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III. NEW CONCEPTS AND EXPERIMENTS

3l Introduction

This volume describes some new hypotheses and experiments
that are relevant to animal echolocation and to man made sonar sys-

tems.

The first hypothesis is that some echolocating animals may
use very wide signal bandwidths in order to compensate for a rela-
tively small array that has only two transducers. This hypothesis
depends upon the assumption that a trade-off exists between array
size and signal bandwidth. The existence of such a trade-off is
investigated by devising a new ambiguity function that applies to
range and angle measurements, i.e., to estimates of a target's
position in space. An effective beam width can be defined in
terms of the new ambiguity function, and it is found that this beam
width decreases as the array is made larger (the classical result)
and also as signal bandwidth is increased (a new result). A trade-
off between array size 4nd signal bandwidth therefore E;-_S exist for
a given required effective beam width. This result supports the
hypothesis that the use of large signal bandwidths by dolphins
and some bats may serve to compensate for a limited array size.
The result may also have considerable impact upon the design of

future man made sonar systems.

The second hypothesis is that bats (and dolphins) may be
able to estimate cross-range velocity with sufficient accuracy to
compensate for evasive maneuvers by moths (and fish), This hy-
pothesis can be investigated by studying the dependence of expected

error in a cross-range velocity estimate upon parameters such as
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range, interaural distance, and signal-to-noise ratio. It is shown
that cross-range velocity estimation is indeed a feasible process
for targets that are less than one meter from the animal, where

estimation of evasive maneuvers becomes critical.

The third hypothesis involves the Johnson-Titlebaum model
of echolocation by energy spectrum analysis. The hypothesis is
that locally optimum detection is used to determine the presence
or absence of a target by investigation of the energy spectrum.
The energy spectrum is obtained by Fourier analysis of data over
a long integration time that includes both the transmitted signal
and the target echo. The locally optimum detector correlates sam-
ples of the energy spectrum with corresponding samples that would
be measured in the absence of noise. The noise-free samples
correspond to a ripple or sinusoidal amplitude modulation of the
energy spectrum, where the period of the ripple is determined
by target range. The locally optimum test for a target at a se-
quence of hypothesized ranges therefore involves cq.rrel_atipn of
t}.ué ene;'g.}; ;pectrt.xrn with a sequenc':e of sinus.oids, i.e., Fourier
analysis of the energy spectrum. This hypothesis suggests that
the Johnson-Titlebaum processor is particularly sensitive to
background noise with rippled power spectrum, where the period of
the ripple corresponds to the range of a target. Since a matched
filter is cornparatively impervious to spectral ripple, we have the
basis for a behavioral experiment that can distinguish between the
Johnson-Titlebaum and matched filter models of animal echo-

location.

Section 3.2 describes the new range-angle ambiguity func-

tion and the bandwidth-array size trade-off. .Section 3.3 presents




a feasibility argument in support of the hypothesis that echolocating
animals can measure cross-range velocity. Section 3.4 discusses
the locally optimum detector for energy spectrum analysis and an

experiment to test the Johnson-Titlebaum echolocation model.

3.2 The Trade-Off Between Array Size and Signal Bandwidth,
and Its Possible Utilization in Animal Echolocation

3.2.1 Brief Summmary ut Section 3.2

i Target position estimation in radar and sonar means joint
i estimation of range and angle in the presence of noise and clutter.
The global behavior of a maximum likelihood position estimator,
i and the clutter suppression capability of the system, can be written
| in terms of a range-angle ambiguity function. This function depends
upon signal waveform and array configuration, i.e., upon both tem-
poral and spatial characteristics of the system.

Ambiguity and variance bound analysis indicates that system
'bandwidth can often be traded for array size, and didection- Ry

dependent signals can be used to obtain better angle resolution with-

out increasing the size of the array. Wideband, direction-dependent
signals (temporal diversity) can be traded for large real or synthetic
arrays (spatial diversity). This trade-off is apparently exploited by
some animal echolocation systems.

The above insights are obtained mostly from the properties
of the range-angle ambiguity function. In general, an appropriate
ambiguity function should be very useful for the design and evaluation
of any maximum likelihood parameter esti\mator. System identification

methods and radio navigation systems, for example, can be optimized

by minimizing the volume of a multiparameter ambiguity function.




3.2.2 Introduction

System requirements for radar, sonar, or diagnostic ultra-

sound include parameters such as array size, signal bandwidth, and

processor complexity (measured by the time-bandwidth product of )

the signal, data storage capacity, and processing time). System per-

formance involves quantities such as estimator variance, resolution,

and clutter rejection capability. Performance can be measured in

terms of Cramér-Rao (CR) bounds, ambiguity function properties,

and signal-to-clutter ratio. If these performance measures can be

written in terms of array size, signal bandwidth, and processor

complexity (system requirements), then trade-offs between require-

ments such as array size and bandwidth can be assessed.
CR bounds"? provide a local measure of estimator accuracy

for particular values of the estimated parameters. In terms of a

hypothesis test, CR bounds are useful when the hypothesized parame-

ters are nearly equal to their true values, i.e., when there is good

prior information about the parameters that are te be-estimated.:

CR bounds are often obtained by assuming that the data consists of a

signal that depends upon the unknown parameters, added to

white, Gaussian noise (WGN). -If the data actually consists of addi-

tional, spurious signals (clutter), then the WGN assumption is

invalid, and meaningful CR bounds can be obtained only after a more

general probability distribution has been worked out. ' i
The ambiguity function®* illustrates the global properties of

a maximum likelihood (ML) estimator. In terms of a hypothesis

test, the ambiguity function shows the response of the estimator to

all possible values of the hypothesized parameters, when the true

parameters are specified. Possible confusion between different




parameter values can thus be illustrated. Like CR bounds, the
ambiguity function is often derived under a WGN assumption, but
the effect of spurious echoes can be analyzed in terms of this idealized

ambiguity function, and its utility is not restricted to the WGN case.’™?

In view of these properties, it is not surprising that ambiguity analysis
often results in the imposition of constraints upon a system design that
minimizes a CR bound. For example, the ambiguity function gives the

accuracy of prior knowledge that is required for such a system.

s o o

We shall consider properties of both CR bounds and the am-

biguity function for joint range-angle estimation. Targets that are

in the near field of an array, as well as the far field, will be con-

e

sidered, since the effective size of synthetic aperture arrays is so
large that the far field assumption is often violated. Diagnostic
ultrasound arrays for examination of near-surface effects (breast
and parotid tumors, carotid artery wall thickness) will also some-
times operate in a near-field configuration.

The ambiguity function approach to radar/sonar signal design
is well estab}i_she.d,“?.ggd_ this paper uses a simjlar method for com-
bined signal and array (temporal and spatial) design. Ambiguity

analysis, however, has apparently been neglected for other parame-

ter estimation problems, and it has been confined to the radar/sonar
literature. One purpose of this paper is to illustrate the advantages

of multiparameter ambiguity anal sis** in a more general context.
P g Y g

It will be shown that the volume of the ambiguity function pro-

vides a2 measure of the extent to which different parameter estimates

can be separated from each other and from a background that may

include spurious signals as well as noise. By far the best known
ambiguity function is associated with delay and frequency shift mea-
surements, using narrowband signals . The volume of this ambiguity

function depends only upon signal energy, and the resulting volume
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invariance for energy-normalized signals can be interpreted as a
radar uncertainty princ:i.ple.27 The volume invariance of the narrow-
band range-Doppler ambiguity function is more the exception than
the rule, however,m’15 and the analysis in this paper demonstrates

that minimization of ambiguity volume can be an imponrtant technique

for the optimization of a parameter estimator. Minimization of

ambiguity volume should be especially applicable to signal design
for system identification, a branch of control theory that has much
in common with radar/sonar design.

Animal sonar or echolocation is a biological phenomenon
that is especially fascinating to radar/sonar engineers. One of the
first proposals for a man-made sonar system was suggested in 1912,
after the Titanic disaster, as a simulation of ""the sixth sense of the

bat. " P Photographs of bats in pursuit of insects among foliage29

seem to indicate a high degree of clutter suppression capability, and

the echolocation performance of cetaceans in shallow, reverberation-
limited environments is also impressive. Animal sonars operate under
a significant congtraint; their receiving "arrays' congist of gnly two
closely spaced elements. Many echolocating animals, however, have
evolved extremely wideband systems, and the highest frequency can

be as much as a factor of ten larger than the lowest frequency.m We
know that increasing a signal's bandwidth results in better range resolu-

: ’ . S c - 0-35
tion>’* and better target discrimination ca.pa.b:.l.xt:)r,3 and that large

time-bandwidth products can be advantageous for wideband velocity

36,37

resolution or for Doppler tolerance 3840 We also suspect that

the use of wideband signals may be associated with better angle mea-

surements,"'21 and that echo-locating animals may be able to com-

pensate for limited array size by using larger bandwidths. The

following analysis indicates that this suspicion is well -founded.
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For the reader who is interested in radar, sonar, diagnostic

ultrasound, and animal echolocation, the paper should provide some

useful results and insights. For the reader who is interested in

{ 1
other parameter estimation problems, the specific results are not

; 4 so important, but the general approach illustrates a useful system |
: design philosophy.

; 3.2.3 Problem Formulation and General Results

¥

¢ In this section, expressions for CR bounds and the ambiguity

i
:i function are derived for the position estimation problem. The results J
. will apply to all planar array configurations. No assumptions about
array shape or target position will be introduced, except for the simpli-
fying assumption that the target lies in the plane of the receiving array.
Let E(w) be the Fourier transform of an echo, measured at
the target. The frequency domain response of the kth array ele-

ment to the echo is:

i
o

* F (@) = A E(w) exp(-jor) (1)
where

| Ak = complex gain of the kth element (2)

7, = delay from target to kth element . (3).

Let L be a straight line segment between the elements of the array

D

’ that are furthest apart. The range parameter T is defined as the

delay between the target and the center point P of L, i.e., the

point that lies midway between the extremities of the array (see
Figure 1). The direction parameter 6 is defined to be the angle
between the normal to L at P and the line segment between P and 1 .
the target. Movement of the target counterclockwise around P

causes O to increase, i.e., 0 is positive in the counterclockwise

direction.




Element #1

O~

Element #k

Figure 1. Definitions of angles and distances for a planar
array of receiving elements.

Element #2
L —O




The position of each array element can be defined in the
same way as the target position. In Figure 1, the kth element
position is described in terms of the direction parameter ¢k and
the.distance dk from P, where ¢k is the angle between the nor-
mal to L at P and the line segment between P and the array ele-

ment. From Figure 1, a general expression for Tk is

e 7 [1’2 + (dk/c)2 - 27 (dk/c) cos(¢k - 9)]1/2 (4)

and Tk depends upon the unknown parameters T and 6, as well

as upon the known parameters dk

The array clement responses in the absence of noise can be

and ¢k :

represented by a column vector m(T, 6) of complex numbers.
The first N elements of m(T, 8) are frequency samples of
Fl(w) in (1). The next N elements are samples of Fz(w). etc.
In representing Fk(w) by N frequency samples, it is implicitly
assumed that the response of the kth element is time limited.
Although a time limited signal cannot be band limited, it is as-
sumed that, for any acceptable mean square error €¢> 0 between
the original time signal and the time signal that is reconstructed
from N frequency components, there exists a bounded number N
such that the mean square reconstruction error is less than €.
For an integration interval T, the N discrete frequency samples
are separated by n/T rad/sec. For K array elements, m has
KN elements.

In Gaussian noise, a data vector r is observed, where
the elements of r are the frequency samples of Fl(m), Fz(m). OGP
FK(w) when noise has been added to the echo. The conditional

n
probability density function of the noisy data is
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KN/2

p(r|r,98) = (m |9|)-lexP{-[£-Ln(T.9)]* Q[r -m(r,8)]] (5)

where C = 9-1 is the noise covariance matrix and the asterisk denotes
a conjugate-transpose operation,

In the presence of multiple targets and clutter or reverbera-
tion, as well as noise, it is still possible to use a Gaussian pdf as in
(5), provided that an appropriate covariance matrix is de';ermined.‘2
The pdf in (5) may appear to be unrealistic for sea clutter, since the
envelope of a Gaussian clutter process is Rayleigh distributed, while
the measured pdf of envelope detected sea clutter echoes is often more
log-normal than R:aLyleigh.""'2 The empirical log-normal model for
the clutter envelope indicates that the underlying pdf of the time domain
clutter process decreases more slowly in the 'tails' than the Gaussian
distribution. The use of a frequency domain representation in (5),
however, implies that time domain echoes are effectively passed
through a bank of narrowband filters with impulse responses that are
T seconds long. The sampled responses r of these filters tend to be
much more Gaussian than the original time domain distribution.

Maximum likelihood (ML) estimates of range and angle are
the values of 7,6 that maximize p(r|r,6) in (5), for a given data
vector r. The asymptotic variance of these estimates for many

observations of the data can be obtained from the matrix CR bour;d."2

The CR bound is defined for a particular value of 7,0, and it does

not take account of the possibility that two very different parameter
pairs T el and Ty 62 may yield nearly equal local maxima of

p (£| 7,0). The ambiguity function is a global measure of ML
estimator performance that reveals the parameter pairs which are
most likely to be confused with one another, i.e., which are asso-

ciated with an ambiguous interpretation of the data. We shall

10

e mag o

|
|
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obtain general expressions for both the CR bound and the ambiguity
function.

When range T and angle 0 are both unknown, CR bounds for
their joint estimates are determined by inverting the Fisher informa-
tion matrix, J. The elements of J are

2 2
In=9.,° -E[(@"/377) In p(z | T, 0)]

Iy = JTB = -E[(a?‘/aT 99) In p(r|«, 6)]
(6)
2
Jo1 = 9, = -E[(@ /86 3T) In p(r]|T,8)]

2 2
I, = .'l’ee =-E[(0 /88 ) Inp(z|T, 08)] .

Substituting (5) into (6), we obtain

=
29m /3T Q dm/aT

TT
%*

J o =2Re{om /ot Q am/a9}
*

e 2Re {3m /96 Q 8am/at]}

%k
Ty =20m /86 Q am/a8

where m = m (1,0) are the expected responses in (5), i.e., fre-
quency samples of Fk(w) in (1), for k=1, 2, ..., K. The derivatives
in (7) are evaluated at the particular v and 6 values that correspond
to the target's true position. The diagonal terms of ;I-l are the CR

bounds for the variance of the range and angle estimates # and 6,

11

T




o
Var (#-7) 2 [T, - (o Jor/ Jog)]

o (8)
Var (8-6) =[Jgg - (Jrg Jor /340) ]

In order to obtain simple mathematical expressions for the
above variances, it will be assumed that

g =N 'L )

o

where No is the noise power spectral density and ; is the identity
matrix. This assumption means that the noise is white and Gaussian,
and that the noise at each of the K array elements is statistically
independent of the noise at any other element. The CR bounds that
are obtained by using (9) are generally not relevant for an environment
that includes multiple targets and clutter or reverberation, although it %
may be possible to approximate a diagonal covariance matrix by using a
large integration time T for the computation of the frequency domain

44
samples r.

The WGN assumption yields idealized bounds that con-
vey only qualitative information about the relation between system
requirements and performance. These qualitative insights, however,
can be very important. For example, CR bounds for WGN show that
the accuracy of angle estimates are not completely determined by the

physical beamwidth of the receiver."

Substituting (9) into (7), we have
o K
-1 2 2 2 2
Jpr = 2N (T/m) /w [E(w)|° dw z a1 © (o, 707)° (10a)
- k=1




o K
Jig = Jg. = ZNO-l (T/w) /wz IE(w)lzdw 2 [Ak'Z (10b)

T
- k=1

. (31’k/81') (afk/a e)

p K
-] 2 2 2
Jye = 2N_7! (T/m) /w E@I% de S Ayl (a7, /28)° . (10¢)
-® k=1

In (10), Tk is given by (4) and is shown in Figure 1. Further simpli-
fications can be obtained under appropriate assumptions about the
relative magnitudes of T, Ty and dk/c. Some of these simplifica-
tions will be discussed in the sequel.

A range-angle ambiguity function is obtained by studying the
behavior of the conditional probability density function when we try to
determine maximum likelihood estimates by trial-and-error. This
procedure has been utilized by Urkowitz, Hauer, and Kovaln to derive
an angular ambiguity function, ¥x(9,0 H).

The ML estimates 17,0 are the values of the hypothesized range

and angle T, 8, that maximize plc|~

H H] or that minimize

n®
e = [z-m(Ty, BH)]*Q[z-gl(TH. 0,1 (11)

where
r =m(7,0)+n

and where n is a vector of zero mean, complex noise samples.
Assuming that (9) is true, E{e} is the mean square error be-

tween r and t_g('rH, GH). Since

X N
m (o mine) = Y > [r (12)
k=1 n=1

13




we see from (1) that ”_rp_(‘r, 9)” does not depend upon ‘rk, and it is
therefore invariant in T and 6. It follows that E(€) is minimized

when x(7, TH, 0, aH). is maximized, where
X(Tn TH' 0, GH) < Re { E* (T, a) g m (TH: BH)}
o}

K
S 1aa® arzm /IE(w)IZ

k=1 o

exp [jm('rk - THk)] dw

K 2
z |a, | Rty - 7o) (13)
k=1

where R(7) is the autocorrelation function of the echo and, from

(4),
1
2

- Z 2
e [TH +(d /)" -2 (4 /c)cos (¢k-eH)] . (14)

The trial-and-error ML estimator can be conceptualized as a

large number of estimators, each matched to a different set of values
of the unknown parameters. The ambiguity function x(r, TH' e, BH)
is the output of these estimators when a noise-free signal is present at
the input to the system. If the ambiguity function is large for more
than one set of hypothesized parameter values (g, BH), then the intro-
duction of noise can easily lead to erroneous estimates.

The range-angle ambiguity function in (13) was obtained under
the WGN assumption (9). Unlike the CR bound for WGN, the ambi- 1
guity function in (13) can be applied to the analysis of system per-
formance in the presence of clutter or reverberation and multiple

5-10 s siis .
targets. If a point target is at position 7,6 and a point clutter

14
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reflector is at position Te? Bc , the output power of a correlation pro-

cessor due to the clutter reflector is

clutter response (7,0) « | X(v, r , 6, Oc)lz . (15)
c

The expected output power due to a superposition of statistically

independent clutter reflectors is
m oo

pc = E {clutter response (T,G)}OC / [ [ p(-rco Gc)

-1" - 00

(16)
2
Ix(r, 7_,0,8)] dfc] de_

where p (Tc. Bc) is a probability density function® or scattering
function® that describes the distribution of clutter in range-angle
space.

The correlator response to the target is

P_ x [X(r,7,8, a)l2

T (17)

and the signal to clutter ratio is

SCR = P_/P_ . (18)

For the case when p('rc, ec) is uniform, e.g., when there is no

prior knowledge of the clutter distribution, we have

SCR_1 = PC/PT = normalized volume of

IX(T' TH, 0, eH)IZ . ‘19)

One of the well-known properties of the narrowband range-

velocity ambiguity function is volume invariance, i.e., the same

15
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ambiguity volume is obtained for any energy normalized signal.3 It
would appear that this volume invariance property does not apply
to other ambiguity functions, however, e.g., the wideband range-
velocity ambiguity function"'|s and the function in (13). In fact, we
shall show that range-angle ambiguity volume and SCR depend upon
the bandwidth of the radar/sonar system.

An effective beamwidth can also be written in terms of (16).
For a target at angle 6, the expected response from clutter at
angle Oc, integrated over range, is the bracketed integral in (16).
If this integral is small relative to PT, then the effective beam
pattern has small gain at Gc when the center of the beam is aimed

at the target. For uniformly distributed clutter,

Effective angular ] S5 2
attenuation = PT [X(r, T .6, ec)l ch . (20)
between @ and 9C 3

-0

We have now obtained expressions for CR bounds and the
range-angle ambiguity function, under a WGN assumption. The
general target and array description in Figure 1 has led to compar-
atively simple notation in (10) and (13), where no assumptions about
specific geometries have been introduced (except for a planar array
with a coplanar target). These expressions will now be applied to

position measurements with a linear array.

3.2.4 Linear Array, Far Field

For a linear array, we have ¢k = £7w/2 for all K array ele-
ments. For simplicity of notation, we shall set ¢k = -w/2 and we
shall allow dk to be negative as well as positive. In this case, (4)

becomes

16




oy [1 + T-Z.(dk/c)z + Z'r“l (dk/c) sin G]

If the target is in the far field, we can assume that

(dk/c)2 << 'rz

and (21) becomes

where

=T + (dk/c) sin 0 .

Substituting (23) into (10) gives

3.y = SNR D/

2 r
SNR D, DA cosze

Joo

2 2
J:g Jg+ = (SNR D, MA cos 0)

K 2 2
SNR = (T/rN ) 2 1A, |IE()] © dw
k=1 ~®
Dv‘,2 = /wz IE(m)Iz dw// IE(w)[zdw
-0 -

2 & 2 2 & 2
- z @, /) |A, | z (Al
k=1 k=1
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(22)

(23)

(24a)

(24b)

(24c)

(25)

(26)

(27)




4
and
& 2 . 2
M, = z @./c) 1Al z la . (28)
k=1 k=1 :

Because er = Jgo the product J:e Jg+ in (8) is always

non-negative. For given values of J, . and Jgg» and for Jrodor =0,

Gl

(8) indicates that the best performance is obtained when

JTG JOT =8, : (29)

According to (24c) and (28), this condition is obtained in WGN when the

array is symmetric about its midpoint, i.e., when

2 Wi 3’ 2
(30)
s . 2 z _ 2
AT = Al I8 ET = R, - o s
or
dl=0, d3=-d2, d5=-d4,...
(31)
2 2 2 2
=} =
IA3I AZ' P IASI |A4I oot e
When either (30) or (31) is true, (8) becomes
2 -1
Var (T-71) = [SNR D, ] (32)
-1
~ 2 2 2
Var (6 - 6) = |[SNR D, DA cos © . (33)

Equality in (32) and (33) is asymptotically obtained for a large num-
ber of measurements, if a ML estimate is used in WGN (no clutter),

and there is accurate prior knowledge of target location.

18




What, exactly, is meant by "accurate prior knowledge of target
location"'? How accurate is "accurate'"? Does the required accuracy
of prior knowledge change when DwZ and/or DAZ are increased in
(32) and (33)? These questions are often left unanswered in the deriva-
tion of parameter estimation methods that are based upon CR bounds,
or the problem is side-stepped by assuming that the estimates are con-
sistent and unbiased. It will become apparent, however, that ambiguity
analysis provides straightforward answers to these questions.

The bounds in (32) and (33) can be minimized by using two
elements at opposite ends of the array and a narrowband signal with
the highest allowable frequency. This observation follows easily

from the inequalities

w w
2 2
/ w lE(w)l2 dw = W / |E ()l 2 dw (34)
-W -W
K K
2 2 2 2
L mix @) z 1A, | (35)
k=1 k=1

which become equalities when the signal energy is concentrated at
*W and only two array elements with the largest dk-value are used.
These solutions, however, have undesirable ambiguity properties, as
shown below. A ML processor should be evaluated not only by CR
bounds but also by ambiguity function analysis.

Although significant caveats exist for quantitative analysis
of (32) and (33), the bounds are qualitatively significant because they
illustrate a basic interdependence between signal (temporal) design

and array (spatial) design. This interdependence will become even

more apparent when ambiguity functions are considered.




The range-angle ambiguity function for targets in the far field

of a linear array is obtained by substituting (23) into (13),

K
2 2 -
X(v, TH e, OH) z IAkl R [T " Ty + (dk/c) (sin ® - sin GH)]
k=1

X(T - TH, sin 6 - sin OHj g (36)

If 6 and GH are less than 30°,
K
X(T) 7ors 0, 8,.) Z |A lZR[T-T +(d, /c) (0- 6 )]
» H: ’ H k H k H
k=1

= X(AaT, A6) . (37)

When the angle hypothesis is correct, we have BH =06 or

A® = 0, and (36) is proportional to R(AT), the echo autocorrelation

function. Additional array elements do not affect the structure of

x (AT, 0), and this structure includes many undesirable sidelobes
when the signal is narrowband. Figure 2 shows X(Ar, A@) for a
narrowband pulse and with two hydrophones, i.e., for the "optimum"
system design that is obtained from CR bounds as in (34) and (35).
For a single target in a clutter-free environment, Figure 2
indicates that an accurate position estimate can be obtained only if
prior knowledge restricts the search area to the central lobe of the
ambiguity function. The central lobe becomes more narrow as the
signal frequency and the distance between hydrophones increase, so
a more accurate estimate implicitly requires better prior knowl-
edge. of the estimated parameters. Under clutter-free conditions,

one might then expect the two-hydrophone, high frequency system to
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emerge as the solution of a sequential beam forming procedux‘e.‘6
Ironically, such a final result would be &« poor starting point for an
adaptive beam former, if the system begins without prior knowledge
of v and 6. The optimality of the two hydrophone configuration
depends upon accumulated information (prior probability densities
with small variance), and the result is useless without this

information.

Far field range ambiguities depend upon the behavior of
R (A7), the echo autocorrelation function. R(AT) becomes more
impulse-like when the bandwidth of the echo is increased, and range
ambiguities can be reduced by using a wideband signal. In the two
hydrophone case, the effect of switching to a wideband signal is illus-
trated in Figure 3.

Figure 3 illustrates a decomposition of the ambiguity function
into a sequence of shifted autocorrelation functions when A6 becomes
large. This effect is predicted by (37). The width of each auto-
correlation function is approximately 1/B sec, where B is the echc
bandwidth. If (dk/c)Ae is greater than 1/B for all k in (37), then
a constant-A@ profile of the ambiguity function is a sequence of K
nonoverlapping autocorreliation functions, each with amplitude IAl;lZ.

Decomposition occurs when |A8]| > AGO, where

AQ (¢/B) / min (dk)

Y k

(38)

spatial width of echo autocorrelation function
minimum distance between hydrophones

The ratio in (38) can be small if very large bandwidths are used.
In the case of sonar, if B = 50 kHz and array elements are 1 meter

apart, then AGO = .03 radian (less than 2°).

22

e ————— ——

e S




*1eUOES 103 uoTIdUNY AITnITqUE o78ue-a8uey ¢ 2and8Tg

SINOHAOYAAH OML “7TVYNOIS QANVE3QIM

V<

T =i e e =

(ov L v)X

{[09(3/Tpy - +9])y + [09(3/Tp) + +9]y) m_ﬁe_ = (09°19)X




s

For lasl > A8, it is easy to obtain some fundamental

properties of the ambiguity function. Since X(AT, A0) for A6 constant

and 1a6] > Af. is a sum of nonoverlapping autocorrelation functions,

0
we have

max X(aT, A8) / X(0,0)
AT

|ael > A8,

K
2 ~ 2
e |a,l R(O)/z |4, " R(0) (39)
k=1

v

1/K

2
with equality when IAkl is the same for all k-values (uniform

weighting). The sidelobe level for IAGI > A8 can be reduced only

0
by using a larger array. For example, Figure 4 shows X(Ar, A0)
for K = 5, rather than for K = 2, as in Figure 3.

In terms of signal-to-clutter ratio, (39) describes the maxi-

mum response of the system to a single clutter reflector that is

~ A6 radians from the target, divided by the response to the target

itself. Eq. (39) is thus a measure of worst-case SCR, where the
clutter is restricted to a single point in 1,6 space. For uniformly
distributed clutter, SCR for a given value of A6 is related to the
effective beamwidth of the system, as described by (20). Eq. (20)
gives the effective angular attenuation between the center of the beam
and uniformly distributed clutter that is A® radians from the center.

For |ag|> A8y, (20) becomes

24




*a1euos 103 uorjouny L3rn3tque a73ue-a8uey

SINOHJOYAAH Q3JVdS
AWHO4INA AT “TYNDIS ONYEIQIM

* 2an3814




@
/ Ix(ar, Ae)lz dar /IX(O, 0)|2
-~ lae] > a8g

K © K
- z |Ak|4 flR(T)lz dr lz IAklz R(O)]z
k=1 Jo

k=1

n
M =
S
T
w»
\
M
>
’E_
——-—-
T e —
'\\
=
5,
n.
€
\

By the Cauchy and Schwarz inequalities,

2

K K
[2 |Ak|2] B 2 |Akl4
k=1 k=1

2
[/ |E(u)|zdw:| < B/ IE(w)|4du :

B B

and
Effective attenuation (A0) 2 1/KB,

IAel > a8,
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with equality when IAk|Z = constant (uniform weighting in space)
and when |E(m)|z = constant over B (uniform weighting in frequency).
These equality conditions are the converse of the equality conditions
for (34) and (35), which minimize CR bounds by using the ultimate in

non-uniform weighting.

D

For uniformly distributed clutter, the maximum sidelobe
i level in (39) is not as relevant as the effective attenuation measure
in (20) and (41). In order to produce a small effective beamwidth
for uniformly distributed clutter, the product KB should be large,
and system performance depends equally upon bandwidth and array

size. For a given array size, clutter suppression performance can

be improved by increasing the bandwidth of the system.
A more general measure of signal-to-clutter ratio is the
normalized ambiguity volume in (18) and (19). It is shown in the

2
Appendix that, when 'E(w)l is constant over a bandwidth B,

R Y e

B SCR > B/(2n)° . (42)

For uniformly distributed clutter, SCR increases with bandwidth.
An upper bound can be obtained for a two element system

which uses a maximum wavelength A and a bandwidth B such that

A = the distance between receiving elements

B = one octave.

These conditions hold for many animal sonar systems, e.g., the

bottlenosed dolphin (Tursiops truncatus) and the large brown bat

(Eptesicus fuscus). For these animals,

SCR < 2B (43)
27
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when clutter is uniformly distributed. Many animal echolocation
systems have apparently compensated for their restricted array

size by using large bandwidths.

In summary, analysis of the linear array, far field case has

demonstrated that optimization on the basis of CR bounds alone is

not a desirable procedure unless the environment is clutter-free and
there is good prior knowledge of the estimated parameters. The
required accuracy of the prior knowledge can be deduced from an
appropriate ambiguity function. Qualitative interpretation of CR
bounds yields important insight into the fundamental trade-offs
between signal and array parameters. These trade-offs can be
further investigated by computing bounds on signal-to-clutter ratio,
using the range-angle ambiguity function. For uniformly distributed
clutter, these bounds depend upon bandwidth alone or upon the pro-
duct of bandwidth and array size. Array size, independent of band-
width, becomes imporcint when the clutter consists of a single

reflector with particular values of v and 6.

3.2.5 Linear Array, Near Field

For synthetic aperture systems and for some diagnostic

ultrasound applications, targets are often in the near field of the

array. The elements of the Fisher information matrix are in this

case obtained by substituting (27) into (10). The results are ~ .

K K
J.. = SNR p, 2 z akz |Ak|2 2 |Ak|2 (44a)
k=1 k=1 ‘f
K K E
2 2
Jgg = SNR D,‘,2 cos?e z pkz (dk/c)ZIAkl z IAkl (44b)
k=1 k=1
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K
b 2 2
Tr9 Jo, = | SNR Dy, cos® 2 o By (@ /<) |A, ] /
k=1

K 2
S Ial’ (44c)
k=1

2
wbere SNR and D, were defined in (25) and (26) and

(dk/c) sing + T

(23 =
k ST
approximate far field delay to kth element (45a)
a
actual delay to kﬂ'1 element
ﬁk . T/Tk delay to center of array G (45b)

t
delay to k 4 element

The expression for J., indicates that the array configuration is
important for near-field range estimation, a condition that did not
exist for far field measurements. As in the far field case, Joe
depends upon both temporal and spatial parameters. If the gains

Ak are to be adjusted so as to maximize J,. and Jgg» the optimum
weights will depend upon target position. This observation suggests
that the gains Ak are no longer decoupled from the position hypothesis
Ty eH’ and the gains should change as the environment is scanned.
From (45), the element that is closest to the hypothesized target

position should have the largest gain. The expression for J:o je'r

indicates that the elimination of range-angle error coupling is more

difficult to-accomplish in the near field case. This difficulty arises




because differences in the near-field delayvs T depend upon range
as well as angle.
The expression for the near-field ambiguity function can be

simplified if T, in (27) can be written :

T 'r{l +(1/2) [(dk/CT)z + Z(d.k/cr) sinﬂ]} . (46)

If the term in square brackets is less than unity, the error in the
above approximation is less than 6.4%. We are thus assuming that
the distance from the target to the center of the array is larger than

the array itself. Substituting (46) into (13),

K
2
X(T, TH.G, GH) = z lAkl R[skAr + (dk/c)
k=1

(47)
(sin @ - sin eH)]

where

2
s, = 1- [@ /<) /(zTTH)] ; (48)

The sum in (47) can have an effect that is similar to broadening
the bandwidth. When 6 = BH, the near-field ambiguity function depends
upon a superposition of weighted autocorrelation functions, where each
autocorrelation function is scaled by a factor 8y If the echo autocor-

relation function has sidelobes (local maxima at AT # 0), the sum of

scaled functions can have a smaller sidelobe level than a sum of unscaled

functions, since the maxima for the scaled functions at AT # 0 occur
at different locations for different scale factors, 8y * We therefore
suspect that the range resolution capabilities of near field systems

(e.g., synthetic aperture) will often be better than we would predict

from the signal autocorrelation function.

T
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When the distance from the target to the array is smaller than
the size of the array itself, the best way to obtain a picture of the
range-angle ambiguity function is probably to evaluate (13) by means

of a computer, A function of T GH can be displayed for any parti-

’
cular values of r and 6. The e}ifect of sensor positions, gains, and
signal bandwidth upon ambiguity volume can then be empirically
determined. If ambiguity volume is used as a measure of system
performance (SCR), then the optimum signal/array design can be

obtained by gradient techniques.47

3.2.6 Direction-Dependent Signals and Array Elements

The effect of transmitting an angle-dependent signal is to
replace IE(w)lz in (13) with E(w, 6) E*(u, eH). If the inverse Fourier
transform of E(w, 0) E*(w, GH) has small maximum amplitude for
OH # 6, the ambiguity function will be rapidly attenuated for A8 # 0.

The most common method of achieving direction dependence
is through the use of a narrow physical beamwidth. Other methods
include the use of a frequency-steered array, a dispersive lens (for
sonar), and movement of the array with respect to the environment,
so that an angle-dependent Doppler history is obtained from each
target. The latter method is employed in synthetic aperture
systems ey Angle-dependent Doppler shifts could also be used in
ultrasonic blood flow measurements, where movement of the target
would replace movement of the array.

Direction-dependent array elements can also increase angle
resolution!’ To include the effect of a direction dependent transfer

function, the gain A, in (2) is replaced by Ak(e). More generally,

k
we can take account of the temporal impulse response of the element
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by using Ak(e,w). The quantity |Ak|2 in (13) is then replaced by
Ak(e' w) Ak* (GH, w). The effect is again to reduce the level of
X(AT, A8) for nonzero AS.

A direction-dependent receiving element that makes use of
multiple reflections, as in the human pinna,lq imposes a direction-
dependent convolutional code upon received wideband waveforms. If
the receiver can decode the resulting signal, good angle resolution
can be obtained with a very compact physical array. The trade-off
here is between array size and processor complexity.

It is likely that animal echolocation systems exploit direction
dependence of transmitted and received signals.” A transmitted

dolphin echolocation pulse has different structure when it is observed

20,21
at different angles relative to the animal, and the external ears
of many bats are capable of imposing a direction-dependent code

upon received signals.

3.2.7 Extended Targets and System Identification

The formulation in (11) to (13) can produce a generalized
ambiguity function' for any ML estimation problem, and it would
seem that the ambiguity function should not be restricted to radar/
sonar applications. Ambiguity analysis should be especially bene-
ficial for system identification, where CR analysis has already been

g The shortcomings of

applied to the design of probing signals.22
signal derivations that are based upon CR bounds alone have already
been discussed. It remains to demonstrate the utility of ambiguity
analysis for system identification. The advantages of ambiguity anal-
ysis should be obvious if we can find a system identification problem

that involves radar/sonar measurements. Parameterization of

extended targets is ideal for this purpose.
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An extended target can sometimes be described as a distri-
bution of point reflectors or highlights in range-angle space. Most
diagnostic ultrasound and synthetic aperture imaging systems are
based upon such a description. In estimating the position of each
3 i highlight, reflections from the other highlights can be regarded as
i clutter. We have seen that CR bounds, derived under WGN condi-
tions, are not applicable to this situation. An impulse-like ambiguity
function, however, will be capable of resolving the target into its .
separate highlights, or at least of determining the target reflectivity

within a small range-angle cell.

An extended target can also be characterized as a distributed
parameter system. The impulse response is a function of time (range)

for a given angle, and the impulse response changes with angle. The

system is to be parameterized by the locations (i.e., the 7,6 values)

of large local maxima in the impulse response (i.e., the highlights).

Each of these position parameters is to be estimated in the presence

of noise and spurious signal components (clutter) that are part of the

system's response to the probing signal.

| The system identification problem for an extended target is
- thus equivalent to the estimation of a sequence of 7,0 values in clut-
ter. The ambiguity function is a valuable aid in the design of signals
and filters that can perform the required identification. Exclusive
use of CR bounds for design of the probing signal for this identification
y problem can result in an ambiguity function with large volume or large
sidelobes, and undesirable interaction between parameter estimates —3
will result. The concept of resolution in radar/sonar performance
translates into parameter separability or increased observability
in control theory. In a system identification context, the volume of
the ambiguity function is a measure of the extent to which each parame-

ter cstimate is unaffected by the remaining system parameters.
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3.2.8 Conclusion

A range-angle ambiguity function can be used to predict
signal-to-interference ratios for high-resolution radar/sonar sys-
tems. The expected clutter response will often depend upon the
volume under the sidelobes of the ambiguity function, rather than
the height of these sidelobes. For a given array size, the sidelobes
are made "thinner'" by using a wideband signal, the volume is thus

reduced, and signal-to-interference ratio is increased.

Direction-dependent, wideband echoes can result in an impulse-

like range-angle ambiguity function. In synthetic aperture systems,
the direction dependence is obtained by moving the radar or sonar
relative to the environment. Other methods that do not depend upon
movement can perhaps be used to increase the rate at which a given
area can be mapped. For example, one can use an angle-dependent
pulse with large time-bandwidth product, and this signal could be
transmitted in all directions simultaneously.

It would seem that the range-angle ambiguity function is a
radar/sonar counterpart of the point spread function that is used to
define visual acuity. It is therefore a useful concept for sonar sys-
tems that are attempting to '"'see with sound.'" 7he trade-off between
bandwidth and array size, which has been obtained from properties
of the range-angle ambiguity function, would seem to be important
for echolocating animals that use wideband signals.

Cramér-Rao bounds are helpful indicators of qualitative inter-
dependencies between temporal and spatial parameters. The exclu-
sive use of CR bounds for signal and array synthesis, however, can
lead to results which are only optimum in the immediate neighbor-

hood of a particular position, i.e., with accurate prior knowledge

|
|
|
1




of T and 8. The global behavior of the maximum likelihood estimate
is portrayed by the ambiguity function, which provides a more reliable
functional for synthesis of signals and array configurations, This
observation can be generalized to any parameter estimation problem,
and it appears to be especially relevant to the design of probing signals
for system identification.

Multiparameter space-time ambiguity analysis can be used to
determine the best array locations for passive sonar systems, and the
approach is also applicable to signal design and transmitter place-
ment for radio navigation.

In many cases, ambiguity volume depends upon the properties
of the estimation device, and a small volume is indicative of parameter
separability. Computer mirimization of the volume of a multi-

dimensional ambiguity function should result in an optimum estimating

device, e.g., an optimum probing signal for system identification.
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3.2.10 Appendix to Section 3.2

Signal to clutter ratio is defined as the ratio P'I‘ c

P = KX(nT,6, o)’

and
Qo0 o
2
pC o /d‘l’c / deC p(TC: ec) 'x‘To Tcoep ec)l .
- 00 -

In (A-2), p(Tc, ec) is the clutter probability density function or a

normalized version of the clutter scattering function, and

o0

K
(1/2m) z IAklz /lE(w)'z exp{jw[(dk/c)
k=1

=00

X(Tp TC’ e: eC)

(sin @ - sin ec)+ T- Tc]}dw

X(T - T sin @ - sin Oc)

for a far-field condition.

For uniformly distributed clutter,

o 00 oo

2 Boo o2
: P, = (1/2n) z a0 18] /dec / dr_ [[
k,n - -t -0

2 2
Bl 1Bl expliv [@/e)

(sin® - sin Bc) + T- Tr]}
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ek {_jwz [(dn/c)(sin 6 - sin® )+ -] }dwl du, . (A-4)

Performing the Tc integration, we have

(1/2m) / exp [‘j(wl =Wyl T, ]d'rc = 8w, - w)
and ;
3
2 2 ;
Pe = S Iad |4l f [E@|* exp[itw/e) @ - ) sin6] i:
§ k,n o0 }
g ]
¢ (1/2m) /exp ['j (w/c) (dk-dn) sin ec]dec dw . (A-5) ;

-

The imaginary part of the ec-integral is zero, i.e.,

mw
- (1/27) / sin [(w/c) (dk- dn) sin ec] dec = 0

-

R R

because the integrand is an odd function of ec and the limits of inte-

gration are symmetric about ec = 0. The real part of the ec inte-

gral is?®

w

(1/7) / cos [(w/c) (d) - d_) sin °c] de_
0

= To[@le) (@ - a4 ]
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where Jo(-) is a Bessel function of order zero. It follows that

2 lAkl / |E(w)| (w/c) (d, -d )]

exp [j(w/c) (d) - d ) sine] dw . (A-6)

The expected clutter response for uniformly distributed clutter is
therefore a function of 6, the angle between a line drawn from the
center of the array to the target and a line that is normal to the

array. An upper bound on P_ can be obtained by noting that

C

= Jlte

IJO [(w/c) (d - dn)] exp [j (@/c) (@ -d_) sin e]

and therefore

K - )
P = 2 IAk|2 /IE(w)|4 dw . (A-T7)
k=1 -0

From (A-1) and (A-3),

o0

K
PT = L{1/2%) 2 |Ak|2 /]E(u)|z dw (A-8)
k=1

-00

and

o0

2
PL/P. = |(1/2m) /|E(w)|

~0o0




RS

2
If IE(w)| is constant over a bandwidth B, then, from (40),

PT/PC z B/ (21r)2 . (A-10)
For uniformly distributed clutter, the lower bound (A-10) on signal-
to-clutter ratio will increase as bandwidth increases.

An upper bound for SCR can be obtained when (i) the maximum
echo wavelength is less than the minimum distance between hydro-
phones, and (ii) the echo spectral magnitude is smooth <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>