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Abstract

Detection and identification of targets buried within layers of vegetation or geo-
physical media such as snow, ice, or soil, continues to be an area of substantial interest
and active research. Analysis of electromagnetic sensor systems for applications of this
type share the common difficulty that the natural environment surrounding the buried
target can not easily be characterized in a deterministic manner, and a statistical de-
scription of the media and the resulting electromagnetic propagation and scattering
must be employed. Coupling between the deterministic target and its random sur-
roundings modifies the signature of the target and lends an incoherent component to
the signal measured by the sensing system. Prediction of these physical effects of the
random environment is necessary before the performance of individual sensing mecha-
nisms may be analyzed, however, little theoretical modeling has previously been done
to support this prediction.

Hence, to provide greater physical insight into the effects of a random environ-
ment on the scattering characteristics of a buried target, several entirely new models
are developed for the fields scattered from targets beneath or within layered regions
of continuous random media. In the simplest case, the deterministic scatterer is taken
as a point target, located beneath a slab of isotropic random media, characterized by
a spherically symmetric correlation function. Strong fluctuation theory is applied to
determine the effective mean permittivity of the random region, and the first order
distorted Born approximation is utilized in computing the incoherent field scattered by
the random media. The total field is shown to be composed of a target return, char-
acteristic of scattering in the presence of the mean permittivity alone, a clutter return
representing direct scattering by the random media, and two interaction terms describ-
ing the multi-path scattering between the target and random layer. The statistics of
these scattered fields are computed, including the variance and the correlations for var-
ied azimuth angle and frequency, and results are shown to illustrate the dependance
of the statistics on several geometrical and physical parameters. An alternate repre-



sentation is introduced in which the total return is expressed as the freespace return
modified by a complex phase term, where the real part embodies the random phase
fluctuations of the scattered field, and where the imaginary part gives the amplitude
fluctuations and mean attenuation. For the case of a small phase error, expressions are
derived for the variance and correlation of the phase fluctuations, and the dependance
on geometrical and physical parameters is again shown. To treat more complex phys-
ical environments, the model is extended to include multiple layers of random media,
described by non-isotropic, azimuthally symmetric correlation functions and uniaxial
effective permittivities, and thc effects of the additional layers, non-spherical scatterers,
and uniaxial permittivities on the scattered field statistics are illustrated.

To allow analysis of the interaction of more complex targets with a random envi-
ronment, two additional models are developed. For electrically small targets, a Method
of Moments approach is utilized in calculating the scattered field of the target. An in-
tegral equation is derived for the current induced on the perfectly conducting surface,
and this current is expanded as a weighted series of basis function terms. The integral
equation is tested to produce a linear system in the unknown current weights, allowing
solution for the current and integration to determine the scattered field. For electrically
large targets, a Physical Optics approach is applied in calculating the target scattered
field, and the induced surface current is given by the tangent plane approximation. In
both frequency regimes, the scattering from the random media is calculated using the
first order distorted Born approximation. Results are shown to illustrate the effects
of target size, shape, and orientation on the variance and correlation statistics of the
scattered field, and these results are compared to those for the point target.

To illustrate the effect of the random media on the detection and classification
capability of an imaging sensor, the models are applied to the analysis of a synthetic
aperture radar (SAR) system. A simple SAR processing scheme is adopted, and the
random media induced degradation is seen to depend on both the variance and cor-
relation of the incoherent target return. Range-cross range images are formed for a
point target beneath a random slab, and these are compared with the ideal freespace
response. Effects of the obscuring layer are shown to include a mean attenuation, a
range bias, and a blurring of both range and cross range responses. The extent of the
blurring is seen to vary with the polarization, bandwidth, and integration angle of the
SAR system.

Thesis Supervisor : Prof. J. A. Kong

Readers : Prof. F. R. Morgenthaler
Dr. R. T. Shin
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Chapter 1

Introduction

Detection and identification of targets buried within layers of vegetation or geo-
physical media such as snow, ice, or soil, continues to be an area of substantial interest
and active research [1-3). Analysis of electromagnetic sensor systems for applications
of this type share the common difficulty that the natural environment surrounding the
buried target can not be easily characterized in a deterministic manner, and a statistical
description of the media and the resulting electromagnetic propagation and scattering
must be employed. Coupling between the deterministic target and its random sur-
roundings modifies the signature of the target, and lends an incoherent component
to the signal measured by the sensing system. Prediction of these physical effects of

the random environment is necessary, therefore, before the performance of individual
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sensing mechanisms may be analyzed.

One such sensing mechanism recently considered for these applications is the use
of low frequency, synthetic aperture radar (SAR) with the potential of penetrating geo-
physical layers, and providing high resolution images of the structures beneath [1-6].
Synthetic aperture radar obtains an azimuth or cross-range resolution which is much
sharper than that realizable with a conventional antenna and radar processor. The im-
proved performance is achieved by exploiting the presence of a Doppler shift in the field
scattered by points located to the side of the track of the airborne or spaceborne radar
platform motion. Frequency analysis of the signal received as a function of position
along the flight track allows identification of the cross-range positions of the scatterers
with resolution which is firer than the real antenna beamwidth of the radar. This
processing of the signal is analogous to coherently integrating the received field over a
synthetic aperture which is typically much longer than the physical antenna dimension.
High resolution in range is also achieved, either by transmitting a chirped pulse and
compressing the received signal, or by stepping the radar frequency over a specified
bandwidth and coherently integrating the return at each frequency to synthesize the
response of a narrow pulse. The high resolution achievable with SAR provides improved
performance in identification applications by allowing higher quality imaging of ground
structures than with conventional radar, and in detection applications allows greater
accuracy through the higher signal-to-clutter ratios obtainable with smaller resolution
cells. Consequently, design and analysis of SAR systems has received considerable

attention [1-17].

Propagation and scattering in a random geophysical environment introduces two

effects, however, which degrade the performance of SAR systems in both detection and

®
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Figure 1.1. An example of the use of penetrating synthetic aper-
ture radar is in the detection and imaging of struc-
tures buried beneath forest foliage.

imaging of buried structures. The first effect is the attenuation of the incident and
scattered waves, resulting from both absorption and scattering in the random layers.
This attenuation reduces the signal-to-clutter ratio, and causes an associated loss of
detection accuracy. The second effect is a random phase fluctuation in the scattered
field, caused by contributions to the total field, which arise from multi-path scatter-
ing in the propagation to and from the target, and which possess random amplitudes
and varying phase delays. These multi-path contributions are generated by interac-
tions between the target and random environmental scatterers, and summing these
contributions leads to a total return which not only has a random component to its
amplitude, but a random phase variation as well. This random phase, which changes

with the azimuth of the sensor, limite the ability of the SAR processing to focus over



32 CHAPTER 1 - INTRCDUCTION

synthetic apertures which are comparable to or larger than the correlation length of
the phase variation, and leads to a reduction in cross-range resolution. Similarly, the
fluctuations limit coherency between measurements at distinct frequencies, and reduce
the ability to synthesize narrow pulses, and to obtain high resolution in range. To
determine the overall performance degradation which arises from the presence of the
obscuring foliage, the effects of both attenuation and random phase incoherence on the
SAR system must be considered.

While the problems of scattering from deterministic targets and random media
have both been treated separately in the past, little theoretical modeling has been
considered for the problem of the interaction between a deterministic target and a
random surrounding environment. Hence to provide previously unavailable physical
insight into this issue, this thesis addresses the problem of scattering from deterministic
targets buried in regions of layered random media. Models for the electromagnetic
interaction between the target and random media are developed, and these models
are used to derive the statistics of the incoherent fields scattered by the target.. To
facilitate the analysis of SAR and other sensor systems, not only the power scattered
by the target and media, but also the correlations of the target signature in aspect
angle and frequency are determined. Finally, the results of these physical models are
applied with a simple model of a SAR processor, and range-cross range images are
formed to illustrate the efect of the random media on the detection and imaging of

microwave targets.
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1.1. Previous Work

Analysis of these random media effects can be separated into two distinctly dif-
ferent issues, the problem of firstly determining the extent of the attenuation and
fluctuations induced by the target environment, and the problem of secondly determin-
ing the degradation these levels of signal loss ar.d fluctuation produce in the output
of the sensing system signal processor. The first step of this analysis is physical in
nature, and requires development of a theoretical model, which describes the electro-
magnetic interactions between target, and random media, and which allows prediction
of the total scattered field of the buried target, and modeling of the signal received by
the sensing system. In contrast, the second step is & signal processing issue, requir-
ing analysis of a chosen receiver model to determine the effect of the degradation of
the received signal on performance measures, such as resolution or detection accuracy.
This later step is not specific to an understanding of the environmental effects, but is
common to the prediction of performance under other sources of degradation, and for
this reason has received more previous attention. In the following, both facets of this
problem are addressed in the context of a specific sensor and specific geophysical envi-
ronment obscuring the target. Previous analysis of the signal processing issues related
to degradation of a synthetic aperture radar system are reviewed first, and a discussion
of relevant results relating to propagation and scattering in a forest environment are

presented thereafter.
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1.1.1. SAR Signal Processing

The primary effect of the attenuation experienced in propagation through geo-
physical layers is a reduction of the signal-to-clutter and signal-to-noise ratios, for fixed
levels of clutter power and receiver noise. Since detection accuracy is primarily deter-
mined by the contrast between the signal or target portion of the response, and those
portions of the SAR output due to noise sources, the attenuation of the target return
will cause a ioss in detection accuracy. The receiver operating characteristics, express-
ing tradeoffs between detection accuracy and false alarm rate, show & dependance on
signal-to-noise ratio which has been extensively studied, and is known for a Qariety of

detection algorithms [18-20).

The mean level of received power is also affected by the presence of a multi-
path component in the scattered field at the SAR receiver. The interfaces between
the stratification layers in the media surrounding the target redirect powef in the
direction of the receiver, which would otherwise be lost for a target located in free
space. Typically, these multi-path returns are composed of a mean coherent part, and
a fluctuating or incoherent part, where the later incoherent portion will always increase
the total, mean received power, but where the coherent portion will interfere with the
direct return, and may either increase or decrease the effective target signature. Hence,
these scattering mechanisms will either improve or diminish the signal-to-clutter ratio,
and will have a corresponding effect on target detectability. More significantly, however,
the incoherent portion of the multi-path return arises from the same random media or
rough surface which give rise to the backscattered clutter return, and consequently,

this portion of the signal may be correlated with the clutter return. For noise sources
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which are correlated with the signal to be detected, a matched filter is no longer the
optimal detection processor, and as previously shown, a mis-matched filter will provide
improved detection accuracy [21].

Another potential effect of the multi-path portion of the received signal is to
introduce either blurring or false targets in the processed SAR image. Multiple reflec-
tions between the target and the layered inedia boundaries will produce return signals
with time delays greater than that of the direct return from the target. Consequently
these reflections may cause either blurring of the SAR image in the range direction,
or if resolved, false target images, spaced in range. A similar effect has been observed
previously in the detection of airborne targets with other types of airborne radar [22].

The fluctuations of amplitude and phase present in the incoherent portion of the
multi-path return also lead to degradation of the resolution achievable in imaging target
structures. If perfectly correlated across the coherent integration angle and frequency
bandwidth of the SAR processor, this contribution would lead only to a stronger re-
sponse in the processed output. However, when this portion becomes decorrelated over
the spatial or frequency extents of the processing, the resulting phase errors lead to a
response blurred in range and cross-range. Summing this incoherent response with the
output due to the coherent portion of the received signal, tends to degrade the overall
resolution.

This phase fluctuation effect on SAR performance has been previously inves-
tigated in the context of fluctuations arising from atmospheric propagation, uncom-
pensated platform motion, and instabilities of the transmitter/receiver local oscillator
[6,10-13]. Greene and Moller [10] examine the effect of Normally distributed random

phase errors on synthetic array gain patterns, and employ both analytical and Monte
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Carlo approaches to evaluate degradations, which include rms beam canting, beam
spread, peak gain reduction, and sidelobe level increase. Under the assumption of
small fluctuation variance, the main-lobe to sidelobe power was seen to be the per-
formance measure most sensitive to phase errors. Brown and Palermo [11] consider
the effect of phase errors on resolution by examining the spread of the Fourier trans-
form of a function modified by a multiplicative factor of random phase, and obtain
simple expressions for the rms tilting and radius of gyration of the pattern. Zelenka
and Falk [12] similarly describe the effect on SAR image quality, but for damped, non-
stationary phase and amplitude errors characteristic of damped mechanicel vibrations
of the sensor platform. Both wide-band and narrow-band errors were seen to increase
the sidelobe to main-lobe energy ratio, and, consequently, decrease the signal-to-noise
ratio of the system. In addition, for the narrow-band case, where the phase error was
manifested as a damped sinusoidal function, paired echoes were introduced, leading to
high sidelobes which could be misinterpreted as false targets positioned symmetrically

about the real target.

For the small bandwidth case, Harger [6] approximates the phase error using the
first few terms of its Taylor series. The linear term is seen to produce beam canting, but
introduces no less of resolution or change in sidelobe level. In contrast, quadratic errors
are found to cause a loss in resolution, a decrease in the amplitude of the maximum of
the response, and an increase in sidelobe level. In each case, the degradation becomes
worse as the variance of the phase error is increased. When compared to quadratic
errors, cubic errors are seen to cause a more dramatic increase in sidelobe level and
a beam canting of the peak, but show less effect on resolution or peak gain. Harger

also examines the effect of bandwidth on the above degradations, and shows that,
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for fixed variance, all of the performance measures degrade further as the correlation
length of the phase error is reduced. For correlation lengths large in comparison to the
synthetic aperture, the phase error becomes essentially constant, and a large variance
may be tolerated. In contrast, for fluctuations correlated over distances smaller than
the synthetic aperture, the variance must be small to avoid catastrophic degradation
in performance. Elachi and Evans [13] verify this result numerically, and conclude that
the effect on the gain pattern is not appreciable provided that the standard deviation
of the phase is less than m, and that the correlation length of the pkase is greater than

the aperture length.

Considerable attention has also been focused on the problem of optimizing the
SAR processing to reduce the effects of the phase fluctuation. Because the noise is
multiplicative rather than additive, a linear matched filter processor will no longer be
optimal, and in general, better results are possible by employing a nonlinear processing
structure. Brown and Palermo [11] consider only a linear processor, but calculate the
choice of illumination function or synthetic aperture weighting function which mini-
mizes the mean square resolution. Harger [14] investigates a linear minimum variance
estimator for a random signal with complex Gaussian phase error added to random
noise, where the correlation length of the phase noise is short in comparison to the
aperture length. It is shown that for the purpose of deriving the optimal linear estima-
tor, it is possible to replace the multiplicative error with an equivalent additive error,
which results in a processor that is similar to the optimal processor in the absence of the
phase noise, but with an optimized gain. Harger also examines the probiem of optimal
nonlinear processing using the maximum likelihood criterion, and derives a likelihood

functional which contains a linear term realizable as a matched filter, and a nonlinear
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term in the form of a quadratic functional [15]. In the case where the variance of the
multiplicative error approaches zero, the second term of the processor vanishes, and
it is shown to reduce to the matched filter which is optimal for additive noise. When
the phase error becomes large, however, or the additive noise small, the matched fil-
ter component of the processor vanishes, leaving the quadratic functional. This later
limiting processor is seen to coherently integrate only over regions in which the phase
is well correlated, and then incoherently sum the contributions from each such regiomn.
Raney [16] suggests a similar result in the SAR imaging of scenes which are subject to
random fade, and concludes that performance is optimized when the partial coherence

of the processor is matched to that of the scene.
1.1.2. Forest Propagation

Despite this relatively extensive analysis of SAR processor performance, most
of the work presented assumes relatively arbitrary models for the propagation loss
and phase noise, and much less effort has been extended to the problem of modeling
the physical effects of propagation and scattering in a geophysical environment. Of
these effects, only that of mean attenuation has been analyzed extensively, since it is
a factor in the performance of other microwave sensors and communications systems.
One geophysical medium for which attenuation has received considerable examination
is that of forest vegetation. This foliage medium is also of particular interest in the
analysis of penetrating synthetic aperture radar systems.

Measurements over a variety of frequency regimes have determined numerous
factors which affect foliage attenuation. At frequencies below 800 MHz, Tewari et.

al. [23] show an increase in loss with increasing frequency, and a higher attenuation
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for vertical polarization than for horizontal, although this latter polarization depen-
dance is seen to diminish at higher frequencies. At microwave and millimeter wave
frequencies, Schwering et. al. [24] also observe an increasing loss with frequency, and
relatively little polarization dependance. Ulaby et. al. [25] demonstrate this same polar-
ization independence in experiments at L-band. The lack of dependance on orientation
at higher frequencies is seen to arise from the random arrangement of the scatterers
which compose the canopy layer. In contrast, at lower frequencies, the vertical ori-
entation of the trunk component of the vegetation leads to a higher attenuation for
vertical polarization than for horizontal. Measurements by Mougin et. al. [26] of indi-
vidual, cylindrical-shaped vegetation components such as twigs and needlesvsimilarly
show that geometrical and orientation parameters are significant for scatterers with
radii smaller than a wavelength, but for larger radii, the loss is governed primarily by
the biomass and dielectric properties of the scatterers. These results at X-band also
~ show increasing loss with either increasing foliage density or water content. For lower
frequency propagation in jungle vegetation, Tewari et. al. [23] observe a similar increase
in loss for measurements during the wet season during which both the vegetation and
ground contain more moisture. Krevsky [27] compares attenuation through jungle and
mid-latitude woods at HF and VHF frequencies, and demonstrates a larger loss for the
jungle, resulting from the denser vegetation. The dependance of the mean attenuation
on vegetation type and density for propagation through the crown region of individual

trees is also shown by Ulaby et. al. [28] at millimeter wavelengths.

The mean power received through a forest transmission path consists of contri-
butions from other propagation mechanisms in addition to the direct wave described

above. In particular, at low frequencies, the lateral wave, or “tree-top” mode, which
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propagates along the boundary between the vegetation canopy and the air above, may
contribute significantly to the received sigral. Tewari et. al. [23] show that at frequen-
cies from 50 to 800 MHz, the direct contribution dominates at only extremely short
ranges, while the lateral wave is the leading propagation mechanism at longer ranges.
For sufficiently low frequencies and long distances, Tamir [29] demonstrates that the sky
wave, or single reflection from the ionosphere, may also represent a significant mode.
Finally, for an antenna placed near the ground, Dence and Tamir [30] conclude the
ground reflection may be important, although this effect is lessened as the antenna is
moved to greater heights. These results demonstrate that, in general, boundary effects
may impact propagation. In application to the SAR problem, the sky wave will be
absent, and it is expected that the importance of the lateral wave will diminish at the
higher frequencies of interest where the canopy upper interface becomes less electrically
smooth. In contrast, however, the ground reflection may still be significant, and must

be considered.

Analysis of these boundary effects becomes further cormplicated when the problem
of scattering from a target placed in the foliage is examined. Coupling between the
target and the ground surface or the air-vegetation boundary may alter the scattering
characteristics of the target, and modify its effective radar cross section. Scattering from
conductors or dielectric inhomogeneities buried in a stratified media has been considered
in the analysis of microstrip lines and antennas [115-117], the detection of underground
mines, tunnels, or pipes {102], and the reconstruction of soil profiles for geophysical
prospecting [118]. Results for the fields scattered by an infinitely long circular cylinder
possessing a radial stratified internal structure, and buried in a lossy halfspace, are

obtained by Mahmoud et. al. [120]. Multi-pole line current excitations at the cylinder
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axis are used to represent the source of the scattered fields, and it is seen that these
currents vary significantly when the air-ground interface is removed. Tsalamengas [121]
considers scattering from a conducting cylinder buried in a stratified ferrite medium
using an integral equation, moment method approach. Similar analysis for cylinders
or bodies of revolution at the interface of a layered media is performed by Marx [91]
using a method of moments (MoM) approach, and by Chang and Mei [119] using a
unimoment approach. Scattering from arbitrarily-shaped buried objects is considered
by Hill [123] using the Born approximation for the low contrest case, and by Oates et.
al. [102] who give a Finite Difference-Time Domain (FD-TD) solution. General three
dimensional formulations for arbitrary objects is presented by Kristensson [122] using
the Transition matrix formalism, and by Michalski and Zheng [92-93| using a MoM

solution of the mixed potential integral equation (MPIE).

In addition to the boundary interactions, there are also multiple scattering contri-
butions to the received power which arise from the scattering within the inhomogeneous
foliage layer. This scattering not only has an effect on the mean level of received power,
but causes amplitude and phase fluctuations of the scattered field. Even at low fre-
quencies, Tewari et. al. [23] observe large variations in the received field when moving
the antenna by a few wavelengths. Also seen is a substantial depolarization of the
received field due to vegetation scattering. At higher frequencies, Schwering et. al. [24]
observe both the depolarization effect and a broadening of the antenna beamwidth due
to scattering.

Analysis of the phase fluctuaticn effect is given by Chu (74-76] for the problem of
one-way propagation through a foliage layer. Results are presented for both the variance

of the fluctuations, and the correlation of the fluctuations with respect to receiver
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separation. Ayasli et. al. [1,3,35] and Klein et. al. [2] give results for polarimetric SAR
measurements at C, L, and UHF-bands, where tone generators and corner reflectors
were placed in forested regions to determine the attenuation and phase fluctuation
effects for one and two-way propagation. The dependance of these effects on frequency,
polarization, depression angle, vegetation density, and diurnal changes is also examined.
The attenuation effect is analyzed by comparing returns from corner reflectors placed in
open areas to that from reflectors located under foliage, and the SAR image degradation
in cross-range is studied by synthesizing two-way responses from received CW tone

generator signals.

1.2. Modeling of Propagation and Scattering

The previous resulis described above give some insight into both the physical
effects of a geophysical environment such as forest vegetation on propagation and scat-
tering, and the corresponding degradations introduced in SAR performance. In par-
ticular, polarimetric SAR measurements presented by Ayasli et. al. [1,3] demonstrate
both attenuation and phase fluctuation effects. However, too few sites were considered
in these measurements to obtain statistical averages for the loss and fluctuations ex-
perienced, and to quantitatively determine the effects of the environmental parameters
on the results. Consequently, extending these results to forest types, depression angles,
or variations of other parameters different from those measured, or to entirely different
types of environmental media, is difficult without extensive modeling. Some effort at

this modeling is presented by Chu [74-76], but his results are limited to a single layer
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of random media with a receiver beneath, and in calculating the correlation function of
the phase fluctuations, only the spatial correlation is considered, and only for one-way
transmission at normal incidence to the random layer. Hence, to properly treat the
problem of scattering from a target in a random environment, more extensive modeling
is needed.

This modeling problem consists of two distinct aspects, namely the determinis-
tic problem of treating the interactions of the electromagnetic wave and target, and
the stochastic problem of analyzing the scattering of the wave by the random inho-
mogeneities of the environment surrounding the target. Individually, each of these
problems has been considered previously, and a number of models have been devel-
oped to treat each. It is the purpose of this thesis to combine these two problems
to model scattering from a target in a random environment. Before discussing how
these two modeling problems have been merged in this thesis, however, it is useful to
review several of the approaches which have been developed to treat the individual
problems. In the following, three approaches to modeling an environment with random
inhomogeneities are presented first. A number of methods of modeling scattering from

deterministic targets are presented thereafter.

1.2.1. Stochastic Medium Scattering

1.2.1.1. Dielectric Slab Model

The simplest model for a forest or other geophysical medium with random inho-
mogeneities is that of a lossy dielectric slab. This model is utilized by Tamir [29] in

the analysis of low frequency, radio propagation through forest and jungle vegetation,
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where the forest is represented as a lossy halfspace. Dence and Tamir [30] and Sachs
and Wyatt [31] extend the model by including the presence of an imperfectly conduct-
ing ground surface, and Cavalcante et. al. [32-33] further refine this representation by
utilizing separate layers for the canopy and trunk regions of the vegetation. Tewari et.
al. [34] also present a method of determining the relative permittivity and conductivity
of the slab from measurements of the attenuation of the lateral wave propagation.
This simple model has found application primarily at low frequencies, where the
effect of the inhomogeneous nature of the random region is less significant. Sachs
and Wyatt [31] suggest conditions under which the model remains valid, and these
restrictions all limit the upper frequencies with which it may be applied. While this
model is capable of predicting the mean attenuation through a geophysical layer, it
does not predict the incoherent scattering which arises from the inhomogeneities, and
consequently can not be used in the SAR problem to determine the phase or amplitude

fluctuations of the received signal.
1.2.1.2. Discrete Scatterer Model

To determine the incoherent scattering which arises in the random region, the
inhomogeneous character of the environment must be modeled. The most direct method
for incorporating this effect is to represent the media as a random ensemble of discrete
scatterers in a homogeneous background. These scatterers are described by their shape
and scattering characteristics, and by the probability distributions for their size, density,
and orientation. The mean field arising for wave propagation through an unbounded
region of such scatterers can be determined, and from this field, an effective propagation

constant derived. First order incoherent scattering can then be accounted for using the
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distorted Born approximation, where the zeroth order field is taken as the mean field
derived initially, and where the difference between the scatterer permittivity ard that
of the effective background media is treated as the source giving rise to the incoherent

field.

The discrete scatterer approach was first analyzed using a particle treatment and
the Boltzman integro-differential equation for transport processes. This single or inde-
pendent scattering approach is equivalent to a geometrical optics ray treatment, which
neglects the coherence between scatterers, and is only valid for electrically large scat-
terer separations. .Foldy (36] and Tewersky [37] extend this approach to include some
multiple scattering, but only for the case of tenuous media. Foldy obtains the propa-
gation constant for the mean field, assuming an ensemble of isotropic point scatterers.
Tewersky [37] performs similar analysis, but for a slab of large, tenuous, dielectric
spheres, and Brown [38] treats an infinite volume of Rayleigh particles. The multi-
ple scattering treated by the Foldy-Tewersky integral equation is only of the forward
scattering type, however, and back-and-forth scattering between particles is neglected.
Lax [39] extends the Foldy approximation, by considering anisotropic scattering, and
by allowing scatterers which are randomly, partially, or completely ordered, thus, re-
moving the limitation to tenuous media. Tewersky [37] uses this approach to solve
for the mean field for non-sparse scattering where the correlation of the =catterers can
not be neglected, and applies the Quasi-Crystalline approximation (QCA). Tsang and
Kong [40] extend this analysis further, and utilize the Quasi-Crystalline approximation
with Coherent Potential (QCA-CP).

This discrete scatterer approach has been applied extensively to model propa-
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[41] considers a half-space of dielectric discs, and utilizes this model to predict the
backs<attering coefficients of a leafy canopy. Foldy’s approximation is employed to
derive an equation for the mean field, allowing determination of the effective propaga-
tion constant of the foliage, and the correlation of the scattered field is obtained from
the distorted Born approximation. Brown and Curry [42] utilize the Foldy-Tewersky
approach along with a Rayleigh scattering assumption to model trunks, branches, and
needles as electrically thin cylinders, and to obtain the propagation constant of the co-
herent field. Lopes et. al. [43] also use an infinite circular cylinder scattering function in
determining the polarimetric loss factor for propagation through cylindrically-shaped

forest components.

In addition to the above wave theory approach, the effects of propagation and
scattering for discrete random media have also been analyzed using the radiative trans-
fer approach. This technique treats the scattering of power in the medium, and yields a
simpler method, which neglects coherence effects, but which still allows incorporation of
multiple scattering. Tsang et. al. [44] use this method to treat scattering from a layer of
randomly oriented, smaﬂ ellipsoids over a homogeneous dielectric halfspace. For thick
layers, it is shown that the results are identical to those obtained with the coherent
wave approach utilizing Foldy’s method and the distorted Born approximation. A ra-
diative transfer model is utilized by Ulaby et. al. [45] to predict backscattering from a
forest canopy at microwave frequencies. Scattering from the canopy, and trunk regions,
as well as the ground surface beneath, is considered, and several muitiple scattering
mechanisms are also included. Ulaby et. al. [28] and Schwering et. al. [24] also use ra-
diative transfer models to analyze propagation through foliage canopies at lﬁil]jmeter

wavelengths.
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1.2.1.3. Continuous Random Media Model

An alternative to the discrete scatterer approach is to instead model the stochastic
medium as a layer of inhomogeneous permittivity, containing a spatially homogeneous
mean component, and a randomly fluctuating component which varies continuously
as a function of position. In this approach, the physical description of the medium is
specified by describing the statistics of the permittivity, including the mean, variance,
and spatial correlation of the permittivity fluctuations, and is in contrast to the dis-
crete scattgrt;r approach, where it is the characteristics and statistics of the individual
scatterers which is assumed. In this manner, the continuous model, in eﬁ'ecf, adds a
layer of abstraction in the physical modeling of the medium, since the parameters of
the continuous model reflect the underlying discrete nature of the medium, and are
chosen to produce the same phenomenological effects, but these parameters are not

necessarily directly measurable as any physical feature or quantity of the environment.

As in the discrete scatterer approach, however, to determine the mean attenuation
and incoherent scattering produced by the random media, it is necessary to determine
first the mean or coherent field, and then the variance or correlation of the field. An
integral equation for the mean field may be obtained by treating the fluctuating com-
ponent of the permittivity as an effective source of radiation, and the solution of this
integral equation may be given in the form of an infinite Neumann series. Renormaliz-
ing this series, the Dyson equation for the mean field is obtained, where the coherent
field is expressed as the zeroth order field in the absence of scattering summed with an
integral of the mean field multiplied by a mass operator. This later term accounts, in

general, for ail coherent scattering effects.
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In the limit when the fluctuations of the random media are both of small variance
and of small scale (or small correlation length), then scattering has little impact on
the effective propagation constant, and the effective permittivity reduces te the mean
permittivity. The first order incoherent field cm; then be found by truncating the
original Neumann (Born) series, and utilizing the first order Born approximation, which
accounts for single scattering in the media. This approach has been used extensively
for media composed of weak scatterers. Tsang and Kong [48] use this method to
determine the microwave emissivity of a half-space, and Zuniga and Kong [49] and
Zuniga et. al. [50] later applied the Born approximation to determine the backscatter
coefficient for the active remote sensing of two-layer and three-layer conﬁguraLtions. In
these later configurations, it was shown that unlike the half-space case in which the
vertical polarized return is always dominant, the additional interfaces can lead to cases
in which the horizontal return is larger. Cross-polarized returns were obtained using
the Born approximation, either by assuming anisotropic media [51] or by extending the

iteration to second order in albedo [52].

An improved estimate of the effective permittivity is possible if coherent scattering
effects are considered. To include these scattering effects, formal solution of the Dyson
equation for the mean field is necessary. Since exact solution is intractable, two popular
approximations have been considered, the bilocal approximation and the nonlinear
approximation. In the bilocal approximation, only the first term of the mass operator
is preserved in the Dyson equation, limiting solution to single scattering of the mean
wave. Multiple scattering effects are still included in part, but coherence of higher

order scattering is omitted, such that back-and-forth scattering is neglected.

Karal and Keller [53-54] apply the bilocal approximation under the assumptions
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of weak fluctuations and small scale correlation lengths, and show that the resulting
propagation constant for the mean field is complex even for non-dissipative media.
This loss arises from scattering in which the power in the coherent wave is transferred
to the incoherent portion of the wave, yielding a smaller mean field. Tatarskii and
Gertsenshtein [55] remove the restriction of weak fluctuations, and consider strong
fluctuation theory in which the bilocal approximation is renormalized. The permittivity
of the homogeneous background, or the quasi-static effective perﬁnittivity, is no longer
taken as the mean permittivity, but is chosen such that the renormalized scattering
source has zero mean. Tatarskii [56] extends the above results to the case of large
scale fluctuations, removing the restriction to small correlation lengths, and Ryzhov
and Tamoikin [57] give conditions for the validity of the bilocal approximation under

both large and small scale assumptions.

The initial derivation of the strong fluctuation theory result was done for the
case of scalar wave propagation in the random media. For the vector electromagnetic
case, the analysis is further complicated by the singular nature of the dyadic Green’s
function, and straightforward extension of the scalar theory leads to a series expression
for the effective permittivity which contains terms in powers of the variance of the
fluctuations. This complication adds the further criterion of small variance for validity
of the results. Tamoikin [58], however, shows that this restriction, and the presence of
the above terms in the series expansion for the permittivity, can be removed by choosing
an appropriate exclusion volume for the Green’s function, which corresponds in shape
to the embedded scatterers which compose the randorn media. More generally, for a
given correlation function describing the permittivity fluctuations, an exclusion volume

can be found to eliminate the above secular terms. Tsang and Kong [59] repeat this
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analysis, and compare the results of the weak and strong theories for several isotropic
and anisotropic correlation functions. Also shown is an equivalence of the results of
the random media model with those of the discrete scatterer approach under Foldy’s

approximation, in the overlapping regions of validity.

An alternative to the bilocal approximation is the nonlinear approximation to the
Dyson equation. This approximation has been derived by several, either by resuming
the series defining the exact mass operator, or from energy conservation arguments. The
approximate integral expression resulting from the nonlinear method differs from that
of the bilocal approximation in the replacement of the zeroth order field by the mean
field in the approximated mass operator. Consequently, additional scattering terms are
included in the nonlinear approximation, and it is generally considered more accurate
than the bilocal approximation. Lee and Kong [60] utilize the nonlinear approximation
for the problem of a two layer anisotropic random medium, and solve the approximate

Dyson equation using a two variable expansion technique.

Most of the above analysis is performed for the case of an unbounded random re-
gion. Bassanini et. al. [61] treat the layered case by replacing each random region with
the effective permittivity which would result if that region were of infinite extent. In
general, however, this approximation is not valid, since for bounded media the integral
operators of the Dyson equation are no longer of a convolutional type. The domain of
integration will be finite, and the mass operator will no longer depend exclusively on
the relative coordinate positions. Rosenbaum [62] considers the problem of a bounded
region with permittivity fluctuations in one dimension perpendicular to the boundary.
It is seen that the presence of the interface perturbs the mean field to a significant

extent over a large distance from the boundary, and results in a graded effective per-
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mittivity profile as a function of the distance from the interface. However, in the case
of three dimensional fluctuations, it is seen that these interface effects are confined to a
transition region at the boundary which is only on the order of a wavelength in thick-
ness. Stogryn [63] applies the bilocal approximation for a bounded region, but explicitly
considers the boundary effect, and treats the vertical dependance of the permittivity
numerically. The results again show the depth dependance of the permittivity, and
indicate an increase in the size of the transition layer for larger correlation lengths, but
overall confirm that the transition region is typically small. Fung and Fung [64] utilize
the bilocal approximation with a half-space random media, and treat the depth depen-
dance by introducing additional wave modes. Two downward propagation constants
are obtained, where the first corresponds to that of the equivalent unbounded case, and
where the second is very lossy, creating the transition region of limited extent at the
boundary. Tan and Fung [65] also consider the nonlinear approximation to the half-
space problem, where the approximated Dyson equation is solved by the two variable

expansion technique, yielding a perturbation solution carried out to zeroth order.

Numerous examples exist in which the random medium model has been applied
to analyze propagation through or scattering from vegetation, snow and ice, and atmo-
spheric inhomogeneities [66-71]. Fung and Ulaby [69] apply the above half-space model,
with strong fluctuation theory and a small scale, cylindrically symmetric correlation
function, to analyze the scattering from vegetation. The vegetation is modeled as a
combination of water and solid material using the de Loor mixing formula [72], and the
solid is modeled as a combination of vegetation material and air using the Pierce mixing
formula [73]. Fung [70] later adds the effect of the ground by considering a two layer

configuration, and illustrates the dependance of the bistatic scattering coefficients on
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vegetation depth, moisture content, and fractional volume. Tan and Fung [71] also con-
sider an azimuthally non-symmetric correlation function to model the depolarization

of the bistatically scattered field.

The only attempt to analyze the phase fluctuations induced by propagation
through a random layer, is presented by Chu [74-76]. The variance of the phase fluctu-
ations for a receiver below a random layer, and transmitter above is determined for the
case of small fluctuations of the phase, where the exponential phase term can be accu-
rately described by the first two terms of its Taylor series. Strong fluctuation theory
was employed to determine the effective permittivity, and the distorted Born approx-
imation was carried to first order to obtain the incoherent portion of the transmitted
field. The effects of incidence angle, medium depth, fractional volume of scatterers,
and correlation length are illustrated. Also considered is the autocorrelation of the
phase as a function of receiver separation, for the special case of normal incidence to

the layered media.

In addition to the above wave theory approaches, the analysis of continuously
random media has also been considered using the radiative transfer method. Tsang
and Kong [78] utilize the RT approach and consider thermal emission from a half-space
region of laminar structure, possessing one dimensional fluctuations. This half-space
problem is later extended to treat media with a nonuniform temperature profile, but
with three dimensional random fluctuations [79]. The radiative transfer equations
are derived and then solved either with an integral equation approach in the case of
small albedo, or with a numerical approach in the more general case. Tsang and
Kong [80] also consider the radiative transfer solution for the active remote sensing

of a half-space region, and determine the backscatter cross section. The solution is
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formulated as a series iteration, where the first term includes single scattering only,
and where the second term includes double scattering and leads to depolarization of
the field. In addition, it is shown that the radiative transfer equations can be derived
from a solution of the Dyson equation using the two variable expansion technique
under the nonlinear approximation, and a solution of the Bethe-Salpeter equation under
the ladder approximation [81]. Finally, Fisher [82] combines the wave theory and
radiative transfer approaches, characterizing the medium on a small scale using the
Born approximation, but utilizing transport theory to propagate the average intensity

through the media.

1.2.2. Target Scattering

The second aspect of the SAR problem which requires extensive modeling, is
the scattering of the incident radiation by the deterministic, but generally complex
target, which is to be detected and imaged. When an arbitrary object is illuminated
by an electromagnetic wave, part of the incident energy may be absorbed as heat,
and the rest is radiated or scattered in many directions. In the radar detection of
such an object, what is of interest is the amount of power scattered back towards
the transmitter (monostatic case), or the amount scattered to a receiver in some other
direction (bistatic case). Radar cross section (RCS) is a measure of this scattered power,
and is defined as the area intercepting that amount of power which, when scattered
isotropically, produces an echo at the radar equal to that from the object [83].

For most targets of interest, there is no simple relation between the actual phys-
ical ~ize of the target, and the effective area seen by the radar. For objects buried in

a stratified or inhomogeneous media, the problem is further complicated by the effect



54 CHAPTER 1 - INTRODUCTION

of the boundaries or inhomogeneities. Hence, a variety of methods of estimating the
radar cross section have been developed to eliminate the need to rely exclusively on
actual measurements (often involving costly facilities and equipment). These predic-
tion techniques have been discussed in a variety of sources [83-124], and are generally
grouped into low frequency techniques, applicable to electrically small targets, and high
frequency techniques, employing approximate solutions for electrically large, canonical
geometries. In the discussion below, both of these classes of prediction methods are

considered.

1.2.2.1. Low Frequency Target Modeling

One of the most popular and overall most accurate RCS estimation techniques is
the Method of Moments (MoM) [83-93]. MoM predicts the fields scattered by an ob-
ject by solving numerically the integral form of Maxwell’s equations. To determine the
currents induced on the target, the surface currents are represented with a set of basis
functions of given functional dependance, but of unknown amplitude. This representa-
tion reduces the problem from that of determining the surface current as a continuous
function defined over the surface, to that of solving for the unknown coefficients of the
basis functions. Two types of basis functions, subdomain and entire domain, have been
considered, where subdomain basis functions are each defined only on small subsections
or patches of the surface, and where enfire domain basis functions are often expressed
as modes over the entire surface. The resulting integral equation is tested, multiplying
the equation by a set of testing or weighting functions and integrating over the surface.
In the simplest case the weighting functions are chosen to be Dirac delta functions,

and the result is a testing of the integral equation at specific points of the surface.
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Alternately, the weighting functions are often chosen identical to the basis functions,
and the testing procedure is referred to as Galerkin’s method. The effect of testing the
integral equation is to convert it to a linear system of equations, which may be solved
to determine the unknown coefficients of the basis functions. Once the surface currents
are known, it is a simple problem to integrate these currents to determine the scattered

fields.

The Method of Moments technique has been extensively applied to a large number
of problems [84-93]. Scattering from thin wire structures has been considered both in
application to wire antennas [84}, and in the use of wire-grid models for more arbitrary
conductors [85-86]. A better approximation to scattering from conducting surfaces is
given by the triangular grid and bitriangular subdomain method presented by Rao et.
al. [87]. This formulation was further extended by Rogers [88] to treat conductors
coated with a layer of dielectric. Kiang [89] employed overlapped bitriangular basis

functions to treat conductors possessing junctions between target components.

Although the development of the MoM technique was first done for objects in
otherwise homogeneous regions, it may be extended tc treat targets in stratified media
by employing a more complex Green’s function which accounts for the presence of
the boundaries. Marx [91] considers scattering from cylinders and other bodies of
revolution located at the interface of a layered media. More generally, Michalski and
Zheng [92-93] formulate the problem of scattering from arbitrary conductors buried in

a stratified media using a MoM solution of the mixed potential integral equation.
The advantage of the MoM technique lies in the exact solution it provides, within
the limits of the numerical modeling which is necessary. In order to obtain accurate

results, however, a relatively dense sampling of the surface current is required, with
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approximately ten unknowns per wavelength (or 100 unknowns per square wavelength).
This density requirement can result in extremely large systems of equations for large
targets or high frequencies, and the necessary matrix inversion can become computa-
tionally expensive. Hence, for practical reasons, application of MoM is generally limited

to electrically small targets.

A second technique applicable in the case of electrically small targets is the Fi-
nite Difference-Time Domain (FD-TD) algorithm [94-102]. In contrast to the MoM
approach, where the integral form of Maxwell’s equations is solved numerically, the
FD-TD technique provides a numerical solution to the differential form of Maxwell’s
equations. The time-dependant form of these equations is discretized on a spatial and
temporal grid. and to truncate the infinite region surrounding the target, a finite com-
putational domain is chosen, and an absorbing boundary condition (ABQC) is imposed
at the outer surface, preventing reflections of outgoing waves. The fields scattered
by the target are found within the computational domain by stepping the discretized
equations in time, ard alternately computing the electric and magnetic fields at the
nodes of the spatial grid. Far field results may be obtaired by integrating the near-zone

fields over a closed surface about the target.

One of the first formulations of the FD-TD method is that described by Yee [94],
where a rectangular grid is chosen, and the center difference approximation is utilized in
discretizing Maxwell’s equations. Each rectangular box of the lattice is constructed with
the electric fields defined at the center points of the edges, and with the magnetic field
defined at the center of the faces. This geometry results in approximations to Maxwell’s
equations which possess second order accuracy in both space and time. Conducting

or dielectric scatterers are represented using a staircase approximation to their actual
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shape, which accurately models rectangular targets, but is a greater approximation for
slanted or curved surfaces. To obtain accurate results, the spac.ing in the discretization
must again be small, and is generally taken as no larger than one tenth of a wavelength.
In addition, the maximum temporal step is determined by the smallest grid dimension,

and must be set to avoid instabilities in the time stepping procedure.

In two dimensional problems, the above approach can also be applied by con-
sidering a two-dimensional rectangular discretization of the scatterer and surrounding
region, however, a better approach to model slanted or curved surfaces is to employ
a triangular grid [95], which provides a linear interpolation of the scatterer shape.
This method also enables a circular or elliptical outer boundary for the computational
domain, escaping the problem of treating the absorbing boundary conditions for the
corners in the rectangular grid. Maxwell’s equations are discretized on the triangular
grid using a combination of the finite difference approximation, and the control region
approach [96]. In three dimensional problems, a similar approach has been considered
using tetrahedral grids, but the complexity of the geometry involved has limited the

usefulness of this discretization.

Several choices of absorbing boundary conditions have been considered, but for
rectangular grids, the most common is the second-order approximation of Engquist
and Majda [97]. For the corners where second-order boundary conditions can not be
applied, an average of first-order boundary conditions for the faces forming the corner is
often taken. For triangular grids, a second-order boundary condition given by Lee [98]
may be employed. Results have shown that for both rectangular and triangular grids,
truncation of the lattice with the second-order boundary condition is very effective in

eliminating reflections, provided that the wave is incident at an angle near normal to
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the surface [99-100].

The Finite Difference-Time Domain algorithm has successfully been applied in
" the analysis of a great variety of problems. This method has also found application
for problems involving layered media or buried structures. Li [101] utilizes FD-TD in
the analysis of scattering from surface discontinuities of a conducting plane. For two
dimensional discontinuities, both rectangular and triangular grids are applied, the effect
of gap size and shape are studied, and the results are compared with those obtained with
the MoM approach. A rectangular grid is also employed in the analysis of scattering
from three dimensional discontinuities. Qates et. al. [102] apply the FD-TD algorithm
to predict scattering from both structural cracks and steel reinforcement buri;ed within
a concrete slab. Pulse excitation is utilized to determine the transient response of the
concrete structure.

When only sinusoidal steady-state solutions are required, a modification of the
FD-TD technique which may be utilized is the Finite Difference-Frequency Domain
method. This algorithm again considers the numerical solution of the differential form
of Maxwell’s equations, but in time-harmonic form. The resulting discretization leads
to the formation of a large linear system for the unknown complex field quantities.
The number of unknowns in this approach is typically larger than with MoM, since the
entire space is discretized, rather than only the target surface, however, the resulting
system for FD-FD is sparse, unlike the MoM matrix which is generally full. Solution
of the sparse linear system yields the fields within the computational domain, which

can again be integrated to obtain the far field results.

——— e -
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1.2.2.2. High Frequency Target Modeling

Practical computational considerations restrict application of the above numerical
methods to electrically small structures, where the number of unknowns to be deter-
mined remains tractable. 710 overcome this limitation, several high frequency RCS
prediction methods have been utilized. One of the oldest and simplest techniques is
that of Geometrical Optics [83,103], which assumes that the incident and scattered
fields can be ireated as rays, and that all of the scattering is from isolated specular
points. Ray tracing is used to follow scattering of the incident field, and a simple re-
lation involving the radii of curvature at the specular point allows calculati;)n of the
reflected wave. This method fails, however, for geometries containing caustics, in which
an infinite collection of rays converge, as for example in ‘the far field of structures with
infinite radius of curvature. Furthermore, Geometrical Optics predicts only surface

reflections, and neglects diffraction from edges and surface discontinuities.

This second deficiency was first correc. d by Keller [104-105], developing the Geo-
metrical Theory of Diffraction (GTD) [104-106,109] which yizlds diffraction coefficients
to predict the amplitude and phase of the rays diffracted from the edges of a structure.
These results were extended by Kouyoumjian and Pathak [107] in the Uniform The-
ory of Diffraction (UTD) [105,107-108] which eliminated the singularity which Keller’s
diffraction coeflicients suffered at the shadow and reflection boundaries. The singular-
ity experienced for caustics can be eliminated by the Method of Equivalent Currents
(83], which defines fictitious non-physical currents on the surface of the object, and then
integrates over these to determine the fields. Often, however, this integration must be

done numerically.



60 CHAPTER 1 - INTRODUCTION

A better technique to predict the fields scattered from flat or singly curved sur-
faces is the Method of Physical Optics [83,110-111]. Physical Optics approximates the
induced current on the surface by assuming each point locally behaves as if it were
part of an infinite planar surface tangent to the surface at that point. The reflected
fields are then obtained by integrating over this tangent-plane approximated surface
current, and for simple shapes, such as plates and cylinders, this integration can be
done analytically to yield closed-form solutions. Although, like Geometrical Optics,
Physical Optics neglects the edge-diffraction effect, this diffracted field can be added
by Ufimtsev’s Physical Theory of Diffraction (PTD) [112-113].

The advantage of these high frequency methods lies in the fact that the results
for simple shapes are available in closed form, and, hence, are not computationally
expensive to evaluate. More complex targets can be modeled by piecing together the
simpler canonical shapes, and adding coherently the contributions from each part.
Multiple interactions between target components are more difficult to include, but can
be treated in the Geometrical Optics approach at the expense of more complex ray
tracing. Some development of multiple scattering methods for Physical Optics has also
been performed [114]. Treatment of targets buried in stratified media is similar to that
for multiple scattering, and must include explicitly the interactions between the target

and boundary interfaces.
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1.3. Description of Thesis

The discussion above has detailed several models which have been previously
utilized in the analysis of propagation and scattering for media with spatially random
inhomogeneities. These models have been applied to the remote sensing of foliage,
snow, ice, and a variety of other natural environmental media. Similarly, a number
of techniques useful in the prediction of wave interaction with deterministic scatterers
have been discussed. These methods have found application in a diversity of problems,
including the prediction of target radar cross section, the design of antennaé, and the
analysis of microstrip line and patch structures. Thus, individually, both the problem
of scattering from a deterministic target, and the problem of propagation and scattering
in a stochastic medium, have been extensively addressed. The more complex problem,
however, in which the deterministic target is surrounded by a random medium, and
where the coupling between the target and its stochastic environment is significant, has

received little attention.

It is the purpose of this thesis to treat this later problem of scattering by a
deterministic target buried in a layered media. Models are developed for the electro-
magnetic interaction between the target and random media, and these models are used
to characterize stati;ticdly the target scattered field, and to determine the effect of the
surrounding random environment on the target signature. To facilitate the analysis of
SAR and other sensor systems, not only the power scattered by the target, but also the
correlations of the target signature in aspect angle and frequency are determined. The

results of the physical models are then applied with a simple description of a SAR pro-
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cessor to form range-cross range images and illustrate directly the effect of the random

media on the detection and imaging of buried targets.

The approach taken here is to begin with a relatively simple configuration, and
then to gradually add complexity, both to the media and to the target. Chapter 2 begins
the analysis by considering a two region problem, with a bounded slab of continuous
random media, characterized by a spherically-symmetric correlation function modeling
spherical or statistically isotropic scatterers, and with a point target located in a half-
space of isotropic media below the slab. The initial choice of a point target is seen to
be useful not only for its simplicity, but also because it is appropriate to an qnalysis of
the impulse response of a synthetic aperture radar or other imaging sensor, and allows
analysis of the random media effects on this impulse responsc. The sensor is assuined
to be located at a distant location in the half-space above the random slab, such that
the source of ilumination is effectively a plane wave, and such that the scattered field

of the target is sought in the far-field.

The strong fluctuation theory is applied to derive an effective permittivity for the
random layer, and the first order distorted Born approximation is used to determine
the incoherent component of the scattered field. The scattered field in this approach is
seen to be composed of a coherent term representing the direct return from the target,
and two incoherent terms, representing coupling between the target and random media.
The variances of the incoherent terms are calculated, and tbe dependance on incidence
angle, target depth, polarization, and slab thickness is examined. The correlations of
the incoherent terms over both changes in azimuth angle and changes in frequency are
determined, and the dependance of these correlations on elevation angle, target depth,

polarization, and center frequency are shown.
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Chapter 3 considers an alternate representation of the random media effects exam-
ined in the previous chapter. In this new description, the target signature is represented
as the coherent return arising in the absence of permittivity fluctuations, multiplied by
an exponential of random, complex phase. The real part of this phase is seen to em-
body the phase fluctuations or phase error of the received signal, while the imaginary
part reflects the amplitude fluctuation and mean attenuation of the return. This phase
fluctuation representation of the random media effects is useful because it allows com-
parison with the previous analysis of many other phase error effects of SAR systems,
such as platform motion or oscillator instability. For the case where the fluctuations are
small, expressions are derived for the variance and correlation of the phase ﬁu;:tua.tions,
and the dependance of these statistics on several physical and geometrical parameters

is illustrated.

Chapter 4 extends the model developed in Chapter 2 by considering additional
layers of stratification, and by allowing the permittivity of each region to be uniaxial
with a vertically oriented optic axis. The target is a point scatterer as before, but now
may be located in an arbitrary region of the layered media. Several independent layers
of random media may be considered, where each is characterized by a non-isotropic,

but azimuthally symmetric correlation function.

Strong fluctuation theory is again applied to derive the effective permittivity of
each random region, and these permittivities are now found to be uniaxial. The dis-
torted Born approximation is again utilized to determine the incoherent component of
the scattered field, and the target signature is seen to consist of the same sum of a
coherent, direct return and two multi-path interaction terms. Statistics of the inco-

herent return are calculated, and the effect of elevation angle, polarization, fractional
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volume of scatterers, random medium correlation length, a non-isotropic correlation
function, and additional layers of stratification on the results for field variance and

both azimuthal and frequency correlations is shown.

Chapters 5 and 6 further extend the model of Chapter 4 by considering more real-
istic targets. Chapter 5 again considers a layered geometry with an arbitrary number of
regions, each of uniaxial permittivity, and again allows modeling of multiple, indepen-
dent, random layers, each characterized by a non-spherical but azimuthally symmetric
correlation function. The point target, however, is replaced by a perfectly conducting
target of arbitrary shape, composed of flat, polygonal plates. Strong ﬂuctuatiqn theory
is again used to calculate the effective permittivities of the random regions, and the
first order distorted Born approximation is utilized to treat the scattering from the ran-
dom media. The scattering from the deterministic target is modeled using a Physical
Optics formulation, where the induced surface current is given by the tangent plane
approximation. This high frequency approach is useful for electrically large targets and
structures possessing electrically slow surface curvature.

Similar to the point target, the plate target is found to possess a signature con-
sisting of a coherent, direct return component, and an incoherent component arising
from coupling between the target and random media. Expressions for the variance and
correlation statistics of the incoherent scattered fields are derived, and results are illus-
trated for simple square plate targets. The dependance of these statistics on elevation
angle, polarization, target depth, target size, and target orientation is shown, and these

results are compared with those of the simpler point target.

In contrast, Chapter 6 treats the same problem of a complex, perfectly conducting

target buried in a layered random media, but for the case of an electrically small target.
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The numerical Method of Moments approack is used to treat the scattering of the
deterministic target. As previously, an effective mean permittivity is derived for each
random region using strong fluctuation theory, and the incoherent field scattered by
the random media is determined from the first order distorted Born approximation.
An integral equation is derived for the current induced on the target, and this current
is represented as a weighted series of basis function terms. The integral equation is
then tested to produce a linear system of equations which may be solved to determine
the unknown basis function weights.

This method is applied to an arbitrary target using bi-triangular subdomain basis
functions, and point testing of the integral equation. Th: target signature is é,gain seen
to consist of a coherent or direct scattering return, and an incoherent portion arising
from interactions with the random media. Expressions for the statistics, variance and
correlation, of the incoherent fields are again derived.

Finally, Chapter 7 utilizes the physical models of the previous chapters, along
with a simple SAR processing scheme, to demonstrate the effect of the random media
on the imaging capabilities of a SAR system. The scattered field of the target is
related to the signal received by the SAR sensor, and a statistical description of the
received signal is obtained. The SAR processing algorithm is then employed to produce
range-cross range images of a point target beneath a layer of random media, and these
are compared with free-space images to determine the extent of the induced blurring
and other random media effects. The dependance of the performance degradation on
polarization, bandwidth, and integration angle is also shown.

Chapter 8 summarizes the work presented here, comments on some of the more

significant results, and suggests future extensions of this modeling and analysis.






Chapter 2

Scattering of a Point Target Beneath

a Layer of Continuous Random Media

This chapter begins the analysis of the phenomenological effectz of a random
scattering environment on the fields received by a synthetic aperture radar. In this
initial treatment, the representation of the target environment is limited, with only a
single layer of random media characterized by an isotropic correlation function, and
with the target taken as a point scatterer, located in a homogeneous half-space below
the random layer. The geometry of this model, and the characteristics of the contin-
uous random medium treatment of the target environment are discussed first. Strong
Fluctuation theory is employed to determine the effective permittivity of the random
layer, and the distorted Born approximation is used to obtain the scattered fields. The

total received field is seen to consist of a coherent term representing the direct target

a7
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return, an incoherent term due to scattering from the random media alone, and two
incoherent multi-path terms, arising from interactions between the target and random
media. The statistics of the incoherent fields are calculated, including the variance,
and the correlation in both azimuth angle and frequency. Finally, the effect of a variety

of geometrical and physical parameters on these statistics is then illustrated.

2.1. Geometry and Random Media Model

The configuration used to investigate the attenuation and phase perturbation
effects introduced by the presence of a random layer between the target and radar,
is shown in Figure 2.1. A three region, vertically stratified geometry is employed i.
which region 0 refers to the upper half-space containing the source and observation
point, region 1 is the slab containing the random scatterers, and region 2 is the lower
half-space containing the target. The vpper interface between regione 0 and 1 is taken
to be at z = 0, and the lower interface at z=—d.

The target is taken to be a point target, located at a depth z = 27, and possessing
an isotropic cross section for backscatte::. This target behaves as a dipole re-radiator of
the incident illumination, such that the scattered field can be found as the field arising

from a dipole with current density giver by (2.1).
71‘ = af.-,.&(? — FT) (2.1)

In the above, E:, is the total field incident on the target, 7r is the position of the

target, and « is a variable parameter which determines the free-space monostatic radar
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Figure 2.1. Geometry of the buried target problem with a point
target located beneath a slab of isotropic random me-
dia.

cross section, o, of the point scatterer. For a chosen value of a, this cross-section can

be shown to be given by (2.2},

wpla?

£ (2.2)

g =

where w is the angular frequency of the illuminating source, and p is the free-space
permittivity.

For practical SAR systems, the footprint of the real antenna beam main lobe is,
in general, sufficiently wide that the quadratic phase delay for ground patches within

the footprint can not be neglected. Presently, however, it is of interest to calculate also
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{he target return and the return due to interaction between the target and surrounding
foliage. This later contribution is limited to a region much smaller than the antenna
footprint, both by losses in the random layer, and by the near-field effect of a target
closely situated to the slab of scatterers. Hence, it is possible to assume the radar
is positioned in the far-field of the smaller contributing region, and, thus, that the
incident and received fields will have plane wave form. The illuminating field is taken

to be given by (2.3),
Eo, = [EFE h (~kow) + BT™ & (ko)) e eihon (23)

where h(—ko,;) and ©(—ko;) are unit vectors in the polarization direction of the

incident TE and TM waves respectively, and where

FO.' = kzii + kv.'g - ka.'2

= k(sin 6; cos ¢;Z + sin 6; sin ¢;§ — cos ;%) (2.4)

is the incident propagation vector. A time dependance of e~ is omitted in the above.

Regions 0 and 2 are assumed to be homogeneous with constant permittivities
€0 and €; respectively. Region 1 is assumed to have a spatially random permittivity
possessing a spherical correlation function, designed to model the inclusion of spherical
scatterers with dimensions which are assumed small in comparison to the illuminating
wavelength. To allow high permittivity cortrast between the background and embed-
ded materials, Strong Fluctuation theory [55-59] is utilized in determining an effective

mean permittivity which accounts for propagation losses in the random layer arising
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from both absorption and scattering. Under the above assumptions, the effective per-
mittivity has been shown by Tsang et. al. [143] to be given by (2.5),

ey = & + 6o % B [T drrCr) +i g K2k, e U (2.5)
(1]

where
= [T dr »2 C.(7
U= jo dr 1% Ce(r) (2.6)

and where ¢, is the effective permittivity in the extreme low frequency limit where
attenuation due to absorption dominates over that due to scattering. Determination
of ¢, can be made from (2.7), where ¢, is the permittivity of the scatterers, and f is
their fractional volume.

f(“"%)+unn(“_%)=0 (27)

€ + 2¢, & + 2¢

In the above, {(7) is the re-normalized scattering source, and its correlation is assumed

to take the form of (2.8),
Ce (71 — 72|) = (£(F1) £°(72)) = eIl (2.8)

where § is the variance of ¢(7), and where £ is the correlation lengtn, determined
approximately by the size of the scatterers. The Strong Fluctuation theory derivation
of the effective permittivity is described in greater detail in Appendix D. The field
arising from scattering by the random media can be determined using the first order

distorted Born approximation [66-68,143] given by (2.9),

EQ)r) = k! [ & Gu(r,¥) - () - BV (2.9)
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where ﬁol(?,?’) is the dyadic Greens function for the two layer configuration with
source in region 1 and observation point in region 0, and which assumes for region 1
the effective permittivity calculated above. Eﬁo)(F) is the total zeroth order field in

region 1 with the calculated effective permittivity and in the absence of fluctuations.
2.2. Scattering Terms

In the past, the above distorted Born approximation has been used to calculate the
backscattering coefficient for a random media [49-50,52,66-68]. For this application, the

zeroth order field, E(lo

)(F) , is taken to be the incident plane wave, plus the reflections
due to the two boundaries. In the present problem, the zeroth order field will also have

contributions due to scattering from the target, and the total field in region 1 will take

the form of (2.10),
BO(F) = Bu(F) + iwpe [ dF Gua(r,™) - BalF) 6(F — 1) (2.10)

where the first term is the field due to the incident illumination, and the second term
is the field scattered by the target. The above field is scattered by the random media
and received at the radar where the scattered field is given by the distorted Born

approximation, as in (2.11).

EL) = [ a7 Gou(r,7) - Q) - [Bui(F) + iwnae [ dr* Gual,7)

By (7") 8(7" - 7r))| | (2.11)
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In the above Q(F) = k2 £(), and the outer integral is over the volume of the random
slab. In addition to the direct path, however, the field scattered by the random media
may-also return to the receiver after being scattered by the target. The field scattered

by the random media and illuminating the target is given by (2.12),

Y = / & Tu(7,7) - Q) - [Ev(F) + iwpa j & Goa(F,7")-

B (7") §(7" — 71)) (2.12)
and the scattered field at the receiver is found from (2.13).

Ey() = iwpa [ d Coalr,7) - §(F — 7). { [ & (™) - Q(")-

[Ev.(77) + iwpe / & Cra(',7") - B (F") 6(F" — TT)]} (2.13)

The expressions of (2.11) and (2.13) together give all the incoherent scattering terms
which arise under the first order distorted Born approximation. It is useful to identify
each of these terms individually, and each is shown diagrammaticva.lly in Figure 2.2. The
first term, shown in Figure 2.2a, is giver by (2.14), and represents the scattered field in
the absence of the target. This term is the field calculated previously in formulations

for the backscattering cross section of the random media [66-68]t, and will be labeled

t The definition of E¢(7) given by (2.14) is inappropriate for the SAR problem,
since for this term (unlike the others) the incident field can not be treated as a plane
wave, but will exhibit a quadratic phase due to the large real antenna footprint, and an
amplitude variation which is a function of the real antenna gain pattern. A corrected

definition of E¢(F) is given shortly.
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here as the clutter return, E¢(7).
Eo(r) = [ dF Cu(r,™)- Q) - Bui(F) (2.14)

The second term, shown in Figure 2.2b, arises from the wave which scatters first from
the target, and then the random media, before returning to the receiver. This term

will be denoted the target/clutter multi-path field and is given by (2.15).

Ero(r) = iwpa [ & Co(r,7) - Q(F) - [ &7 CualF,7) - Bu(7") 6" —71)

(2.15)

The similar term of Figure 2.2c is that given in (2.16), and arises from the wave which
is scattered first by the random media, and then by the target, before returning to the
receiver. This field represents a second multi-path interaction, and is referred to as the

clutter/target term.

..-E.CT(T') = iwpa/d?’ ﬁm(f",?’) . 6(7’ —Fr) - fd,'-.ll ﬁzl(F',F") . Q(?”) . El.-(F”)

(2.16)

Finally, the last incoherent term shown in Figure 2.2d is given by (2.17), and describes
the wave which is scattered first by the target, then by the random media, and finally
again by the target. This term is denoted the target/clutter/target return, and is a
third multi-path term. However, for reasonable values of «, corresponding to reason-

able point scatterer cross sections, this term which represents a higher order multiple
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interaction, will be less significant than the first two multi-path mechanisms, and for

this reason is neglected in further analysis.

Ercr(7) = ‘wzﬂzaz./dfl ﬁoz(FsF') 6(F —7r) - /(tf‘" =G—-21(7'4,F")-

Q") - / &7 Cra(7,7") - Eo,(F") - (7" — 7r) (2.17)

In addition to the incoherent terms, the direct return from the target exists as pictured

in Figure 2.2e, and is given by (2.18).
Er(7) = iwpa / &7 Coa(7,7) - Eo,(F) - (7 — 7r) (2.18)
Neglecting Ercr , the total received field is given by the sum of the above terms,
E,=Fr + Ec + Erc + Ecr (2.19)
and the corresponding received power is given by (2.20).

P=(E,.E))
=|Er|* + (ECE;;) + <FTC'E;'0> + <ECT'EE;T> +
2Re {(E-C E;-(;-) + (Ec _E_Z'T) -+ <ETC FE’T)} (2.20)
It is clear from the above that, in general, seven distinct terms contribute to the

returned power. However, in the backscatter case of interest for SAR sy:tems, it can

be shown that Erc(7) and Ecr(F) are reciprocal terms, and, thus, are equal for
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horizontal (HH) and vertical (VV) transmit and receive polarization pairst. Hence, the

above simplifies to

E,=Er + Ec + 2Erc (2.21)

and
P=|Erl® + (Ec-Es) + 4(Erc-Frc) + 4Re{(Ec-Eyc)} (2.22)

The first term of (2.22) is the expected target return, attenuated by losses in the
intervening random media, and represents the coherent return from the target. The
second term is the expected return from the clutter, and in the context of SAR will
be a function of not only the random media, but also the SAR geometry and antenna
pattern. The third term above indicates that the target return is no longer purely
deterministic, but now contains a random component, which will lead to both amplitude
and phase fluctuations. Finally, the fourth term indicates that the target return, or
signal component, and the clutter component are correlated, and this correlation may

affect the accuracy of chosen detection algorithms.

1 For cross polarized returns, Erc(HV) = Ecr(VH) and Erc(VH) = Ecr(HV).
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2.3. Field Calculations

In calculation of the received signal power at a given aspect angle and frequency,
only the variances of the above field quantities are required. However, analysis of
the effect of the random layer on the coherent SAR processing used to synthesize
high resolution in range and cross-range, requires knowledge of the correlation of the
field components in angle and frequency. For this reason, the following calculations
are generalized to determine (El(E.,E.-) . E;(E.,E,;)) , where ko and k,, are the
incident and scattering propagation vectors for one frequency and one aspect, and
where Ej; and ks, are the same for a second frequency-aspect pair. For application to
SAR, only the backscatter case with k,; = —ka, and ks = —ks, , is required, but for

completeness the bistatic case is considered.
2.3.1. Target/Clutter Autocorrelation

The first term considered is the autocorrelation of Erc , determined from (2.15),

and given by (2.23),
05E 10 (Rass Kais Kbay kbi) =4mr? (i’a  Erc(Kas kai) X i -F}C(E.,Fu»
=472 / v, / v, / vy j v,
Pa - Gor(FyT1) - Gyy(F1,73) - Bngi(Ts) (72 — Fr)x
55 - Cor(7,72) - Gua(a ) - B, (i) 8(7a — 7o) x
Co(F1 —T2) (2.23)

where o' = iwpa and Cg(F) = k3C¢(7). In the above, p, and p, are the receive
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polarizations, which will be taken to be either A(ko,,) or #(ko,,), corresponding to TE
and TM polarizations of the scattered waves. It is assumed that the difference in fre-
quencies is sufficiently small that the effective permittivity and renormalized scattering
source can be considered the same at the two frequencies. The above is normalized
such that for k., = ks, and ko = ks, orc_1c is the effective bistatic cross section
arising from the this multi-path scattering mechanism, and has units of square meters.

The dyadic Greens functious Go: (7,7) and ﬁlz(F,'f') appearing above are given
in Appendix A along with the expression for the field E,(7) incident in region 2.
Since the observation point is assumed to be in the far-field of the significant scattering
region, the asymptotic, far-field form of ﬁm(F,?') is utilized. Hence, the above can be

rewritten as

oTC_TC = % / v, / v, / dvs / v, / dF., f dky, §(7s — 71) 8(Fs — F1)x

{’5“' eFieis [{yy, (Fu,,) ebivens + Ty (RL,,) o]

T T, = =a —_ . )
e'k.l.. 11 e ‘kJ.a TSl z Flzqq'(k_l_“) e.qklluzl e 1q kz:. Z3 .
09'=+,-

eixj.“-?u [F;.; e tkasg = + E’z_“- eikn,,-zs] } x

e - =De — Le 1 Y —_— Y
{f’b . e'k""-'"J' [HOI.,,(kJ...) e'k“h" +_ﬁ:’n_(klb.) e—:k“hz, .

T = —be - e
ety TaL gikiy Tas E Flzu,(kln) e~ ikl 7 iUk, 2
LU=+,

e~k Ly TaL [E:a: L + 'Ez—; e~ e n] } x

CQ(FI — '1'"2) (224)

where ﬁm + -E_m_, ?12", , E—I , and .E-.; are all defined in Appendix A. Replacing



80 CHAPTER 2 - SCATTERING OF A POINT TARGET BENEATH A RANDOM SLAB

Cq(7) with its spectral representation, keeping only non-zero terms, and using a more

compact notation yields (2.25),

orozo= [ dn [ des [~ aros [ aros favi fava [T aE, [T aR, | 8. [ dB,

6(Fs —Tr) 6(Fa—F1) 3 ARGIEH(B) e Fue PR omiFiFi )T
;-';"-.:.'i:’:-t

e—ikL,—Fyy, —B,)FayL ei(:J., ~k1,;)FeL e H(Pkira, —ak1ca +B:)n1 o—i(g'kasg +okan,; )2 X

e"(P'kl.th -”‘l.x. +B:)z ei(l’kﬁ.‘l‘ +.,k1.l|,.' )24 ( 2.25)

where

'se'qa’tt’ C!'z R =a = —_— —_
agpiage <00 o T (L) T (Ru) B x

[i’b °ﬁ1,,(§15.) : =F=:z,,, (k) E;;.-] . (2.26)

and the spectral density corresponding to the correlation function, Co(7), of (2.8) is
given by

[3

(2.27)

The integrals over 73 and 74 in (2.25) can be done trivially with the use of the two
delta functions. In addition, the integral over 7;, can be performed to yield another
delta function in k), —%,,, — B, . This third delta function allows trivial integration

over (3, , with the result given by (2.28).

orCc-TC = / dz, / dz, / dray / dk,, / dk,, / d. (2m)? Y Apmesiaget
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Q(x'l" - F-Lcl ) ﬂz) e_i(z'l" -I"'b _I-‘-.i +EJ.N )'F.LT %
e—i(ﬁ_,_‘ —kiy, ki tkig, )L e-i'(q’kz.. takacg —Uk5,, —o'kS,, Jer y

e"'.(Pkl Sas —qku. +8: )ll e'.(p'kl.sh _”‘1';‘ +B8: )‘2 (2 -28)

Similarly, it is possible to integrate 7, to obtain a delta function which can be used

to perform the k,, integration. The result is given by (2.29),

0 0 oo __ oo Vot igpt -_— —_
orc-1C =‘/-d dz -/—d dz, _/_w ko.. /_:m dﬂ,(21l')4z Ag‘PC.:Tqul'u ¢(k-|-b - klb.,ﬂz) X

ek ras—Fuy, ~ky +R1,,) g e (s tokas —lh5, —o'k3, )z

e-"(P"l sas—Gk1rc+8:)21 ei(P'kl.zh _&l.q +8:)za (2.29)

where

ki =k, + ki, — Eu,, (2.30)

and

kns. = \/k2 — [EL.|? (2.31)

AT 3% iy (2.29) is asin (2.26) but with %, replaced by k... The two integrations

over z; and z; can be done directly yielding the further simplification of (2.32).
orc-1Cc = /_ dk,, _/ dp.(2m)* EA'}PC‘;'_';?E:M@(E.L, —ki,,,8:) X

e—i(":J-.‘ _z.l... —E.L." +-I;J...- )'FJ.T e_i(q'kzlc +.k"¢|' —t'k;lb —l'k;‘h_ )ZT X

1— ei(pk;,..--qk;,¢+ﬁ,)d 1-— e-i(P'kl.:h -”‘l.s,'i'ﬁl)d
pkl‘.n - qkllc + ﬂ’ . p’k;z;, - ekl.zb +ﬂ‘

(2.32)



82 CHAPTER 2 - SCATTERING OF A POINT TARGET BENEATH A RANDOM SLAB

Finally, the integral of (2.32) can be broken into two parts, the first of which is conver-
gent in the upper half-plane of 3, , and the second convergent in the lower half-plane.
Poles of the resulting integrands occur at 8, = qk;., — pki.,, and B, = ks, — p'ky,,, -
The spectral function ®(3) has poles of its own, but, in the low loss case, the contri-
bution from these will be small in comparison to the dominant poles of the remainder
of the integrand, and, therefore, the poles of ®(3) are neglected. The result after
performing the (3, integral using the appropriate infinite half-circle contours in the
upper and lower half-planes, and extracting the resiclues of the relevant poles, is given

by (2.33).

oo
5- — 1ea'qqtl!
orc-rc =(2m)°% / dey, Y.  AFSFEY x
- ."'|1’|"=+
Pl g l=+,~

e_’.(i;.l.gg -F.L.. _.k-.L." +EJ..'~ )'?.LT e_i(q’szc +.k"qi --t'k;‘b—l'k;'“ )zT X

[ Q(-k_-l-l B EJ-M’ ekl‘.zy - P'k]..zh) Q(E.L| - Flb, 1 qklzc - pklzu)
pklz., - qkllc + ek;zg - p'kl..zb, pklzoo - qklzc + ek;zb - p'k;zb,

ei(Pkllqa—qkltc'Ftkl.sb _p'kl‘l., )d (2.33)

Elimination of the final integral is not possible without introducing approximations,
and in obtaining the results of the next section the above expression was evaluated nu-
merically. The derivations of the clutter/target autocorrelation and the target/clutter
— clutter/target correlation are similar to the above and are omitted. The final expres-

sions, however, are given in Appendix B.
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2.3.2. Clutter — Target/Clutter Correlation

The second class of correlations to consider are those hetween the clutter return
and the target/clutter or clutte: iarget multi-path contributions. The original expres-
sion for the clutter - target/clutter correlation is obtained by suitably combining (2.14)

and (2.15) to yield (2.34).

L4 (Rans Fais Fbwr i) =477 (Ba - B (Fass Fai) 5 - Ero(Foer ki)
=41rr’a"/dVl/de/dVa pa - Coy(7,7) - ED(R) %
£ - Cor(F,72) - Cry(Fa™
E6(rs — 7r)Co(ry — 72) (2.34)

Using the expressions of Appendix A for the Greens functions and incident fields, the

above can be rewritten as shown in (2.35),

O'CTc=/ dll/ dzz/ d_u._/ d_z.L/dVa/ dkla/dﬂJ_/ dp.

b(ra—7r) 3 AZ7E(B) x

"-"=+
pplog=4.—

e FLyi~Fia,~BL)F1o g=ikey, Ky, —B1)Fas g—i(kry—k1, )T o

e—i(Pkll..+‘kll¢"+pl)zl e‘(P'kl..zb. 1.&+ﬂx)‘2 '(qlk‘:lb"'"k)xb )zs (2_35)

where

P oal pnt

a =2 (o, Ty (Fo) Bl
Cc-TC 41r Pﬂ 01’ Las 1a¢

55 o, (i) - T, () B | (2.36)
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Performing the integration in a manner analogous to that used previously with the

autocorrelation orc_rc, yields the final result in closed form given by (2.37),

oc-tc =(27)% Y AFRE HeMin ki ) iy Ko R 4R )T

.'l"= +
,l"!.l'=+l—

[é(FJ-ci - F-Lco’ _p’k;.zh + qk;z.) _ Q(F-Lgi - -k-lagi "'thu - Sk;zﬂ')
pklicn + "klzai - p’k]‘.zb, + qk;25 Pklz,, + sklzai - p' ]‘.zp,, + qkl.‘zb

e’-(Pkl sastoky [ "P'kl.sh +qkl.l. )d] (2.37)
with
F.L; = El...‘ + F-Lh - 7‘;-l-au (2’38)

ey = VB2 = [k, 2 (2.39)

The derivation of the clutter- clutter/ target return is similar and the final result is given

in Appendix B.
2.3.3. Target Autocorrelation

It is necessary to determine the power and correlation of the coherent target
return, Er. Beginning with (2.18), and substituting the expressions of Appendix A

yields,

a;‘?;'(zanzahzbnzﬁ) = i’a . E‘-T(Eanzm') X i’; '-E’;'(anzbi)

= Z A?-‘"_"f' e Phacatakarg —p'ks,, —o'k5,, )2r X

pip'y8,8'=+

e (kias Koy, Ry ot )Ty (2.40)
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where

App'n’ Ia’ | 2

. =a = —s . = - - 1"
T-T = W [Pa . Huz,(klu) : E,Z“] x [Pb ' Hoz,,(kla.) : EZM (2'41)

2.3.4. Clutter Autocorrelation

Unlike the calculation of previous terms, formulation of the clutter return power
and autocorrelation requires knowledge of the geometry of the SAR system and speci-
fication of the antenna pattern. This requirement arises because the region from which
scattering contributes to the received field is not limited to a small area about the
target, but is instead limited only by the finite beamwidth of the real antenna pattern.
This larger effective scattering region is, in general, sufficiently large that the radar is
no longer in the far-field, and the linear phase dependance over the scattering region
must be augmented by a quadratic term. The geometry considered here is more general
than that required in the SAR application, and, as shown in Figure 2.3, allows for four
separate antenna patterns, two transmit and two receive, each with its own orientation.

For a radar located at (z.,y.,z,) and a beam center at (z.,y.,0), the distance

to a point (z. + z,y. + ¥,0) is given approximately by (2.42),

r=\/z.?'l'(yr‘—yc—y)z'l‘(zr_zc_‘c)z

N (zr —z) (¥ —y) , & +¥°
T, — T . e + o (2.42)
where
Te = \/zf + (y-r - yc)z + (zr - zc)2 (2'43)

ERNER N SRS SR Ry
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Transmit / Receive
Transmit / Receive Radar B )
Radar A

k
bs

Transmit Beam B

Figure 2.3. Geometry of the SAR antenna patterns for transmit
and receive and for two different orientations.

Hence, the phase delay, ikr, can be written as

2 2
ikr & ke + iFy Ty + ik Y
27,
= ikr, + ik, - 71 (2.44)

where

(2.45)

=3
-
[
8
t< 1)
+
s
<

-

—g—

o —all R e R

T T M we——
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— 1k
o=k + 37T (2.46)

and where the positive sign is taken for %, in the incident direction (radar to ground),
and the negative sign is taken for k, in the scattering direction. If the center of the
first incident beam (2) is taken as the origin of a ground coordinate system from which
7., and 7, are measured, ther the positions measured from each of the beam centers

are given by (2.47),

Flo =Fi. (2.47a)
Tl =Tl — Tis, (2.47b)
Fry =T1y —Tii (2.47¢)
Tly, =Ty — Tie — Ty (2.474)

where 7, 7, , and 7, are as shcwn in Figure 2.3. Using (2.47), the perpendicular
compoients of each propagation vector at each position on the ground can be written

from (2.46) as given in (2.48).

- 1k,

FJ.,.- =ki,+ ET..-?*“ (2.48q)
ki, =Fi, - lﬁ(ﬂ. — Tisa) (2.480)
as 2 Tas )
R 1ky, _
Fu.- = ki, + Er_,,,-(r""‘ — i) (2.48c¢)
- 1k
F-Ls. = ki, - Ei(Fu ~ Vi — Tiay) (2.484)

The above propagation vectors describe the local plane wave nature of the fields at

each point on the surface. If it is assumed that locally the fields can be calculated as
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if the incident and scattered fields are indeed plane waves, weighted by the antenna
gain to that point on the surface, then the ratio of the received to transmitted power

is given by (2.49).

PP-P& = ,\ Ab "(kﬂ"oi+"¢'uo-kbfai—k""')/d?—'a/dF.Ln/dzb/dFJ.b
(4") TaiTasThiTbe

Da-e€ —ik)y (u.—r.-.)[ 0l+(k.1. )e—iki.“ Za 4 Hy, (F_L“)e"k;'a-z"] .
e daiTLa [E:'“(kl-i)e-”‘i..,- 4+ E;.i(zl.i)eiki‘ai z"] X
Py - eF 1y Py —Fi=Tin,) [ 01+(k1.. Jetin, T 4 . (L, )e ‘“]-

e~ FaarFas =T | Bl (B e 4 B(RL, )e M| Co(ru, —71,)
b Ly

VGai(TL.) Gas(Fi, — Fir,) Gui(FL, — Ta) Go (71, — T — 7y) (2.48)

It is also azsumed in the above that the antenna patterns are reai (symmetric aperture
distributions), such that the antenna pattern does not introduce a direction dependent
phase term. The far field Green’s function kernel, Hg, , and the expression for the
incident field, E,;, are given in Appendix A. In order to express the above in a form
more similar to previcus terms, a near-field radar cross section can be defined as in
(2.50),

G (2.50)

=P Aa GGy

where Tavg = (Tai +7ac+ 75 +75,) /4, Gq = (Gai +Ga,)/2, and Gy = (G +Gs,)/2, with

Gai, Gasy Gui, and Gy, the peak gains of the four antennas.{ Hence, rewriting (2.49)

{ The above near-field radar cross section definition is not necessary and is some-



2.3. FIELD CALCULATIONS 89

in RCS form, using a more compact notation, and eliminating the absolute phase term

yields,
oPePs / dz, / dry. / dz / dF, Y AU
pip's,0'=4,—
&Pl Fia )i o=ilFLy ~F1,,)Fuy Co(Fr, —Fu,)X
e_ipki‘“;, e—iak{‘ﬂ,z. eiplki'h-zg ei.lki'“-zg (2.51)
where
pp'as’ 1 T:v' N ?l F ] F
AZ_C ™ p—— Pa - Hoy( 1a) - B (kL) X

o T, o) BLEL)| <

\/ Gai(Fi.) Gao(FL, — Tiay) CGuilTuy —Tii)  GooFry — Fii — Fiay) 9
G. G, Gy Gy

el..k-"'_.. '-'-i.. e_"zfl.‘.'Fl'lb e"(zl.‘ —?J'bl )'?l". (2-52)

To perform the integration in the above expression, the variable transformation,

—

Ti, =T1,—T1,,is first introduced. The correlation function limits the contributions to
the integral to be from the region where 7, is small, typically the first few correlation
lengths. Since it is also assumed that the correlation length is small compared to a
) with 7, ,

wavelength, the variation of FJ_“ and FL., (and consequently kj,,. and ki,

can be neglected. Physically this approximation corresponds to the assumption that

what arbitrary, but makes more sense for the SAR problem where typically 74 = rap =

T =Ty, a0d Gg; = Go, = Gy = Gy, -
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the plane wave approximation is valid over a distance of several correlation lengths.
Making the substitution of variables, utilizing this approximation, and representing

the correlation function by the transform of its spectral density, (2.53) is obtained.

gc-c =/dz¢/d1_'1../dzb/dﬂ‘_/dﬂzfdﬁ; EAEP-‘-'J" ®(B) x
e'.(-’?l..' k1., ":'J-u "I'-Lb. )71 e"(P-‘-u '7;'15. ~BL)T X
PG T L TR D L L P L P (2.53)
In the above, F_,_". and FJ... are as in (2.48), and 751“ and FJ.., are as in (2.48)
with 7,_ replacing 7,, . The integration over ¥,, may be performed to yield a delta
function in F_L“ - FJ... — B, , which can then be used to perform the 3, integration.

The result is given by (2.54).

coc = / dza / dz / dF., / dB.(2m)? S AT B(F,, —F,, ,B.)%

ei(I’J...' _I.L.a _I:L“ +Ftl‘. )'FJ-- e—l'(pk; fas +'ki 24 +8: )“ X

PR PR L PR D L _ (2.54)

The two z integrations can then be performed directly to obtain (2.55).

vo-c = / dr, . / dB.(2n)2 T AT B(R,, — T, ,B.) eFruFra itk )iy

1— ei(pk;.ﬂ.-{-sk;,ﬂ. +B:)d 1— e_i("'ki'u..+"k{'|..-.+ﬂ')d

. 2.55
pki,,, + ski,,, + B: p'kizs.. + "'kiz“' ¥ 8. ( )

Finally, the (. integration can be evaluated using contour integration methods as

discussed previously for orc_rc. The final result below gives the correlation as an
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integral over the illuminated surface.

’ LTt = -1 T -
oc-¢c =8r% / dry, Z A’c’:pl'c"' ek rai—kra, —kLy k1, )Fag o
pp 8 a'=4,~

1z, 1z

pkiz.. + Jkiz..' - p,kiz.,‘ - 3'kizg.-. pkiz., + 8kiz..- - plkizh. - "'kizh-.

[Q(E.i—%l.,,—p'k' " ok,,) (L, ~F.,,—pkl,., - ski,.)

R -p'k;..,'--'k:..;)d] (2.56)

2.4. Field Variance and Correlation Results

In this section, many of the results derived in the previous section are illustrated
by evaluating the variance and correlation of the scattering con. ponents as a function of
aspect angle and frequency, as well as several other parameters of the random medium
and target geometry. The geometry for which the results are calculated is shown in
Figure 2.4. The direction of incidence is described by azimuth angle, ¢, and elevation
angle, 6, measured from vertical. The random slab is of depth d, and is characterized
by an effective permittivity €, = (1.0505 + 0.001794i)¢,, a renormalized scattering
source variance § = .146822, and correlation length £ = 0.0052m. These parameters
are chosen to model forest vegetation at a frequency of 1.12 GHz, and with an assumed
fractional volume of scatterers equal 1.67%. The procedure used to determine these
parameters is that described by Chu [74-76), and is repeated in Appendix D. Finally,
the target is located at a depth z = — 27, and is chosen to have a free space radar cross

section of 0 dBsm. The results for the variance of scattering contributions at single
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Figure 2.4. Geometry of the field variance and correlation results.

aspects and frequencies are shown first, and the correlations between two aspects or

frequencies is shown thereafter.

2.4.1. Scattered Field Variance

The first results of Figure 2.5 show the coherent target cross section, ¢r_r, as a

function of incidence angle. The three sets of curves show results for different choices
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of medium parameters in the three regions. For all three results, the frequency is 1.12
GHz, the slab depth is taken as d = 10 m, and the upper region is assumed to be
free space. In addition, the target is located at z = —10m, just beneath the lower
interface. In the first set of curves (solid), the slab region is assumed to have the
parameters described above, and the bottom region is assumed to be free space. For
comparison, the second curve (long-dash) shows the free space result, where the random
slab is removed and replaced by free space, such that the cross section is independent
of angle. At normal incidence, the propagation through the foliage is seen to attenuate
the return by approximately 3.5 dB, as compared to the free space case, and this
attenuation increases at higher incidence angles as the propagation path through the
lossy slab lengthens and more power is lost to reflections at the boundaries. Both HH
and VV polarizations are sh';;wn, although there is little difference between the two since
the effective permittivity of the slab is very close to free space, and the Brewster angle
effect is small. In contrast, the third result (short-dash) shows the effect of replacing
the free space below the random slab by a lossy media with e; = (6.0 + 0.6¢)e,. The
overall magnitude of the return for all aspect angles is decreased since the reflection
coefficient at the lower boundary is now much larger. In addition, for large incidence
angles, the VV return is stronger than HH because the Brewster angle effect at the

lower interface allows more VV power to penetrate and reach the target.

In Figure 2.6 is shown the scattering cross section, orc_rc, arising from the
target/clutter multi-path mechanism, where the frequency, random medium, and target
positioning are as in the previous figure. The first set of curves (solid) shows the result
for free space above and below the random slab. The overall magnitude at normal

incidence is approximately 12.5 dB below the coherent return, and, as with the coherent
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return, the magnitude declines for increased angles of incidence, but at a slower rate.
In addition, the two polarizations are not identical as is true for the coherent return,
but instead the VV return is up to 2 dB larger. This effect is not due to the difference
in boundary reflections, since the TE and TM reflection coefficients are nearly identical

as discussed above.

The second set of curves (dashed) makes this point even clearer by replacing
the free space above and below the slab by a media having permittivity equal to the
effective permittivity of the slab, and, thus, eliminating the influence of the boundaries
all together. One effect removing the boundaries has is the change in the behavior
for larger incidence angles. Unlike previously where the return decreases for angles
approaching grazing, the scattering now increases at larger angles. It is clear that the
overall dependance with angle is a combination of several effects which individually
tend to increase or decrease the return. Both the higher reflection coefficients at angles
closer to grazing, and the increased attenuation due to the longer path, tend to decrease
the return. In contrast, the longer path in the slab also allows a greater opportunity
for scattering which tends to increase the return. Hence, without the effect of the
boundaries, this later effect dominates. When the boundaries are added, the net effect

is a decrease with angle, but at a rate slower than that seen in the coherent return.

The other effect seen in this second set of curves is the maintained difference
between the VV and HH polarized returns. This result indicates that the difference
is due to the geometry of the scattering between the ‘arget and random media, and
not due to differences in the boundary interactions. Since the target is placed very
close to the random media, most of the contributing scattering will arise from a small

circular region about the target. The phase across this region will vary fastest in
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the plane of incidence because of the added linear phase delay in this direction. In
contrast, perpendicular to the plane of incidence, the phase differences are due only
to the distance between the target and the scatterer, and will vary more slowly. The
horizontal polarization will lead to a target which behaves as a dipole perpendicular
to the plane of incidence, and which reradiates more of the power in the plane of
incidence, over which the phase is varying more rapidly. For this reason there is more
cancellation leading to a smaller return. In contrast, the vertical polarization leads to
a target which behaves as a dipole lying in the plane of incidence, and radiating more
power perpendicular to this plane where there is a slower phase change. For this reason,
less phase cancellation occurs, and a stronger return is obtained. This geometrical effect

is believed to explain the higher VV return in the absence of boundaries.

The above effect should become less pronounced as the target is moved out of
the near-field of the random media, such that the region (Fresnel zone) from which
significant scattering arises becomes more broadside to the dipole target for both HH
and VV polarizations. Figure 2.7 compares the result obtained previously for the
target immediately beneath the slab (solid) with the result of moving the target 5
meters below the lower boundary (dash). As expected, the distinction between the

polarizations becomes lost for the later case.

Next is shown the effect of replacing the free space region below the slab with the
same lossy media (e; = (6.0 + 0.6i)¢, ) used above. Figure 2.8 compares the previous
result for free space in region 2 (solid) with this new result (dashed). Overall the return
is smaller for the later result, since the higher reflection coefficient at the lower interface
limits the power reaching the target, and reduces the multi-path return as it did the

coherent return. Now, however, the VV polarization is no longer larger than HH for
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large incidence angles, but the two polarizations give approximately the same return.
This effect is believed to be due to the increased reflection from the lower interface,
which increases the HH return reaching the radar after first being scattered by the target
and random media. This increase is sufficient to overcome the Brewster angle effect
which allows more power to reach the target in the VV case and which would otherwise
cause a larger VV return. This effect is similar to the result observed by Zuniga [49]
who demonstrated that for thin random layers, the reflection from the lower interface

makes it possible to obtain a backscatter return larger for the HH polarization than for

the VV case.

Figure 2.9 shows the dependance of or_r (solid) and orc_rc (dash) on the
depth of the target below the upper interface. Results are given for the case of normal
incidence with the frequency and other parameters the same as previous figures. As
expected, the magnitude of the coherent return is seen to be independent of depth since
there is no loss in region 2. Similarly, the target/clutter multi-path return is found to
be independent of depth, since the 1/r2 loss for the interaction between the target and
randora scatterers increases with increased target depth, but the area of the Fresnel
zone within the slab from which scattering contributions arise also increases as r? for
increasing target depths. Hence, the net effect is an independence with depth. A small
exception to this is seen for target positions very close to the random media, where the

near-field effect causes a slight increase in the scattered return.

Figure 2.10 shows the effect of the thickness, d, of the random slab on or_r and
orc-tc , for a target positioned in free space immediately below the lower interface.
The coherent return decreases with a linear exponential rate for increasing thickness,

since the slab is lossy and this change increases the path length in the slab region.



2.4. FIELD VARIANCE AND CORRELATION RESULTS 101

The effect on orc_rc is different for two different ranges of d. For small values of
d, increasing the thickness adds more random media by which the target scattered
field may be rescattered, and leads to a larger multi-path return. This increase is the
expected result, since in the limit as the slab thickness approaches zero, the multi-path
contribution must disappear. In contrast, however, for larger values of thickness, the
effect of adding more scatterers saturates, and the added attenuation from the increas~d
path length through the random slab leads to a decrease in the returned field. The
saturation arises in part because the added scatterers are further from the target and
suffer a greater 1/r? loss in propagation from the target, and also in part because the
path delay for the added scatterers may be such as to cause destructive interference

with the contributions from existing scatterers.

Figure 2.11 shows the dependance of or_r and orc_r¢c with frequency over a
small 20 MHz band about 1.12 GHz. The bandwidth shown is picked to be typical of
that used in a SAR application. Both or_r and orc_rc are seen to be only weakly
dependent on frequency, with higher frequencies leading to a slight increase in the
target/clutter return, and a slight decrease in the coherent target return. This result
demonstrates that the target/clutter multi-path field is not strictly stationary over
frequency, and the correlation between returns at two frequencies, which will be shown

shortly, will be seen to be a function of both frequencies rather than only the difference.

Figure 2.12 shows the correlation, gc_7¢, between the clutter return and the
target/clutter multi-path return as a function of incidence angle. Only the magnitude
of the correlation is plotted. The most significant feature of this result is the overall
magnitude, which at normal incidence is approximately 27 dB lower than the orc_rc

cross section, and 40 dB lower than the coherent cross section, or_r. The oscillations
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with increasing incidence angle are due to the phase difference between the clutter and
target/clutter returns which changes with angle, leading to aspects where the two are on
average more in phase (peaks) or more in quadrature (troughs). The higher correlation
for the HH polarization can be explained by the fact that for this polarization the
target acts like a dipole perpendicular to the plane of incidence, radiating more of its
power into this plane. Furthermore, in this plane the phase delay for the radar-target-
clutter-radar path is most like that of the radar-clutter-radar path, assuming in each
case the same random scatterer. In contrast, for the VV polarization the target acts
like a dipole lying in the plane of incidence and radiating more power perpendicular to
the plane of incidence. Points off of the plane of incidence have greater differences in
phase delay between the paths through that point for the two scattering mechanisms.
For this reason, the coherency between the HH return from the clutter and the HH
return from the target/clutter multi-path is higher than the coherency for the VV
polarization, and, consequently, the correlation is higher for HH.

Finally, Figure 2.13 shows the magnitude of the correlation o¢_rc as a function
of frequency over a 20 MHz band centered at 1.12 GHz. The result is shown for the
case of normal incidence on the random media. The result is seen to oscillate with a
range of approximately 5 dB, again arising from the changes in coherency between the
two scattered fields which results when the change in frequency affects the phase delay

for individual scatterers in the random layers.
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2.4.2. Scattered Field Correclation

Figures 2.14-2.16 show the correlation, orc-tc(61,0:), of the target/clutter re-
turn for a fixed angle, 6,, with the target/clutter return at a varied angle, 6,. The
results are calculated at a ‘requency of 1.12 GHz, with a medium thickness d = 10 m,
and with the target in free space immediately below the lower interface. In each case,

the correlation is normalized by the result for 6; = 6, .

Figure 2.14 compares the result for the HH polarization (solid) with that for VV
(dash) where in both cases 6; = 0° (normal incidence). In each case the correlation
drops sharply for the first 1° or 2°, then decays more gradually for larger values of
0> — 0, . However, the decorrelation for the HH polarization is faster than that seen for
VV. This difference is again probably due to the behavior of the point target which acts
as a dipole lying in the plane of incidence for the VV case, and as a dipole perpendicular
to this plane for the HH case. Hence, in the HH case, less power is scattered from the
target in directions perpendicular to the incidence plane as compared to the VV case.
Since the phase change for changing 6, — 6, occurs only between scatterers separated
in the plane of incidence, the VV dipole radiates more power to scatterers located so
as to experience less phase shift relative to one another. For this reason the VV return

remains correlated longer than the HH return.

The effect of polarization on the decorrelation rate shows that the correlation is
affected in general by the shape of the region of random scatterers from which significant
multi-path scattering arises. Since this region represents an aperture (or volume) with
randomly varying excitation amplitude, it is expected that the return which results will

remain correlated over angular changes which cause no significant phase shift across
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the aperture. In the present problem with the target immediatzly below the random
layer, the shape of the contributing region is expected to be roughly hemi-spherical
(ignoring for the moment the above polarization effect), centered about and directly
above the target. Because this volume has a greater horizontal extent than vertical
height, it is expected that a given separation 6, — 6; will lead to the greatest phase
shift across the region for #, = 0° and, thus, the correlation will be sharper for 6;
near normal incidence. Figure 2.15 shows a comparison of the correlation of the HH
return over 6, — 6, for several values of 6, and it is clear that the correlation is in
fact sharpest for 6, = 0°, and drops more gradually for larger values of 6,. Hence, the
correlation is not a function of only 6, — €, , but depends on 6, as well. Consequently,

the correlation is not symmetric for any choice of 6; # 0°.

Figure 2.16 gives a similar comparison of correlations for several values of 6, ,
but is shown for the VV polarization. Unlike the previous case the correlation is now
sharper for larger incidence angles, 6, although the difference between results for
varied 6, is less significant than for the HH polarization. The reason for the different
behavior in the VV case is the combination of the two previously discussed effects
of scattering region shape. The overall hemi-spherical nature of the scattering region
should lead to a slower decorrelation as with the above HH case. However, the effect of
the dipole target, which was seer to lead to a sharper correlation at normal incidence
for the HH case than for the VV case, becomes less dominant as the center angle is
increased. The reduction of this target polarization effect is expected to lead to sharper
correlations for larger incidence angles. The net effect of these two mechanisms is a
change which produces a slight increase in the sharpness of the correlation for angles

closer to grazing.
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In addition to the shape of the region of random scatterers, the extent of the
correlation in angle is also affected by the overall size of this region. As the region
becomes larger the phase change across the region will be larger for a given change of
incidence angle, and the return is expected to become decorrelated faster. To illustrate
this effect, Figure 2.17 shows a comparison of the correlation, orc-tc(61,62), for a
target located at zr = 10 m (solid) and a target at zr = 15 m (dash). In both cases,
the polarization is horizontal and 6; = 0°. Increasing the depth of the target leads
to an increase in the size of the Fresnel zone from which multi-path scattering arises
and is expected to cause a sharper decline in the correlation function. The results of
Figure 2.17 display this effect with the correlation for the case zr = 15 m decreasing
more rapidly. Hence, unlike the variance of the target/clutter return, which was shown
to be independent of target depth (with e, = ¢, ), the correlation of the field is clearly

affected by target position.

While all the above results give the correlation function for changes in eleva-
tion angle, for application to the SAR problem, it is of greater interest to deter-
mine the correlation over changing azimuth angle. Figure 2.18 shows the correlation,
orc_rc($2— #1) for HH (solid) and VV (dash) polarizations. Both cases are shown for
an elevation angle of 6, = 6, = 40° with the target positioned at zy == 10 m. Because
of the azimuthal symmetry, the correlation is row a function of only the difference of

azimuth angles, ¢, — ¢, .

Unlike the correlation in elevation angle, the correlation in azimuth shows that
the HH fields decorrelate more slowly than the VV fields. Again, the reason for this
difference arises from the dipole nature of the target, and the effect on the shape of

the scattering region in the random layer. The VV dipole radiates more power in the
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horizontal plane than does the HH dipole. Since the phase change for changing azimuth
is experienced for scatterers separated in the horizontal direction, the HH case radiates
less power to scatterers which experience phase shifts for changing azimuth angle, and,

thus, the HH fields remain correlated over a wider range of azimuth angles.

Figures 2.19 and 2.20 show the effect of changing the elevation angle, 6, = 6,
on the correlation, orc_rc(¢2 — ¢1), for HH and VV polarizations, respectively. Ge-
ometrically it can be shown that at larger elevation angles, the phase delay across the
scattering region will change more rapidly with changing ¢. Consequently, it is seen

that the correlation function in azimuth drops more rapidly for larger elevation angles.

Figure 2.21 shows the correlation, orc_rc(f1, f2), of the multi-path target /clut-
ter return over frequency for a typical SAR bandwidth of 20 MHz. The correlation is
calculated at normal incidence with zr = 10 m for several center frequencies near 1.12
GHz. The small differences between the results at different center frequencies show
once again that this field component is weakly stationary in frequency over a small
bandwidth. The overall correlation is very similar to that seen over a small angular
extent ¢ which would be typical of the integration angle of & SAR system. As will be
shown in Chapter 7, this result suggests that there will be a degradation of resolution
in both range and cross-range.

Finally, Figures 2.22 and 2.23 show the correlation, oc_tc(¢2—¢1), of the clutter
return at one angle ¢; with the target/clutter return at a second angle ¢,, and the
correlation, oc_rc(fi, f2), of the clutter return at one frequency with the target /clutter
return at a second. Both of these correlations are seen to have magnitudes which rise
rbove one. This result arises because the correlations are normalized to a value of one

where the angular or frequency separation is zero. Since both correlations are cross
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Figure 2.18. Correlation of the target/clutter multi-path return,
orc-rc($2 — 1), over g = ¢2 — ¢; for § = 40° and
for HH (solid) and VV (dash) polarizations. Results
are given at 1.120 GHz for a 10 m slab with zr =
10 m and with ¢ = €; = ¢, and e = (1.0505 +
.0017941)e, .
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Figure 2.18. Correlation of the target/clutter multi-path return,
orc-tc($2 — ¢1), over ¢4 = ¢2 — ¢1 for the HH po-
larization and for 6 = 20° (solid), # = 40° (dash),
and 6 = 60° (dots). Results are given at 1.120 GHz
for a 10 m slab with 2y = 10 m and with ¢ = €2 = ¢,

and €, = (1.0505 + .0017941)e¢, .
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Figure 2.20. Correlation of the target/clutter multi-path return,
orc-tc(¢2 — #1), over dq = 2 — ¢ for the VV po-
larization and for = 20° (solid), # = 40° (dash),
and 8 = 60° (dots). Results are given at 1.120 GHz
for a 10 m slab with zr = 10 m and with ¢ = €2 = ¢,
and €, = (1.0505 + .0017941)e, .
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Figure 2.21. Correlation of the target/clutter multi-path return,
orc-tc(f1, f2), over fg4 = f» — fi for normal inci-
dence (6, = 6, = 0°) and for f; = 1120 MHz (solid),
f1 = 1110 MHz (dash), and f; = 1130 MHz (dots).
Results are given for a 10 m slab with 27 = 10 m and
with € = €2 = ¢, and €, = (1.0505 4 .0017941)¢, .
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Figure 2.22. Correlation, oc_rc($2 — $1), of the clutter return at
one azimuth, ¢;, with the target/clutter return at a
second, ¢, for §; = 6, = 40° and for HH (solid)
and VV (dash) polarizations. Results are given at
1.120 GHz for a 10 m slab with zp = 10 m and with
€ = €3 = € and €1, = (1.0505 4 .0017942)¢, .
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Figure 2.23. Correlation, oc_rc(f1, f2), of the clutter return at
one frequency, f;, with the target/clutter return at
a second, f, for normal incidence (6, = 6, = 0°)
and for f; = 1120 MHz. Results are given for a 10
m sleb with 27 = 10 m and with ¢ = €2 = ¢, and
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correlations between the clutter field and the target-clutter field, it is possible that
the two fields will correlate better for non-zero separations than for zero separation,
leading to correlations above one. Physically, this result is probably arising because
the relative phases of individual scatterers in the random media are more the same for
the clutter and target-clutter returns when compared at two different angles or two

different frequencies than when compared at the same angle and frequency.



Appendix A

Electric Field / Electric Source Green’s Function and Incident Field Ex-

pressions for an Isotropic Layered Media

The form of the Greens function used here is that given by Ali [144]. For an
arbitrary vertically stratified media with source point in layer m, and observation
point in layer £, and where £ > m (i.e., the source above the observation point), the

spectral form of the Dyadic Greens function is given by (A.1),

1 X}

Z nm-ol X
2ikemch
mz 4,=TE,TM 1- RmeRfﬁme Hemelim

2 X al(phi)e e ePhenCa(p)x

P=+,— p'=+,-

84(p k)1 s ¢ i¥hmesh G (31 (A1)
where 2z, and 2,, are given in terms of z measured from the uppermost interface as

zZe=z+d;, (A2)

z:n =z 4 dn (A'3)

Similarly, for £ < m, the Greens function is written as in (A.4),

8
1 Z Xum—-t o4
mz 0=TE,TM 1 - RmeR"-‘mez'km'hm
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Figure A.1. Geometry of the layered media for which the Greens
function and incident field expressions are calculated.

For the Greens function, Gn(7,7), the terms con-
tributing to the propagation of the wave from layer
m to layer £ are shown for the case where £ < m.
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Y X @(pke)e T POl (p)x

p=+,— p'=+,—

B e )em P PRt G 5 (44)
where

Ze=2z+d, (A.5)

Z:n = Z‘ + dm—l (A-G)

In the above, h,, is the thickness of the layer m, and the boundary below layer m

occurs at z = —d,, . The unit vectors @°(tk,) are defined as shown below.
GTE(R,) = hk,) = & _ gXe (A.7)
kr, Tk
aTB(—k,) = h(—k,) = L gﬁ (A.8)
ky, “ky
k k k k
aT™(k ) = (k) = —== (2= 4 g2 ) 4+ 3255
4" (k,) = (k) = % (zkl +ykl) +2+ (A.9)
k k k k
M 1y —o(—k)= 2[5 4 5w ) 4 ;5L .
w1 (—k;) = 9(—k.) ’ (zkl+yki)+zk (A.10)

In addition, the functions C%(p), Ci(p), C'n(?'), and C' (p') are as given below.

C(+) = Riy(kee)ePberhe (A.11)
Ci(-) =1 (A.12)
Ci+) =1 (A.13)

Ci(=) = Ri(kes)ehesh (4.19)
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C8(+) = Rl (i JeTmehm (A.15)
cr(-) =1 (4.16)
C(+) =1 (4.17)
C(=) = Rtynlms)emetm (4.18)

The multi-layer reflection coefficients for downward and upward propagation through

the layered media are given recursively by

R:("Fl) + Ra(t.',l)ez‘.k("ﬂ)sh(t.g.l)

= ' A9
"l Ra(l+1)RZ(t+1)ez'k“+""‘(¢+l) ( )
where R}, ;) = Rf,_,), for Region n below the bottom boundary, and by
R; R{ 2ik(z—1)ehie-1)
R:,l‘ _ l(l—l) + U(t_l)e (A.20)

1+ Ry R,y e e-nshie-n

where R, = R}, for Region 0 above the top boundary. In the above, the individual
layer reflection coefficients for TE and TM cases are given by (A.21) and (A.22).
deo — wiks
RIF = Bitie — Fi%ie A2
i wikiz + pik;, ( )

v _ Eikis — &kjs
Bi" = eikiz + €ik;; (4.22)

Finally, the downward and upward transmission coefficients are given by

. +RZE )

TE ikge_1)sh(e-1 ( —n¢-1)

XTE = XTE , | ete-nshe )(1 = RTEeZlkzshz) (A.23)

xtm ke ke XTM  gikiemt)sh(e-r) (1 Rn(“l)) (A.24)
Nm—et = ktz k(l-l) Nm—¢--1 (1 _ RTMezakz,hl) :
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where for £ =m + 1

1+ RTE
TE _ 1 nm
k k 1— RIM
XT™ — (m+1) Pmz I Nm A26
Nm-—m+1 k(m“)‘ km 1-— Rri;(}t{wl) edtk(m+1)eh(m41) ( )
and
_ 1+ RIE.)
XTE _ xTE ik(e41)sh(es1) ( ( + ) A27
Um—( XUm—ol+l ¢ (1 + RE:[E ez.k,,h,) ( )
XTM kl k(l+l)8 XTM th(es1)ePies1) (1 _ Rﬂ&{+l)) (A 28)
= — 2 e s = - .
Um—t klz k(l+l) Um—{+1 (1 - Ratﬂfezlkg.hg)
where for £=m — 1
1+ RTE
TE _ - Um
Xum—om—! - 1 + RS(En—l) e2ik(m_n).h(m—l) (A29)
k - kmz 1- RT#‘!
Xgr:.{—om—l = (n-1) DTM 2:;‘(m—l):h(m—l) (A.30)

"’(m—l):= km 1 - (m-1) €

The two dyadic Greens functions above can be combined and written in the simpler
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