as a new feature for target detection algorithms. The in-
troduction of the FCFBW increases the input vector space of the detection problem,
which in turn can potentially enhance the performance of target detection algorithms.
An outdoor measurement campaign (at 35 GHz and 95 GHz) was designed and con-
ducted to examine the usefulness of the FCFBW for discriminating tree trunk from
nearby targets. Based on the acquired data, the FCFBW values of individual mea-
surements of trunks were found to be centered around higher values than that of the
other nearby targets (trunk-ground corner, ground, tree canopy, and tanks). This be-
havior was explained theoretically and verified by measurements. Moreover, based on
this behavior, a simple detection algorithm was proposed, tested, and its performance
was evaluated. This algorithm showed greater than 89% detectability of trunks at
different radar look angles at 35 GHz with a slightly lower performance at 95 GHz.
In addition, its false alarm rate is less than 8% at 35 GHz and is a bit higher at 95
GHz. Moreover, using this algorithm all the cases of confusion between man-made

targets and tree trunks were resolved.
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CHAPTER 8

NUMERICAL-SIMULATION STUDY OF THE
FCF AND ITS APPLICATION IN TARGET

DETECTION

8.1 Introduction

An exact expression for the FCF of the radar backscatter from N scatterers, where
N is an arbitrary number, in a radar-illuminated cell was developed in Chapter 6. The
high degree of nonlinearity and the random nature of this expression make a rigorous
analytic study of the properties of the FCF a very difficult task. Instead, in this
chapter we will study the characteristics of the FCF, its dependence on the system
parameters (radar beamwidth, incidence angle, and system bandwidth), and its re-
lation to the number of scatterers in the illuminated cell using numerical simulation.
The numerical simulation, described in Section 8.2, will be used to analyze the prob-

lem of embedding a small number of scatterers in a radar-illuminated cell of terrain



and study their effects on the resultant FCF. In Section 8.3 we report on the use of
the physical interpretation of the FCF and its relationship to the time-domain sig-
nal, introduced in Chapter 6, to gain more physical insight the characteristics of the
FCF. The FCF characterization and its relation to the number of scatterers within
the radar-illuminated cell along with the results of the numerical simulations will be
used to develop an enhanced detection algorithm that is described in Section 8.4.
Moreover, the numerical simulation will be used to generate a data set of the FCF of
terrain and of terrain with one and more single scatterers embedded in it. This data
set will be used to evaluate the performance of the developed detection algorithm. In
addition, in Section 8.5 we will use the numerical simulation to study the relationship
between the radar system bandwidth and both the characteristics of the FCF and the
performance of the detection algorithm. The performance of the detection algorithm
introduced in this chapter will be compared to the performance of the one presented
in Chapter 7 and the effect of adding more detection features on the performance of

the detection algorithm will be demonstrated in Section 8.6.

A point worth mentioning here is that, because the frequency response of tree
trunk is the closest, compared to other nearby targets, to the behavior of a single
scatterer (as shown in Chapter 6), the terms single scatterer and tree trunk will be

interchangeably used throughout this chapter.
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8.2 Numerical Simulation Procedure

As shown in chapter 2, the scattering from statistically homogeneous terrain fol-

lows the Rayleigh statistical model. Hence, we can simulate the FCF of the radar
backscattered from a statistically homogeneous terrain as follows:
(a) simulate the total field backscattered from a statistically homogeneous terrain by
coherently adding the scattering by a large number of scatterers with their scattering
amplitudes following the Rayleigh statistics and are randomly positioned within the
illuminated cell, then

(b) use the total backscattered field to calculate the FCF.

To reflect these properties into the simulation code, the illuminated cell is divided,
as a mesh, into small pixels of dimensions Az x Ay and the scatterers are positioned
at the centers of these pixels. The amplitudes of the backscattered field from scatter-
ers are presented in the simulation code as a sum of real and imaginary independent
Gaussian random variables (to introduce random phase), and their Z—coordinates
(heights) were assigned values based on a Gaussian random height profile generation
with a predefined profile roughness standard deviation Gheign;. The height profile is
introduced to study the effect of the terrain roughness parameters on the properties of
the FCF, while the complex backscattered amplitudes were introduced to provide ran-

dom phases as substitution for the randomness in position within the illuminated cell.

The setup of the problem that we need to simulate is shown in Fig. 6.2, which
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1s reproduced in Fig 8.1 for convenience, where a radar system of bandwidth BW
illuminates an area A of terrain at a grazing-angle 8;. The radar beam is chosen, for
convenience, to be of square cross section, L x L m. Hence, in one direction, chosen to
be along the X —axis, the illuminated cell has a grazing-angle dependent dimension,
L/sin(8;), while in the other direction, chosen to be along the Y —axis, its dimension

remains constant, L, and independent of the grazing-angle 6;.
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Figure 8.1: Illustration of the setup for the general case of backscattering by terrain.



8.2.1 Parameter Setup

Remote sensing detection of tree trunk(s) in an illuminated cell of terrain must
be based on noticeable changes in some features of the signal backscattered from this
cell due to the presence of this/these tree trunk(s). Moreover, the range of validity
of a detection algorithm is defined such that it assures these detection features to
exhibit as much changes as possible due to the presence of tree trunk(s). Hence, to
investigate the usefulness of the FCF in detection, the setup parameters must be cho-
sen to guarantee the maximum possible, but practical, differences between the FCF

of terrain and that of a tree trunk.

It was shown in Chapter 6 that the FCF is the Fourier transform of the amplitude-
squared time-domain reversed signal. This relationship suggests the choice of the
setup parameters (the applicability range) that results in a wide (or spreaded) time-
domain response from the terrain such that it is distinguishable from that of a single

scatterer which is the closest to a delta function.

An important property of the FCF of the backscattered response of terrain that

is worth mentioning here is that, the decrease of the grazing-angle 8;, causes:

[- The decrease of FCF dependency on the parameters of the terrain (e.g. surface

roughness), as shown in [34], and

[I- The increase in spread in the time-domain backscattered response from the

illuminated cell which in turn results in a narrower FCF.
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On the other hand, increasing the radar grazing-angle, 6;, causes the parameters of
the terrain to come into the picture and affect the behavior of the FCF, and causes
the time-domain backscattering response of the terrain to be narrower to the point
that it becomes almost similar, in behavior, to that of a single scatterer at §; close to

90°.

The dependence of the FCF on the incidence angle limits the range of usefulness
(applicability) of the FCF in detecting one or more single scatterer(s) with a terrain

in the background to the near grazing angles. In this configuration,

[- The dependence of the FCF on the parameters of the terrain is negligible, which
makes the FCF-based features almost universal detection features with respect

to the type of terrain, and

[I- Better detectability is expected, since the behavior of the FCF of terrain is very
distinguishable from that of a single scatterer. That is, at near-grazing angles
the FCF of the terrain is much wider in the time domain, hence, much narrower

than the FCF of a single scatterer .

Based on the above discussion, throughout this chapter the numerical simulations
are performed at a grazing-angle ; of 10° and the radar beam cross section is chosen
to be 2 x 2 m to insure a wide, enough, time-domain response from the terrain.
The system bandwidth is selected to be 2 GHz sampled over 801 discrete frequency
points. However, the effect of the system bandwidth on the behavior of the FCF will

167



be studied in details later in this chapter.

To set the values of the terrain height profile parameters, their effects on the
behavior of the FCF were studied. Five hundred realizations of the FCF eyrqin at 3
different values of standard deviation, ogeign:, of the height profile (1, 5, and 10 mm)
were generated using 2 GHz system bandwidth at 10° grazing-angle. Comparisons
among the behaviors of the FCF’s in these three different cases showed Okeight tO
have an insignificant effect on the behavior of the FCF at this setup. This result
can be attributed to the single look nature of this study and to the small look angle
which makes the variations in o.ign: of negligible effect on the spread of the backscat-
tered signal in the time domain, hence, of negligible effect on the properties of FCF.

Therefore, Gheighe is chosen to be 1 mm throughout this study.

8.3 Physical Insight

The numerical simulations were used to generate the FCF of the backscatter from
radar-illuminated cells of statistically homogeneous terrain and from cells that con-
tain one or more single scatterer(s). These FCF’s were then examined to characterize
the dependence of the FCF on the type of scatterers (single versus terrain) existing

in the illuminated cell.

The simulated FCF of the terrain, shown in Fig. 8.2, and those of one, two, three,

and five single scatterers, shown in Fig. 8.3, exhibit the following differences:
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l. FCFterrain decorrelates much faster than FCF,,., and FCF,y,. In other words,
the FCFBW of terrain is much smaller than the FCFBW of one, and two single

scatterers.

o

The average slope of the tail of the |FC F,rrain| is less negative than that of

IFCFonelv IFCRwOI’ IFCF;hreely and IFCFfivc'~

3. The variation of the tail of the | FC F| around the line of average slope is zero in
the case of a single scatterer, and in the case of terrain the variation is smaller

than the cases of two or more scatterers.

However the above results are for one or more single scatterers positioned arbitrarily
in a radar-illuminated cell in the absence of the background-terrain, they depict some
difference in behavior to be considered in detection. The more realistic situations
(which must be considered for detection) are those of one or more single scatterers
being arbitrarily positioned in an illuminated cell in the presence of the background

terrain.
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8.3.1 Verification of Concept

Before analyzing the results of simulating the more realistic cases of one or more
single scatterers embedded in an illuminated cell of terrain, we can deploy equation(6.16)

to get more physical insight the behavior of the FCF. Equation(6.16),

N
FCF(x)~_ FCFux),

k=1

states that the FCF of the backscatter from a radar-illuminated cell is, approximately,
the coherent sum of the FCF of all the scatterers existing in this cell. Considering all
the scatterers composing the terrain —all together— as scatterer number #1 and the
group of single scatterers as scatterer number #2, enables us to predict the resultant
FCF by deploying the approximate expression of equation(6.16). However, we need

to examine its accuracy first.

To evaluate the accuracy of this approximate expression, we used the simulation
code to generate the FCF for many cases of terrain with one or more single scat-
terer(s) embedded in it, based on both (the exact and the approximate) expressions,

then compared their results.

Figure 8.4 shows the exact and the approximate variations of the |FC F(x)| of
terrain with one, two, and three single scatterers embedded in the illuminated cell.
The plots of Fig. 8.4 show the high degree of accuracy of the approximate expression
of FCF, equation(6.16), compared to the exact expression, equation(6.11). Hence, it
can be used to predict the effects of embedding one or more single scatterer(s) in a
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radar-illuminated cell of terrain on the behavior of FCF,,¢q;-

Another test for the accuracy of the approximate expression. equation (6.16), is
to examine the amplitude of the neglected cross-correlated components. Figure 8.5
shows the amplitudes of the four components of the FCF(x) (which are: FCFy,,
FCF,2, FCFy;, and FCF,;) for three different cases of a cell of terrain with one,
two, and three single scatterers embedded in it. The figure demonstrates that the
amplitudes of the FCF;, and FCF,; are negligible to the sum of FCF,,, and FCF5,
(as expected from equation(6.15)) with the exception near the end of the tail of
the |FFC F'| where the four components are of small amplitude. Hence, plots of Fig.
8.5 represents another verification for the accuracy of the approximate expression of

equation (6.16).
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8.3.2 Qualitative Analysis

To visualize the effects of embedding a single scatterer in an illuminated cell of
homogeneous terrain on the resultant FCF, the simulation code was used to evaluate
the FCF for terrain with a single scatterer embedded in it for different values of the
Target to Clutter Ratio (TCR). The TCR is defined as the ratio of the backscattered
power from the single scatterer to the average backscattered power from the terrain.

Mathematically it is expressed as:

Target to Clutter Ratio = TCR = (8.1)

where, $54m, is the amplitude of the radar backscattered from the single scatterer
which exist in one pixel of the illuminated cell, NV is the number of pixels of the illu-

minated cell, and P is the average backscattered power from a pixel of the terrain.

Figure 8.6 shows the amplitude-variations of the FCF(x) of a cell of terrain with
a single scatterer (for four different TCRs of the single scatterer) embedded in it. It
is observed, from Fig. 8.6, that based on the TCR of the single scatterer, the FCF,,¢q
will be either closer to the shape of the FCFy.rrain (as in Fig. 8.6-a), closer to the
FCFone (as in Fig. 8.6-c,d), or in between (as Fig. 8.6-b). Also, from Fig. 8.6 along
with Fig. 8.4, it is observed that the effects —from radar standpoint— of embedding
one or more single scatterers in an illuminated cell of terrain is more noticeable at
the tail of the |FFC F'|. This is attributed to the small amplitude at the tail of the
|FC Fierrain| (Fig. 8.2) which allows the behavior of the FCF of a single scatterer(s)
to dominate, even if it has a small TCR. This is as opposed to the range of small
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frequency-shift where the |FC Fierrain| has a large amplitude. Hence, using the FCF-
based features near the tail of the |FC F| to detect single scatterers in an illuminated

cell of terrain is more promising than using them in the vicinity of the zero-frequency

shift.
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8.4 Detection Features and Algorithm

Since, the behavior of the FCF of terrain differs from those of one. two, or more
single scatterers, as shown in figures 8.2 and 8.3, embedding one or more single
scatterers in an illuminated cell of terrain would (based on the relative amplitudes of
the two FCF’s) cause noticeable differences in the behavior of FCF,,,; from that of
FCFterrqin. These possible changes in the behavior of FCF,; are the keys to detect
the presence of single scatterers in the illuminated cell. Therefore, the candidate
detection features are: Frequency Correlation Function BandWidth (FCFBW), the
average slope of the tail of the |F'C F|, the squared error of the amplitude of the tail
with respect to the line of average slope, and the ratio of the last two features. These

features are defined as follows:

FCFBW: is, as defined in Section 7.2, the frequency shift 3 at which the FCF
amplitude drops to 1/e of its value at zero frequency-shift. That is,

m. (8.2)
e

FCFBW = 8 : FCF(B) =

Average Slope: is the average slope of the middle section of |[FCF|. In the
simulations at hand, this corresponds to frequency steps 76-726 out of the total

801 frequency steps,

Squared Error: is the average of the difference-squared between the | FC F| and the
line of average slope at the middle section of |FC F| corresponds to frequency

steps 76-726, and

Ratio: is the ratio of the average slope to the squared error.
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A note worth mentioning here is that, for convenience, we chose the average slope
and the squared error to be calculated with respect to the number of frequency steps

instead of the frequency shift.

To examine the usefulness of these features in detection, a data set of FCFs of the
backscattered response of statistically homogeneous terrain with no single scatterer
embedded and with one, two, and more single scatterers embedded were generated.
For each case (of certain number of single scatterer embedded), the FCFs were gen-
erated at 20 different values of TCR of single scatterers. In addition, for the case of
terrain with no single scatterer embedded, 1000 statistically independent realizations
were generated, while for each case of a specific number of embedded single scatterers

with specific TCR, 50 different realizations were generated.

Figures 8.7-8.10 show examples (no single scatterer, one single scatterer, two single
scatterers, and five single scatterers embedded) of the variations of the four FCF-based
detection features of concern with the TCR of the embedded single scatterers as well as
their variabilities (due to randomness of the scatterers positions and randomness of the
terrain in the background) at each specific case (specific number of embedded single
scatterers with specific TCR). Based on figures 8.7-8.10, the following observations

were made:

1. FCFBW in the case of terrain with one, two, and five single scatterers embedded

(at TCRs of single scatterers greater than 0.5, 0.4, and 0.35 respectively) are, in
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o

most of the cases, greater than the FCFBW of terrain with no single scatterer
embedded . This behavior makes the FCFBW a candidate detection feature for

the presence of single scatterer(s) of large TCRs.

The average slope of |FC Fierrain| is mostly greater than -1x10~4, while it is,
mostly, less than -1x107* in the cases of terrain with one, two, and five single
scatterers embedded with TCRs greater than or equal to 0.12. This behavior
makes the average slope a candidate detection feature to detect the presence of

single scatterer(s) embedded in a terrain at, almost, all range of TCR.

The squared error in case of terrain with no single scatterers embedded is less
than 1.6x107%, while it is less than 2x1072 in case of terrain with one single
scatterer embedded and it decreases with the increase of TCR. In contrast,
for terrain with two or five single scatterers embedded, the squared error is
greater (in most of the cases of TCRs > 0.25) than 2x 1072 and it increases with
the increase of the TCR. This behavior makes the squared error a candidate
detection feature to discriminate one single scatterers from two or more single

scatterers embedded.

. The ratio in case of terrain with one single scatterer embedded is smaller, in

most of the cases, than -0.12, while it is greater than -0.12 in most of the other
cases. This behavior makes this ratio a candidate detection feature to discrim-

inate the cases of terrain with one single scatterer embedded from the others.
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Using the FCFBW, the average slope, the squared error, and the ratio. an en-
hanced detection algorithm, shown in Fig. 8.11, is designed with the following prop-

erties:

1. The detection algorithm is designed to make one of three possible decisions
which are: 0 (no single scatterer embedded), 1 (one single scatterer embedded),

2-5 (a number of single scatterers embedded and this number is between two

and five).

o

The case of more then 5 single scatterers embedded in the illuminated cell is

considered as a case of no single scatterer embedded.

The performance of the developed detection algorithm was evaluated by applying
it to the data set generated by the numerical simulation. Based on the variations of
the four FCF-based detection features (some cases are shown in figures 8.7-8.10), the

parameters of the detection algorithm were set to the following values:
- BW, = 0.015 GHz,
- Slopey = 0.95 x 107* | Slope; = 6.0 x 1074,
- FErrg =0.0015 , FErr; =0.01, and
- Ratiog = -0.12.

The decision, either 0, 1, or 2-5, resulted from applying the detection algorithm to

each case, of specific number of single scatterers with specific TCR, of the data set is
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recorded, then the percentage of indicating each of the three possible decisions were
calculated and plotted. These plots of the performance of the detection algorithm,

shown in figures 8.12-8.14, show the following:

e For the case of no single scatterer embedded, Fig. 8.12-a, the detection algo-
rithm results in 0% false alarm rate. In other words, the detection algorithm

made a correct decision in all the cases of terrain with no single scatterer.

e For the case of one single scatterer embedded, Fig. 8.12-b, the detection algo-
rithm shows the ability to detect a single scatterer in all the cases of TCR >
0.4. The ability of detecting a single scatterer decreases with the decrease of
the TCR to the level of reaching almost 0% for single scatterers with TCR <
0.05. In case of failure to detect the presence of a single scatterer, the detection

algorithm, wrongly, indicates no single scatterer embedded.

e For the cases of two, three, four, and five single scatterers embedded (shown in
figures 8.12-c, 8.12-d, 8.13-a, and 8.13-b respectively), the detection algorithm

shows its ability to indicate the correct decision for large values of TCR.

e For the cases of more than five single scatterers embedded, 8.13-c, 8.13-d, and
8.14, the detection algorithm indicates 0 (as desired) in most of the cases ex-
cept for the cases of 6, and 7 single scatterers with high values of TCR, which

represents a smooth transition from the cases of 5 single scatterers.
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Figure 8.12: Performance of the detection algorithms for the cases of terrain with
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Figure 8.13: Performance of the detection algorithms for the cases of terrain with

4,5,6, and 7 single scatterers embedded in it with 2.0 GHz system bandwidth.
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Important Comment

A practical situation that is important to consider here is that. for many remote
sensing applications the radar system will be working at near grazing angles at a large
distance (1 or 2 km) from the the illuminated cell. Such a situation will result in a
large illuminated area, even for a narrow beam radar system. This large area will
result in a a small target to clutter ratio (TCR) for any single scatterer that might
exist in the cell. This small TCR, as explained earlier in this chapter, will reduce
the probability of detecting single scatterers. To overcome this deficiency, the radar
system bandwidth can be used in range gating and dividing the radar illuminated
cell into sub-cells of smaller areas as shown in Fig. 8.15. Then, apply the FCF-based

detection algorithm to each of these sub-cells individually.

The smaller the area of these sub-cells the higher the TCR, but also, the closer the
behavior of FCF,,s_..ut to that of a single scatterer. Consequently, this close behavior
of FCFup—cenr to that of a single scatterer will oppose the effect of the increase in
TCR. Therefore, the size of the sub-cells need to be optimized to result in the high-
est possible detectability. In other words, the number of range bins that should be
aggregated to make a sub-cell must be selected so as to result in the highest possible

detectability of single scatterers.



Iluminated cell

Figure 8.15: Illustration of a practical situation.
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8.5 Studying the Effects of the System Bandwidth
on the Behavior of FCF and the Performance

of the Detection Algorithm

In the previous sections, the characteristics of the FCF of the signal backscattered
from terrain with and without single scatterer(s) embedded were studied. In addi-
tion, the effects of the system and setup parameters on the behavior of the FCF were
discussed except for the effects of the radar system bandwidth. In this section we will
investigate the relationship between the radar system bandwidth and the behavior of
the FCF. Then, we will examine the dependence of the performance of the detection

algorithm on the radar system bandwidth.

IS ISl
Ideal Single

Scatterer
Frequency
Response

f b e < e Pl £

T Radar System Radar System

bandwidth bandwidth

Figure 8.16: The (theoretical) effect of the radar system bandwidth on FCF and

FCFBW of an ideal single scatterer.
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Theoretically, a single scatterer has a response at MMW frequencies that is
frequency-independent, amplitude-wise, and linearly dependent on frequency, phase-
wise, over the bandwidth of the radar system. Therefore, for a single scatterer,
increasing the radar system bandwidth will cause the FCFBW to increase, as shown
in Fig. 8.16. This relation can be precisely explained by equation (5.9) which states
that the FCFBW of a single scatterer is linearly proportional to the radar system
bandwidth. For terrain, FCF,. . is approximately the coherent sum of the FCF of
a large number of single scatterers. The radar system bandwidth will affect the indi-
vidual FCF of these large number of scatterers in a way similar to the case of a single
scatterers. But, on the other hand, the frequency decorrelation of the FCF,,..; due to
the coherent sum is much faster than the linear dependency of the FCFyingte scatterer
on the system bandwidth. Therefore, the effect of the coherent sum dominates and
causes the FCFBW of a large set of scatterer (homogeneous terrain) to be indepen-

dent of the radar system bandwidth.

To rigorously study the effects of the radar system bandwidth on the behavior of
FCF. the numerical simulation code was used to evaluate the FCF of homogeneous
terrain at three different radar system bandwidths 0.5, 1.0, and 2.0 GHz. Figure 8.17
shows examples of the |FC Fi. rain| in these three different cases. From Fig. 8.17
(note the difference in the horizontal axis scale) we notice that the FCFBW does
not change with the change of the radar system bandwidth (as long as the system

bandwidth doesnot becomne very small).



On the other hand, we notice that the average slope of the FCF,.  qin, slightly,
decreases (becomes more steeper) with the decrease of the radar system bandwidth.
While this is the case for the homogeneous terrain, the slope of the FCF of a single
scatterer remains the same —despite the value of the radar system bandwidth— if
the number of frequency steps doesnot change. That is, with the change of the radar
system bandwidth, the FCF of one single scatterer (in absence of the terrain) remains

a line with a slope = —1.25 x 1072 and a squared error = 0.

For cases of two or more single scatterers (in the absence of the background too),
the FCF is expected to decorrelate slower (on the average) with the decrease of the
radar system bandwidth, unless the number of single scatterers becomes very large

where the resultant FCF becomes similar to the case of homogeneous terrain.
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Keeping the above effects of the radar system bandwidth in mind, the detectability
of one or/and more single scatterer(s), based on the four FCF features, is expected
to become lower with the decrease of the radar system bandwidth. To examine this
expectation further, the numerical simulations were used to study the same previous
cases of terrain and of terrain with one and more single scatterers (of variable TCR)
embedded in it at 0.5 GHz radar system bandwidth. These simulations showed that
the average slope of |[FCFicrrain| is more steeper than the previous case of 2.0 GHz
system bandwidth, and the squared error is larger than the previous case of 2.0 GHz
system bandwidth. These results verify our expectation and clearly will lead to a
lower capability of detecting single embedded scatterer(s). Comparisons between the
cases of 1, 2, and 5 single scatterers embedded in a homogeneous terrain with 0.5 GHz
system bandwidth and their corresponding cases of 2.0 GHz radar system bandwidth,

demonstrated the following differences :

[- The FCFBW is capable of distinguishing the cases of single scatterers with large
TCR from cases of homogeneous terrain. But, for the same level of discrimina-
tion —based on FCFBW only— TCR should be larger than their corresponding

cases of 2.0 GHz radar system bandwidth.

II- The dynamic range of the FCFBW is almost 25% of that of the case of 2.0 GHz
radar system bandwidth, which is similar to the ratio of reduction of the system

bandwidth.

[II- The average slopes of FCF are of wider dynamic ranges for all cases when
compared to their corresponding cases of 2.0 GHz radar system bandwidth.
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IV- There is an overlap between the dynamic ranges of the average slope in the cases
of one, two, and five single scatterers on one side and that of the homogeneous
terrain on the other side. In the case of 0.5 GHz radar system bandwidth, this
overlap exists for TCRs larger than their corresponding cases of 2.0 GHz radar

system bandwidth.

The applicability of this observed behavior, from the numerical simulations, to the
measurements, reported in Chapter 7, was examined. This examination was done by
calculating the FCFBW of all the measurements of the sections of the trunk-ground
combination using the data of 0.25 GHz only and compare it to the previous results
of Chapter 7 which was based on data of 0.375 GHz. The result is illustrated in Fig.
8.18. Comparison between Fig. 7.10 and Fig. 8.18 shows the increase of overlap
between the dynamic range of the FCFBW corresponding to trunks with those of
the other sections. It is clear that the reduction of the radar system bandwidth
results in poorer performance of the FCF-based detection algorithm. This conclusion
is examined further by applying the detection algorithm to the data set of FCF’s
with 0.5 GHz radar system bandwidth. These results of the performance of the
detection algorithm, based on the 0.5 GHz radar system bandwidth data set, are
shown in figures 8.19—8.21, which when compared to figures 8.12—8.14, show the
lower performance of the detection algorithm associated with the decrease of the radar

system bandwidth.
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Figure 8.21: Performance of the detection algorithms for the cases of terrain with

8,10,30, and 100 single scatterers embedded in it with 0.5 GHz system bandwidth.
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8.6 The Application of the Detection Algorithm

to the Measured Data

The enhanced detection algorithm of Section 8.4 was applied to the measured
data of Chapter 7, and its results were compared to the results of the simple detec-
tion algorithm of Chapter 7. The simple algorithm of Chapter 7 uses one detection
feature (FCFBW) while the enhanced detection algorithm uses four detection fea-
tures (FCFBW, Average Slope, Squared error, and Ratio). Figure 8.22 shows the
comparison between the results of the two detection algorithms, which show that
the enhanced detection algorithm has a slightly better detection ability. Also, the
comparison shows that the maximum detectability improvement corresponds to the
corner of the trunk-ground setup. The corner of the trunk-ground setup is a practical
example of a cell of terrain (ground) with one single scatterer embedded (the lower
part of the trunk). Hence, the addition of more detection features enhanced the capa-
bility of the FCF-based detection algorithm to detect the tree trunk and discriminate

it from the surrounding environment.

A point to mention here is that, the performance improvement is small (=~ 8%)
and this is attributed to the limited bandwidth of the system used in measurement

(BW = 0.375 GHz).
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Figure 8.22: Comparison between the results of the simple and the enhanced detection

algorithms.



8.7 Conclusions

A numerical simulation procedure is developed to simulate the FCF of the backscat-
tering by a radar-illuminated cell of terrain without and with a few single scatterers
embedded in it. The numerical simulation was used along with the analytical deriva-
tion of Chapter 6 to physically interpret the behavior of the FCF and its relation to the
type of scatterers (single scatterer versus terrain) in the radar illuminated cell. Also,
the numerical simulation was used to generate a data set of FCF of the backscattering
by terrain with and without single scatterers embedded in it. The analysis of this
data set along with the analytical analysis and measurement observations, reported
in Chapters 6 and 7 [4], led to the development of an enhanced detection algorithm
that is based on four FCF-based features. The detection algorithm was tested and its
high ability of discriminating tree trunks from nearby targets, including man-made
targets, was shown. In addition, we showed that the performance of the detection

algorithm improves with the increase of the radar system bandwidth.



CHAPTER 9

CONCLUSIONS AND FUTURE WORK

In this thesis we studied and analyzed the MMW scattering by natural terrain at
near grazing angles, in general, and focused, in particular, on the MMW scattering by
tree trunks. The characterization of the MMW scattering by terrain and tree trunks
were studied due to their necessity in the design of optimal MMW sensors that are

capable of detecting man-made targets with terrain in the background.

9.1 Conclusions

The statistical analysis of the MMW backscattering by various types of natural
terrain at near grazing angles showed that the Rayleigh fading model is applicable
for characterizing the statistical behavior of the radar backscatter from homogeneous
distributed targets, such as terrain surfaces, so long as the illuminated cell is large
enough to contain many scatterers, and, additionally, no single (or few) scatterer(s)
dominate over all others. In addition, this study showed that. the radar backscatter
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from heterogeneous terrain obeys conditional Rayleigh distribution. In other words.
knowing the pdf of the local mean scattering levels of heterogeneous terrain p(o?) can
be used along with the Rayleigh model to derive its statistical properties. Further
study of this latter point led to the application of the Bayes formula to derive the pdf

of the scattering from heterogeneous terrain as follows, [42]:
>
poa) = [ piloalod) o) dot,
o
or in the discrete format

pea) = Y. pi(oalo?) P(o?). (9.1)

all local fields

Based on geometric optics approximation, general solutions for both the coherent
and incoherent components of the scattering by rough, lossy. dielectric cylinder were
developed. These general coherent and incoherent solutions are in the forms of two
and four folded integrals, respectively. For the common case of a rough cylinder having
a Gaussian distributed roughness, we reduced the coherent solution to a closed-form
expression. Also, for the common case of a cylinder having a surface roughness with
exponential characteristic function, we reduced the solution to a closed-form expres-
sion. The models for both the coherent and the incoherent components are valid for

the backscattering and a wide range of bistatic configurations.

These analytical models were verified experimentally by performing a set of indoor
measurements of the coherent and incoherent angular responses of a rough conduct-
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ing cylinder and a section of a tree trunk. In addition, an approximate procedure
was used to measure the dielectric constant of the wooden material of the tree trunk,
which was found to be 2 + 70.7 for samples with average water content of 30%, and a
laser profiler system was used to measure the roughness parameters of both the rough
conducting cylinder and the tree trunk section. All the measured parameters were,
then, applied to the analytical model to evaluate its backscattered predictions. The
evaluated incoherent model predictions were compared to the indoor measurements
and very good agreements, between theory and measurements, for the two cases of

the rough conducting cylinder and the tree trunk section were achieved.

Two possible scenarios for occurrence of high RCS value from trunk-ground setup
were considered and studied. One of them is based on a direct scattering from the
tree trunk. and the other one is based on bistatic scattering from the trunk-ground
setup. A method to calculate the probability of occurrence of high RCS value based
on both scenarios was introduced. The results of this method showed that the first
scenario is much more probable to occur and the probability of occurrence, in both
cases, increases with the increase of the trunk (cylinder) diameter. This increase is
expected to reach saturation when the size of the trunk (cylinder) fills the radar beam

in the direction perpendicular to the axis of the cylinder.

To enhance the ability of detection algorithms to detect man-made targets with
terrain in the background, the application of the FCF in the detection problem and
its physical meaning along with its relation to the time-domain signal were studied
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analytically, where a general expression for the FCF of the backscattering by a radar-

illuminated cell that contains an arbitrary number of scatterers was developed.

In addition, the application of FCF to the detection problem was studied experi-
mentally, where an outdoor measurement campaign (at 35 GHz and 95 GHz) was de-
signed and conducted for this purpose. Based on the acquired data, the FCFBW val-
ues of individual measurements of trunks were found to be centered around higher val-
ues than that of the other nearby targets (trunk-ground corner, ground, tree canopy,
and tanks). This behavior was explained theoretically and verified by measurements.
Based on this behavior, a simple detection algorithm was proposed, tested, and its
performance was evaluated. This algorithm showed greater than 89% detectability of
trunks at different radar look angles at 35 GHz with a slightly lower performance at
95 GHz. In addition, its false alarm rate is less than 8% at 35 GHz and is a bit higher
at 95 GHz. The algorithm’s ability to discriminate tree trunks from other nearby

targets. including man-made targets, was also demonstrated.

Further study of the properties of the FCF, its relation to the number of scatter-
ers in the illuminated cell, and its relation to the radar system parameters (system
bandwidth, incidence angle, etc.) were also performed based on a numerical simula-
tion procedure. In addition, the numerical simulation was used to generate a data
set of the FCF of the backscattering by terrain with and without single scatterers
embedded in it. The analysis of this data set along with the analytical analysis and
the experimental observations led to the development of an enhanced detection algo-
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rithm that is based on four FCF features. This detection algorithm was tested and its
high ability of discriminating tree trunks from nearby targets was demonstrated. In
addition. we showed that the performance of the detection algorithm improves with

the increase of the radar system bandwidth.

9.2 Future Work

In Chapter 3 we developed closed-form solutions for the coherent and incoher-
ent components of the scattering by rough lossy dielectric cylinder for some common
cases of roughness functions. Developing closed-form solution for general cases and/or

other common cases of roughness function is a natural extension of this work.

In Chapter 4 we performed an extensive experimental verification of the inco-
herent component of the scattered field from a rough lossy dielectric cylinder in the
backscatter direction. Since the developed model is valid for the backscatter configu-
ration as well as for a wide range of bistatic configurations, performing experimental
verification of this model under bistatic configuration is the next step to complete

this work.

In our study and analysis of the FCF and its application to the detection prob-
lem, Chapters 6-8, we considered only the FCF amplitude of the co-polarized radar
backscatter. A possible extension of this work is to search for useful information or

detection features based on the complex co-polarized and/or cross-polarized radar
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backscatter.
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