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ABSTRACT OF THE DISSERTATION
Selective Reverberation Cancellation via Adaptive Beamforming
by

Dimitrios Alexandrou
Doctor of Philosophy in Electrical Engineering ( Applied Ocean Science )
University of California, San Diego, 1985

Professor William S. Hodgkiss, Chairman

The central theme of this thesis is the application of the adaptive beamform-
ing concept to the problem of selective reverberation cancellation, with an emphasis
on experimental verification. Oceanic reverberation is often a limiting form of interfer-
ence in echo detection applications. It may also be the "signal” of interest conveying
valuable information about the scatterers or physical processes influencing their
dynamical behavior. Because of stringent limitations imposed by the oceanic medium
on the directional characteristics of sonar systems, reverberation is often composite in
nature with two or more unrelated reverberation types contributing to the acoustic
return. In that setting it would be desirable to selectively cancel the unwanted rever-
beration component(s) while preserving the component of interest. This signal process-
ing problem whereby both "signal” and "noise” are constituent components of the
received reverberation process is the focus of this thesis. The related problem of
extracting reflector echoes from a reverberation backround is also considered.

Significant contributions of this thesis include:

(1) Exposing relevant reverberation properties. It was shown that the spatial
correlation characteristics of volume and boundary reverberation are directly applica-

ble in a reverberation cancellation context.

XV



(2) Critically evaluating a representative cross-section of adaptive algo-
rithmic solutions with special attention to recently developed deterministic least-
squares structures. It was determined, based on theoretical predictions substantiated
by computer simulations, that lattice filters outperform direct tapped-delay-line
implementations and that deterministic least-squares structures are more suitable
than stochastic approximation solutions for reverberation cancellation. In addition,
the multichannel least-squares lattice was shown to offer a significant advantage over

a cascade of scalar filters.

(3) Demonstrating experimentally the feasibility of selective reverberation
cancellation with real and simulated data from a shallow-water experiment, a near-
surface Doppler sonar deployment and a multibeam bathymetric system. A clear dis-
tinction emerged between adaptive noise cancelling with preformed reference beams
and spatially adaptive beamforming obtained by operating on array elements with a
multichannel joint-process filter. It was shown that significant signal enhancement as
well as selective reverberation cancellation can be achieved through constrained adap-

tive techniques.
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INTRODUCTION

Oceanic reverberation is the composite echo from a large number of sound
scatterers located in the volume and boundaries of the ocean. In the context of signal
detection, reverberation is a form of interference which often presents a serious limita-
tion to the useful operational range of an active sonar. Hence, it would be desirable
to actively reject reverberation while preserving the signal of interest. Although the
view of reverberation as a form of noise is likely to persist, a new outlook has been
developing casting reverberation as an information-bearing signal. It possesses infor-
mation about the nature and distribution of the scatterers and to the extent that the
scatterers are influenced by a fluid process about the process itself. In this light, the
following signal processing problem arises: Extract from a composite reverberation
return the component representing the "signal” of interest. This thesis addresses both
aspects of the reverberation cancellation problem. The proposed solution involves the

application of constrained adaptive beamforming.

The following general approach is taken: First, the theoretical and experi-
mental evidence on oceanic reverberation is reviewed in order to expose properties of
potential relevance in a reverberation cancellation context. Second, the adaptive
filtering problem is studied in detail in order to delineate the operational characteris-
tics of existing adaptive structures with particular attention to some recently
developed algorithms. Having chosen an "optimum" adaptive processor, real and
simulated reverberation data from three active sonar experiments with widely
differing objectives are processed through several adaptive beamforming configurations

in order to establish the feasibility of the selective reverberation cancellation concept.

This thesis is organized as follows: In the first chapter a review is given of the
current state of research on the properties of reverberation. The physical and quasi-

phenomenological approaches are discussed. Some theoretical predictions of the point-



scattering model regarding the spatial correlation characteristics of reverberation are
shown to be applicable in the context of selective reverberation cancellation. A sonar

system simulation program (REVGEN) is described.

In the second chapter, adaptive filtering is set in the proper theoretical
framework. The adaptive noise cancelling (ANC) concept is presented as a special case
of the dual-channel Wiener filtering solution and adaptive beamforming is placed in
the context of ANC. The fundamental difference between stochastic approximation
solutions and the "exact” deterministic least-squares approach is exposed. Three
representative joint-process algorithms are tested through computer simulations.
Their behavior in the presence of power disparities in the reference channel and during
drastic departures from stationarity is examined, in order to identify the algorithm
best suited for reverberation cancellation. An additional simulation demonstrates the

advantages of a true multichannel structure over a cascade of scalar filters.

In the third chapter, the selective reverberation cancellation (SRC) concept is
applied to shallow-water reverberation data. The effect of adaptive " whitening” on
low-Doppler echoes embedded in reverberation is examined. It is shown that significant
signal enhancement can be obtained through adaptive noise cancelling with fixed (pre-
formed) reference beams. Certain ANC model theoretical predictions as well as the
spatial correlation characteristics of reverberation are related to filter performance.
It is shown that SRC can be achieved with constrained adaptive beamforming imple-

mented through a multichannel joint-process filter.

In the fourth chapter, data from a near-surface Doppler sonar deployment
are used to study the eflect of surface reverberation interference on upper-ocean
(volume) velocimetry. Based on the intensity/velocity structure of the surface return
a hypothesis is presented involving a thin bubble layer just below the surface. Spatial

aliasing effects in constrained reference beams are shown to be deleterious to SRC. A



REVGEN simulation of this experiment is used to show that recovery of volume velo-

city information is possible if the spatial aliasing problem is aleviated.

The fifth and final chapter centers around a REVGEN simulation of the Sea
Beam bathymetric system. It is shown that the sidelobe interference caused by the
near-specular bottom return can be succesfully removed through ANC, pending a

minor modification of the Sea Beam data acquisition system.



CHAPTER 1
REVERBERATION IN THE OCEAN

In the active mode of sonar, the regime of interference which usually limits
system performance is the sound field created by a large number of unwanted echo
returns. The ocean abounds with objects that can intercept and reradiate acoustic
energy. Suspended sediment, organic detritus, air bubbles, plankton, fish and minute
discontinuities in the thermal structure, are all capable of redirecting sound. Irregular-
ities of the sea surface and the ocean floor are also significant contributors to this
reradiation of sound known as scattering. The composite echo from all scatterers is

known as reverberation.

When the objective is signal detection, reverberation is clearly a form of
noise. This consideration is largely responsible for the manner in which reverberation
ha,s. been treated in the scientific literature. The overiding concern has been with the
prediction of the reverberation intensity level. This has led to a single-parameter
description of reverberation, the backscattering coefficient which, combined with
geometrical and beam-pattern characteristic§ gives rise to the rcverberatz'on_lcvel (RL)

-

of the well-known sonar equations [Urick, 1975].

Although this view of reverberation as a form of noise will always be valid, a
new outlook has been developing casting reverberation as an information-bearing sig-
nal. It possesses information about the nature and distribution of the scatterers and
to the extent that the scatterers are influenced by a fluid process, about the process
itself. The information, if properly extracted, may be used to quantify fishery species
of commercial interest [Cushing, 1973; Holliday, 1974], to examine planktonic commun-
ities [Greenblatt, 1980], to monitor pollution in industrial dumping sites [Orr and Hess,
1978], to identify ocean bottom types {de Moustier, 1985b] or for remote sensing of

oceanic fluid processes [Proni et. al., 1978; Fisher and Squire, 1975; Pinkel, 1981].



As reverberation is being reevaluated in terms of its information content, so
must the signal processing techniques used vis-a-vis reverberation be reconsidered. For
instance, rather than indiscriminate reverberation suppression, the situation may call
for the extraction, from a composite reverberation return, of the component created
by the class of scatterers associated with the process of interest. In this scenario,
"signal” and "noise” are both constituent components of the received reverberation

process. This problem has not been previously addressed and is the focus of this thesis.

In the first chapter, we have attempted a brief review of the voluminous
bibliography on the physical properties of oceanic reverberation and the mathematical
methods used to describe it. The relative advantages of the physical versus the quasi-
phenomenological approach are discussed and a simulation program implementing the
latter is described. A direct connection is established between certain model predic-

tions concerning the spatial correlation characteristics of reverberation and the adap-

tive noise cancelling concept.

1.1 Reverberation types / Scatterer identification

Oceanic reverberation is usually classified as volume, surface and bottom
reverberation. The scatterers responsible for volume reverberation are mostly biologi-
cal in nature [Clay and Medwin, 1977]. Inorganic particles are insignificant contribu-
tors and reflections from sound velocity microstructure are eflectively masked by bio-
logical scattering [Kaye, 1978]. Zooplankton such as copepods are the dominant source
of volume scattering in the near-surface region. In deeper water, biological scatterers
are often distributed within diffuse Deep Scattering Layers (DSL) consisting of sipho-
nophores, copepods, pteropods, euphausiids and fish. The diurnal migrating cycle of
the DSL and its frequency-selective backscattering properties have been studied inten-

sively revealing a complex, multilayered structure [Clarke, 1970, Kampa, 1970, Isaaks,



1974; Hersey, 1962; Gibbs, 1970].

Surface reverberation is generated by the entire spectrum of the rough
air/sea interface and is 2 function of wind speed and the transmitted frequency.
[Urick and Hoover, 1956; Chapman and Harris, 1962; Garrison et. al,, 1960]. Specular
reflections from normally inclined wave facets and scattering from an isotropic layer
of bubbles in the near surface have also been suggested as reverberation sources at
high and low grazing angles, respectively [Medwin, 1966; Clay and Medwin, 1964].
Shadowing eflects by large-scale surface waves may be significant for low grazing

angles [Gardner, 1973].

Bottom reverberation is an extremely complex phenomenon owing to the
diversity of ocean floor types, lateral inhomogeneity and potential contribution of sub-
bottom layers. The complexity is reflected by the disparity among the reported meas-
urements of bottom scattering strength. It appears that both particle size and bot-

tom relief are important factors [Mc Kinney and Anderson, 1964; Buckley and Urick,

1968

1.2 The theory of scattering from rough surfaces

The theoretical treatment of reverberation poses a formidable analytical
problem. In principle, the wave equation could be solved if the boundary conditions,
describing the regions where density and sound velocity change discontinuously can be
derived. In the real ocean this is an all but impossible task. In fact, even for the sim-
plest of surfaces, the solution is far from trivial. The theoretical solutions to the prob-
lem of scattering from rough surfaces can be divided into two groups according to
whether deterministic or stochastic surfaces are considered. The scattering of sound
by a sinusoidal surface at normal incidence was first treated by Lord Rayleigh (1945].

His view of the sinusoidally corrugated surface as a reflection grating led to an



approximate solution consisting of a discrete set of plane waves travelling away from
the surface at angles corresponding to the "orders”™ of the grating. An exact solution
for the sinusoidal surface was obtained by Uretsky [1965] which was substantiated by
laboratory experiments on sinusoidal cork surfaces [Barnard et.al., 1966]. Other solu-
tions for periodic profiles of a specific type have been obtained [e.g Twersky, 1951]. In
the absence of an exact solution, the Helmholtz formula with the Kirchoff approxima-
tion {Baker and Copson, 1939] has typically been used. This approximation is valid for
"locally flat” surfaces with irregularities whose radius of curvature is large compared
to the wavelength. A good review paper on solutions involving deterministic surfaces

is by Lysanov {1958].

A rough surface is more appropriately described as a stochastic process.
Most methods used to treat random surfaces are generalizations of the methods
developed for deterministic surfaces and are subject to the same restrictive assump-
tions. The randomized Rayleigh approach whereby the surface is described in terms of
random Fourier coefficients was developed by Rice [1951]. Other methods depict a
rough surface as a planar array of objects the size, shape, position and separation of
which are random variables or, alternatively, through the probability distribution of
the slopes of its plane facets [Cox and Munk, 1954]. The Kirchoff method may be used
to relate the statistics of the surface to the statistics of the scattered field [Eckart,
1953]. By assuming a Gaussian distribution for the surface scatterers, it is possible to
calculate the mean field and mean power scattered in an arbitrary direction. This, in
turn, makes it theoretically possible to solve the inverse problem, that is to determine
the autocorrelation function of the random surface from measurements of the scat-
tered intensity distribution [Horton, Mitchel, Barnard, 1967]. Eckart’s high- and low-
frequency solutions were extended to include intermediate frequencies by Proud, Beyer

and Tamarkin {1960]. The question of the appropriate form for the surface covariance



function has been examined by Horton and Muir [1967]. A model for a composite
rough surface consisting of a superposition of independent, stationary random
processes each with its own distribution and covariance function (e.g. "swell", "sea”,
"ripple”) was suggested by Beckman [1965] and the eflect of statistical dependence

between the component roughness processes was studied by Hayre and Kauffman

(1965).

Remarks

This " physical” approach, despite longstanding eflorts and the theoretical
elegance of many of the solutions, provides at best an incomplete description of
scattering from the ocean surface (bottom), because of the restricting assumptions
that had to be used in the face of prohibitive analytical difficulties. Only mono-
chromatic incident waves and a single receiver have been considered. The ubiquitous
"locally flat” assumption limits the range of transmitted frequencies and surface
roughness scales which are amenable to this treatment. In addition, Gaussian statis-
tics with convenient correlation functions must always be used for analytical
expediency. Thus, the direct connection of these solutions to the physical characteris-
tics of the ocean boundaries is rather tenuous in general. Still, useful information such
as roughness and correlation area may be derived through fhis approach if these
assumptions are satisfied to a sufficient extent. No "physical” solution exists for

volume scattering, however.

1.3 The point-scattering reverberation model

An alternative to the physical approach is to represent reverberation as a
random process constructed by a linear superposition of the individual echoes emanat-
ing from a large number of point reflectors located independently in a homogeneous

medium. The physical equivalent of the independence assumption is the first Born



approximation which states that secondary scattering is negligibly small. This
approach has been developed mainly by Faure {1964], Ol'shevskii [1967] and Middleton
(1967 a,b, 1972 a,b] and is known as the point-scattering or quasiphenomenological

mode! of reverberation. Specifically, the backscattered signal is represented by

(1) = ga.-a.-(z)a[af(z - 1)

The returning echo from each scatterer, indexed by i, is delayed by ¢, the two-way
travel time between the source and the ith scatterer. The o; and a; are random vari-
ables representing distributions of acoustic cross-section and Doppler factor of the

scatterers, respectively. For a monostatic sonar,

Gi(t) = ¢B3{r;)f (1)
where g is a system gain factor, B? is the two-way beam pattern sensitivity in the

direction of the ith scatterer and f(t) represents the two-way propagation loss. s(t) is

the transmitted waveform.

Assuming that for a sufficiently large scattering region the mean scatterer
density is constant, the number n of scatterers contributing to the reverberation
return at any given time may be described as a Poisson-distributed random variable.
Based on Poisson statistics, a characteristic function may be derived for the rever-
beration process and the various moments may be obtained by taking appropriate
derivatives. This approach makes it possible to calculate the second order statistics of

reverberation for general experimental geometries, beam patterns and transmitted sig-
nals.
Remarks

Owing to its general construct, the point-scattering model allows the calcula-

tion of some fundamental statistical measures of reverberation for realistic system
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parameters. However, no direct connection is established by the model between these
measures and the physical characteristics of the scattering region. Any such informa-
tion must be inserted in the model through a dynamical impulse response function
representing the interaction of the incident field and a typical scatterer. Middleton
[1967a] suggests that such knowledge must be derived from experiment but he stops

short of suggesting appropriate experimental procedures.

The simplest approach is to assume that the point scatterers are perfect
point reflectors radiating in all directions and reproducing exactly the incident
waveform. Several investigators [e.g. Plemons et. al., 1972] have shown that even this
simplest of models predicts temporal and spatial correlation values which are in sub-
stantial agreement with experimental estimates, with some interesting deviations.
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