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Abstract

Measurements of monostatic target strength are often made in the near field of the
target. This memorandum investigates some model-based inversion techniques which
can be used to predict far-field monostatic target strengths as a function of aspect
angle from the near field measurements. Simulated and experimental data are used
to illustrate the accuracy of the proposed methods.

Résumeé

Les mesures d’intensité de cible monostatique sont souvent prises en champ proche.
Le présent document examine des techniques d’inversion basées sur des modeles,
qui peuvent servir a prévoir l'intensité de cible monostatique en champ lointain selon
I’angle d’aspect obtenu en champ proche. Des données de simulations et d’expériences
montrent ’exactitude des méthodes proposées.
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Executive summary

Numerical and experimental investigations of
transformations of near-field to far-field scattering

measurements

John A. Fawcett, J. Sildam, M. Trevorrow; DRDC Atlantic TM 2006-082; Defence R&D
Canada — Atlantic; July 2006.

Background

The measurement and knowledge of target scattering strength is important for many
sonar applications. However, in many cases because of a target’s size and the limited
size of the measurement facility, it is not possible to make the scattering measure-
ments in the far field of the target. In this report, possible methods for predicting
target strength (as a function of aspect) from near field scattering measurements are
investigated.

Principal results

It was found that basic Kirchhoff modeling of a target gave reasonably accurate
estimates of the broadside and endcap target strengths. However, for the experimental
target considered, it failed to capture much of the detailed structure of the target
strength as a function of aspect angle. In general, the methods, based upon first
determining model coefficients from near field measurements, predicted the farther
range measurements with more accuracy.

Significance of results

In situations where the direct measurement of far field target scattering strengths is
not possible, the methods of this report could provide a means of predicting the far
field scattering strengths based on near field measurements.

Future work

The use of the methods of this paper with more experimental data sets would be useful
in establishing the applicability of the methods. Combining the inversion methods
with apriori knowledge of the target strengths in some directions would also be an
interesting area of research. Also, the use of data for 2 different ranges might be used
to improve the robustness and accuracy of the method.

DRDC Atlantic TM 2006-082 i
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Sommaire

Numerical and experimental investigations of
transformations of near-field to far-field scattering

measurements

John A. Fawcett, J. Sildam, M. Trevorrow; DRDC Atlantic TM 2006-082; R & D pour la
défense Canada — Atlantique; July 2006.

Introduction

La mesure et la connaissance de l'intensité de diffusion de cibles sont importantes
pour de nombreuses applications sonar. Toutefois, la taille de la cible et les dimensions
limitées de I'installation de mesure ne permettent souvent pas de mesurer la diffusion
en champ lointain. Le présent rapport examine des méthodes possibles pour prévoir
'intensité de cible (selon 'aspect) a partir de mesures de diffusion en champ proche.

Résultats

On a constaté que la modélisation de base de Kirchhoff d’une cible estime de maniere
raisonnablement exacte les intensités de rayonnement transversal et longitudinal
des cibles. Toutefois, pour la cible expérimentale considérée, I’angle d’aspect a peu
révélé la structure détaillée de 'intensité de la cible. Les méthodes, basées sur la
détermination initiale de coefficients de modeles a partir de mesures en champ proche,
ont en général produit des prévisions plus exactes des mesures au lointain.

Portée

Lorsque les intensités de diffusion en champ lointain ne sont pas directement mesu-
rables, les méthodes présentées ici pourraient permettre de prévoir les intensités de
diffusion en champ lointain a partir des mesures en champ proche.

Recherches Futures

L’utilisation de plus larges ensembles de données expérimentales avec les méthodes
présentées ici serait utile pour établir 'applicabilité de celles-ci. Il serait également
intéressant d’étudier la combinaison des méthodes d’inversion avec une connaissance
a priori des intensités des cibles dans certaines directions. En outre, 1'utilisation de
données pour deux distances différentes pourrait permettre d’améliorer la robustesse
et la précision de la méthode.
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1 INTRODUCTION

For many sonar applications, the measurement of target scattering strength is im-
portant. It is well-known that near-field corrections must be applied for transducer
beam-pattern measurements, but corrections also need to be applied to backscatter
from elongated targets. This generally arises in a naval context, such as the mea-
surement of backscatter from torpedos [1], ships and submarines. In such cases true
far-field measurements are difficult or impossible to make due to the large ranges
involved (potentially, greater than hundreds of meters). In some situations, it is
possible to get sufficiently far from the target but one then faces acoustic multipath
issues in the received signal.

The term “far field” implies that the projector and the receiver are sufficiently far
away from the target that the amplitude of the field scattered from the target, for
a fixed aspect, depends linearly upon the ranges of the projector and receiver. The
near-field problem arises at short ranges where the assumption of acoustic plane-wave
behavior breaks down, both for the incident and backscattered fields. In the near-
field, the strong directional backscatter peaks are reduced and side-lobe structures are
incompletely formed relative to the far-field expectations. Usually what is wanted is
the far-field target scattering, as typical detection problems involve distances of order
hundreds of meters to kilometers. Simple rules of thumb for far-field distances can be
used by assuming the target is similar to an acoustic projector, where there are well-
known far-field scales. Hence, for a line-array of length L with acoustic wavelength A
(e.g. modeling the broadside aspect of a cylinder) this far-field scale is L?/(2)), and
for a circular disc of radius a the far-field scale is m2a/\ [2]. Clearly this near-field
problem becomes increasingly significant for larger targets, scaling as the square of
the diameter and/or length. When the projector and/or receiver are not in the far
field of the target, second order effects, such as the curvature of the incident and
scattered wavefronts are significant. In [3] Chapman considers a correction of near
field measurements by using a Fresnel Integral to account for the phase variations of
the field scattered by a target. For the case of measurements using a single source
and a set of receivers on a spherical surface which encloses the target of interest, it
is straightforward to extrapolate these measurements (with a sufficiently fine spatial
sampling) to another range [4]. Varying the source position around the same sphere,
one can then extrapolate the entire set of scattering measurements, both mono- and
bistatic, to the other range.

The case we consider in this report involves a much simpler measurement geome-
try. In particular, we consider an axisymmetric or near-axisymmetric target. The
measurements will consist of a set of monostatic measurements in a single horizontal
plane. This is the geometry which is often used at the DRDC Atlantic measurement
facilities, where a single source/hydrophone pair is deployed at a fixed location and
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the target is rotated in a horizontal plane. Our basic approach will be to hypothesize
some underlying scattering model for the target with a set of unknown coefficients. A
set of measurements at one range will be used to determine these coefficients. Once
these coefficients are determined they can then be used to predict the scattered field
at other ranges (and possibly other angles and waveguide conditions).

The basic concept behind our model-based inversion is that the incident field gives
rise to secondary point sources at the target. We will make the hypothesis that the
surface field at the point is linearly related to the incident field value by an unknown
complex coefficient. In its simplest form we will simply represent the target as a
linear array of such sources. In a more complicated approach, we will consider the
true shape of a target and consider it as consisting of rings of point sources at specified
discrete points. The value of the point source along the ring will be related to its
incident value at that location by an unknown coefficient which varies with respect
to the ring index. This approach is basically a generalization of the Kirchhoff model
of scattering where the coefficients for the “illuminated” portion of the target would
be equal to two, and we will refer to this method as a modified Kirchhoff method.

There are related problems in the acoustical, geophysical, medical, and radar com-
munities. One can attempt to reconstruct the actual field values on the surface of
the object from its radiated energy. This is the nearfield acoutic holography problem
[5,6] and a method which is closely related to ours is the one discussed by Borgiotti
and Rosen [7] where they invert near field measurements of an acoustic radiator to
determine an equivalent set of point sources. However, it is important to distinguish
between the acoustic radiation and acoustic scattering problems. In the latter, we
need to hypothesize some simple relation between the incident fields (from our varying
projector positions) and the resultant fields upon the target.

Other authors have considered determining the reflectivity of an object or a region
from a set of scattering measurements [8,9]. Once the reflectivity is known these
values could be used to predict the scattered fields at different locations. One major
difference of these types of techniques with our proposed approach is that these
methods require a sufficient frequency bandwidth in the signal (and also assume that
the reflectivity is constant over the band). Our methods will work with individual
frequencies.

This report will present a theoretical overview of the forward and inverse scattering
problem, followed by a discussion of results from numerical experiments using well-
known full-field acoustic models for objects such as cylinders. These models are able
to predict near- and far-field intensities, allowing investigation of near-to-far field
transition zones, establishment of rules-of-thumb, and show validity of approximate
techniques. Finally, some simple laboratory measurements on a cylindrical target will
show the validity of these approximations.

2 DRDC Atlantic TM 2006-082



2 THEORY

A simple numerical example can be used to motivate understanding of the near-field
problem. Consider the backscatter from a rigid, elongated object to be similar to the
reflection from a line-array of N perfectly reflecting point sources with length L, as
shown in Fig. 1. In this simple example the source and receiver are located along
the perpendicular to the target array, which corresponds acoustically to a broad-side
maximum (a glint) from an elongated object. In principle the source and receiver
can be at different distances, dg and dg, respectively. The source emits a continu-
ous sinusoidal signal with amplitude A, frequency f, and wavenumber k. Spherical
spreading is assumed. With these assumptions, the backscattered pressure P; from
the j'th target element at the receiver location can be given by

Pj:

exp(ikrgs;) exp(ikrg;) (1)
TSjTRj

where rg; and rg; are the slant ranges from the source and receiver to the k'th
element, respectively, and i = /—1. Then the total backscattered pressure, P, is just
the complex sum over all target elements. This total pressure can then be normalized
by our expectation for spherical spreading by multiplying by the source and receiver
distances (dg and dg) and dividing by the number of target elements. This normalized
pressure amplitude is then equivalent to a near-field attenuation, or loss if expressed
in decibels.

Let us consider scattering at 10 kHz acoustic frequency, such that the wavelength
in water is 0.15 m, from a target array of length 2.0 m composed of 100 elements.
The total normalized pressure amplitude vs. range, assuming co-located source and
receiver, are then shown in Fig. 2. In this example, the far-field scale is 13.3 m.
The figure shows a steady decrease in normalized pressure as the source and receiver
location moves closer to the object. At the far-field scale distance the near-field
reduction is approximately 3 dB, whereas within one array length of the target the
reduction is greater than 14 dB. Physically what is happening here is that in the
near-field the difference between the perpendicular distance and slant range becomes
a significant fraction of a wavelength, creating an incomplete complex amplitude
summation for scattering elements away from the centerline. This is equivalent to a
breakdown in the assumption of incident and scattered plane waves that is often made
in target scattering problems. This example demonstrates that even for relatively
modest sized objects (on naval scales), the necessary far-field distances can easily
reach into the 10’s of meters.

In the following analysis, we will consider the scattering from a target to be repre-
sented by a set of point sources. However, the relationship between the incident field
and the coefficients for these point sources will be determined by utilizing a set of
scattering measurements.
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Figure 2: Normalized total pressure amplitude vs. distance for 10 kHz scattering from
a 2.0 m line-array. Source and receiver are co-located.
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For a rigid target, the scattered field anywhere in the surrounding space can be related
to the value of the total pressure field upon the surface of the target by the Helmholtz
integral|[2].

) == [ O ) )

where X is a general positional vector, X (s) denotes a point on the target surface and
G is the Green’s Function for the surrounding space. The integral in Eq.(2) is the
rigid form of the more general Helmholtz integral [2] which also involves the product
of G and 9p/On on the target surface.

In the Kirchhoff model for rigid target scattering the field upon the target at )?(s) is
simply related to the value of the incident field upon the target,

p(X(s)) = 20 (X (s); Xo). (3)

Here we have used )?0 to denote a possible point source location for the incident field.
In this case, the incident field has the form

—

_exp(i2nf|X(s) — Xo|/0)
7| X (s) — X,

(X (5); Xo) = . (4)
The Green’s Function which is used in the integral of Eq.(2) has the same form as
this point source incident field.

In the Kirchhoff approximation, instead of simply using the value 2p™¢ everywhere
on the surface of the target, the pressure values are set to zero at those points on
the target surface where they are not illuminated by the source. For example, values
on the backside of a cylinder with respect to the insonification direction are set to
zero. In some of our examples, the source and receiver will be at different ranges. We
will also set pressure value contributions to zero if the normal from the target surface
is more than 90° from the ray connecting the point on the surface to the receiver
location. For complicated target shapes, one portion of the target could shadow
another portion of the target and these regions would need to be determined by ray
tracing. In our work we will simply set the pressure values to zero if the normal to
the surface is more than 90° with respect to either the incident or target/receiver ray.

For much of the following work we will utilize a cylindrical coordinate system. We
consider the surface integral of Eq.(2) in a discrete form with a set of points in the
(r,z)) plane (r denotes radius for a cylindrical targets and z is the length along the
axis. The variable # denotes the angular variable around the z-axis. For example,
in Fig. 3 we show two of the discretizations we will use for the experimental target.
The actual target shapes result from rotating these discretizations around the z-
axis. For each of these points and along the circle in r,# which this point generates,

DRDC Atlantic TM 2006-082 5
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Figure 3: The 2 discrete targets models for the inverse Kirchhoff method: (top) sim-
plified model (bottom) more accurate model. The vertical axis is radius. The three-
dimensional target shape is produced by rotation about the z-axis.

we suppose that the pressure value is related to the incident pressure value by an

unknown coefficient,

p(ri, zi,0) = a;p™°(ri, 2, 0). (5)
The constant of proportionality a; depends only upon the (r, z) location of the discrete
point but not on #. For each discrete point (r;, z;, ), the contribution will be set to
zero based upon the computed surface normal with respect to the source/target and
target/receiver rays. Using the fact that we relate the surface pressure field to the
incident field values by a set of unknown complex coefficients (ay) we finally arrive at
the relationship that the pressure field at receivers X, (j) can be written in the form,

p(Xe() =D Sipax, j=1,., M (6)

where the elements of the matrix S, are given by

2
" 0 o B .
Sik = rkAk/ wi(0) o G(X,(5); X(rg, z,0))G(X (g, 2, 0); Xo(5))db.  (7)
0 s
In this equation, the normal derivative is with respect to the surface variables and
wg(#) is zero when the ray from the source or to the receiver makes an angle of
greater than 90° with the surface normal vector. The variable r is the cylindrical ra-
dius and Ay, is the length of the discrete surface element. The term X,(j) denotes the
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point source location for the jth measurement. The integrals in Eq.(7) are evaluated
numerically. From Eq.(6), it can be seen that for M monostatic scattering measure-
ments and N discrete (r, z) points with the corresponding coefficient ay, we have a
system of M equations with N unknowns. We will take M > N and our solution
will be the least-squares solution for the coefficients a;. In the numerical examples
which are presented in section 3, the inversion of the matrix S is performed using
the MATLAB standard pseudoinverse routine. This function allows one to specify a
singular value tolerance. Singular values, whose values are less than the tolerance are
set to zero. Once the coefficients a; are determined, they can then be used again with
Eq.(6) with a recomputed version of Sj; to predict the scattered fields for a different
set of source and receiver positions. If, instead of solving the system of equations
for ay, we simply set them equal to 2 we obtain the Kirchhoff model predictions for
the scattered field. The experimental target we will consider is not perfectly rigid so,
in fact, there are both p and dp/dn contributions in the general Helmholtz integral.
However, in this report we only attempt to model the “effective” values of p on the
surface and will use the form of the Helmholtz equation given by Eq.(2).

A simplification occurs if we let the radius of the object shrink to zero. In this
case we have a line array of point sources with specified positions (zg, k = 1,..., N).
Furthermore, we do not use the normal derivative and all sources are taken to be
illuminated. In this case, we are inverting the observations to obtain the complex-
coefficients for a line array of point sources. Now, S, in Eq.(6) has the form,

—

g, _ ep(@2rf1%,() - Xyl/e) exp(i2m f|Xo(j) — Xil/c)
’ 4| X, (5) — X4l 4| Xo(5) — X

) (8)

relating the unknown point source coefficients to the observations.
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3 EXAMPLES

3.1 Numerical Simulation

We will start by considering a simulated data example using a cylindrical target pro-
posed for the NATO Undersea research Centre (NURC) workshop on mine scattering
modeling. It is a rigid cylinder of length 2.0 m and radius 0.25 m. One endcap is
flat and the other is hemispherical. For the length of 2 m, the approximate far-field
scale, L?/(2)), is 6.7 m for 5 kHz. In Fig. 4 the frequency/azimuth response of the
target is shown for ranges (both for the point source and the receiver) of 3 and 20 m.
The broadside response of the target is much more diffuse and lower in amplitude
at the shorter range than at 20 m. This is also evident in the time domain, Fig. 5,
where we have used a Gaussian pulse centred at 5 kHz and a standard deviation of
3 kHz in the computations. The time/azimuth response is much more focussed close
to broadside for the 20 m range. in addition, some of the diffraction events (the 2 or
3 lines of arrivals which are evident away from the broadside and endon aspects and
which are due to scattering from edges) are relatively stronger. These benchmark
results were computed using a boundary-element method [10] for three-dimensional,
axially-symmetric targets.

We will consider 3 frequency values from the set of multifrequency data, 1 kHz, 3
kHz, and 9 kHz. First we consider how well the standard Kirchhoff theory does
in modelling the responses for these frequencies and for the ranges of 3 and 20 m.
For the discrete model of the cylinder, we use 10 discrete points to represent the
hemispherical endcap, 10 points to represent the flat endcap and 81 points for the
length of the cylinder and then 91 points in azimuth are used for each of these discrete
(r,z) points. For a forward prediction using the Kirchhoff method, the coefficients
for each of the discrete points which are illuminated is set to 2 and then Eq.s(6) and
(7) are used to compute the field at the specified receiver positions. As can be seen
in Fig. 6, the predictions (red) are in good agreement with the benchmark solutions,
particularly for the highest frequency, 9kHz.

In Fig. 7, we show the results obtained when we first use the near field to invert
Eq.(6) for the coefficients to use in the Kirchhoff-like method. The singular values of
the matrix were restricted to those with amplitude greater than 2 x 107°. The first
column of the figure shows the fits of the predicted scattered field curves (red) to the
data. The agreement of the curves is expected to be good in this case as this is the
data used in the inversion. However, the agreement with the far field results of the
second column has noticeably improved. It is interesting to consider the solutions for
the coefficients. For our implementation of the Kirchhoff approximation, the values
should be -2. In Fig. 8 the real (blue) and imaginary (red) parts of the inverted
coefficients are shown for the 3 kHz case. As can be seen, the real parts are quite
close to -2, except at the endcaps, particularly for the last coefficients which represent
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Figure 4: The frequency/azimuth response (monostatic scattering) of the NURC
cylinder for ranges of 3 (upper panel) and 20 m (lower panel). Both plots have
been normalized by their maximum absolute values. The flat endcap is the angle (°,
broadside is at 90° and the hemispherical endcap at 180°.
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Figure 5: The times/azimuth response (monostatic scattering) of the NURC cylinder
for ranges of 3 (upper) and 20 m (lower). Both plots have been normalized by their
maximum absolute values. The flat endcap is the angle 0°, broadside is at 90° and
the hemispherical endcap at 180°.
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Figure 6: The benchmark scattered fields as a function of aspect angle (blue) and the
Kirchhoff predicted values (red) for column 1, 3 m at 1,3, and 9 kHz and column
2 at 20 m. The curves have been normalized by the maximum amplitude of the
benchmark curve

the flat endcap. The imaginary values are approximately equal to 0.5 instead of the
Kirchhoff values of 0.0. Finally we consider a linear array of N = 121 sources in
the interval [—1 1] and the nearfield measurements were inverted to determine the
coefficients. The singular values were constrained to be greater than 2 x1073. As
can be seen in Fig. 9, even with this simple linear array model, the predictions are
very good. This is particularly surprising for angles corresponding to the end-caps.

3.2 Experimental Results

The previous example used simulated data where all the parameters were precisely
known. It was shown that the 2 prediction methods considered yielded excellent agree-
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Figure 7: The benchmark scattered fields as a function of aspect angle (blue) and the
Kirchhoff predicted values using the determined coefficients(red) for column 1, 3 m
at 1,3, and 9 kHz (these are the fit values) and column 2 at 20 m. The curves have
been normalized by the maximum amplitude of the benchmark curve at 3 m range.
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Figure 8: The determined coefficients for the modified Kirchhoff method at 3 kHz and
3 m. The real part is shown in blue and the imaginary part in red.
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Figure 9: The benchmark scattered fields as a function of aspect angle (blue) and for
the 121-element line array predicted values using the inversion coefficients(red) for
column 1, 3 m at 1,3, and 9 kHz (these are the fit values) and column 2 at 20 m. The
curves have been normalized by the maximum amplitude of the benchmark curve at
3 m range.
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Figure 10: The target used in the experiments at DRDC Atlantic acoustic calibration
tank

ment with the benchmark solution. However, simply using the Kirchhoff method,
Egs.(6) and (7) with no inversion modifications, also provided good predictions. How-
ever, for practical target scattering measurements, there are a variety of experimental
uncertainties. Also, the target scattering will consist of rigid-like components with
some elastic effects. Thus, the underlying Kirchhoff model will not be as accurate
as for the previously considered simulated example. We now consider some measure-
ments made in the DRDC-Atlantic tank. The target was an old pressure container
(see Fig. 10) which was hollow inside (excepting the additional lead weights we added)
and was constructed with a rather thick (approx. 1 cm) aluminum casing. It had one
hemispherical endcap and also a tapered section ending with a circular flat endcap.

The target was mounted on a rotator at a depth of 2.57 m. The projector, an ITC
1001, and the hydrophone, a Reson 4032, were suspended from another station at
the same depth. A sequence of backscatter measurements were made at frequencies
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15,20,25,30,35,and 40 kHz. Two different projector/receiver to target distances are
considered. There were a number of experimental issues which arose. First, there
was only a fairly small interval of ranges where the reflections from the target were
isolated from the tail of the incident pulse (because, recall that the amplitude of the
incident pulse is significantly higher than the backscattered energy) and the onset
of multipath arrivals. For the different frequencies considered, the number of cycles
in the harmonic waveform were controlled to try to minimize the interference with
the incident pulse. Second, the target was rotated continuously through a nominal
interval of 380°. However, the speed of this rotation varied somewhat from one
measurement sequence to the next and hence the recorded number of files (pings)
for each set were different. In order to compare the near and far measurements
and predictions properly, a Af was computed for each measurement set by dividing
380° by the number of files. This spacing was then used to align the predicted and
measured curves appropriately. The first set of projector/receiver distances from the
target were 1.25 m and 0.715 m respectively and these constitute our “near field”
measurements. For the further measurements, the distances were 1.72 m and 1.22 m
respectively. These distances are still not in the true far field of the target for the
broadside aspect, but they do provide a test of being able to accurately translate
scattering measurements from one range to those at another. It should be noted that
the distances are to the centre of the rotator pole, whereas the distances to points on
the target vary. For example, the distance from the projector/receiver to the target
endcap is significantly less than the distance to the centre of the cylindrical portion.

In Fig. 11 we show the extracted time series for the scattered field as a function
of azimuthal angle at 40 kHz, for the near and far measurements. In this case,
and all that follow, the azimuthal angle is 0° at the rounded endcap, 90° and 270°
correspond to broadside and 180° to the flat endcap. As can be seen, there may be
some interference with the signal and the incident signal for the first few data points
for the near field and some interference with multipath arrivals for the last few points
for the far range. It can also be seen that the backscattered signal from the endcap
arrives a little earlier than the backscattered signal from the rounded endcap. This is
indicative of an estimated 3 cm offset of the rotator pole from the geometric centre of
the target. This offset was built into the target models. For the following analysis we
used 90 time series points (corresponding to 0.1 and 1 msec) and took a 90-point FFT.
Even though we know the centre frequency of the cosine-burst used as the incident
signal, this signal has a finite bandwidth and the maximum frequency response might
be at a slightly different frequency. For our signal analysis, we will consider the FFT
bin which contains the largest peak amplitude in the near field (excluding the first or
mean level bin). This same bin is then used at the further range. For the inversion
data we only consider the first 240 ° of data. This corresponds to one side of the
target with some additional angular coverage to adequately sample the flat endcap.
One can certainly use 360° or the full 380° of data. However, although there should

16 DRDC Atlantic TM 2006-082



200

150

100

100

80

60

40

0.2 0.4 0.6 0.8 1 1.2
Time(ms)

Figure 11: The time series (absolute value) for the near range (top) and far range
(bottom). The extracted backscattered signal is shown as a function of the rotator
azimuthal angle. The frequency is 40 kHz.

be no difference between the scattering from one side of the target to the other, there
are some asymmetries. In this case, the set of coefficients which are determined by the
inversion will attempt to minimize the model/data error for both sides. It was found
that better results were obtained by limiting the data somewhat and considering a
single side of the target.

For the model inversion of the near field data, we will consider 2 modified Kirchhoff
models, one based upon the simpler structure of Fig. 3a (K1) and one on the more
accurate structure of Fig. 3b (K2). It is clear that there are inaccuracies in the
modelling for case K2. For example, the slope behind the flat endcap should be
in an acoustic shadow for sound directly incident upon this endcap. However, in
our case the pressure field from this portion of the target is included in the endcap
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scattering computations because the ray/normal condition is still acceptable. Thus,
it is not clear whether using a more accurate target model will improve or degrade
the model/prediction results. In the sense that we are only attempting to find an
“effective” target scattering model, it may make no significant difference. We will
also consider the very simple linear array model. In addition, we show the resultant
model predictions when we use the standard Kirchhoff approximation with the K2
target model.

As discussed in the theory, there are matrices (S;, in Eq.(6)) which relate the
source/receiver angular positions to the point sources, or ring of point sources for the
modified Kirchhoff method. These matrices (absolute values) are shown in Fig. 12
for the linear array method, and the modified Kirchhoff methods (K1 and K2). The
angle index refers to the measurement angle (for the fixed source and receiver ranges)
and the “source index” refers to the unknown coefficients for the point source or rings
of point sources. The absolute levels are not important as the Kirchhoff matrices are
scaled by the local value of the radius and the arclength between points. It can be
seen that the Kirchhoff matrices have a more complicated structure than the ma-
trix for the linear array, although all the matrices are similar in the sense that the
largest absolute values correspond to the 2 ends of the target. The singular values
of these matrices are important in understanding the stability or robustness of the
inversion process. The singular values for the three matrices are shown in Fig. 13 for
a frequency of 40 kHz. The distribution of the values for other frequencies is similar
although there are fewer significant values at lower frequencies. In our computations,
we set a threshold for the singular values in the MATLAB routine for inverting a
matrix. This is crucial in the inversion. If the least square inversion is performed
with no thresholds, the predicted results are poor. The curves of Fig. 13 give an
indication of thresholds to consider. In particular, for the results we present, we used
the values of 1.0 for the linear array and 0.001 for the 2 Kirchhoff methods.

In Figs.14-21 a comparison between data and inversion predictions are shown for a
variety of frequencies. The first column in Figs. 14-21 show the experimental mea-
surements (blue) and either the predicted or fit (red) values of the near field. The
second column shows the measured (blue) and the predicted (red) for the far mea-
surements. The values are scaled by the maximum absolute value of the near field
data. Thus, the absoulte levels are not shown, but the relative change in the levels
from near field to far filed are indicated. We consider 4 methods. The first is that
we simply specify the Kirchhoff coefficients as -2 and predict the measurements. The
model is scaled so that its norm across angle agrees with the measured field. The near
field scaling is used for the far field prediction (i.e., it is not an independent scaling
for the far field). The frequencies are 15,20,25,30,35,and 40 kHz, and the results of
simply performing this scaled forward modelling are shown in Figs.14 and 15.

Simply modelling the target with the Kirchhoff approximation (and using one simple
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Figure 12: The matrices used for the inversion process for: (top) linear array (middle)
simple Kirchhoff method (bottom) more complicated Kirchhoff method. These are
shown for the frequency of 40 kHz.
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Figure 13: The singular value distribution for the three matrices at 40 kHz

scaling) worked rather well. The broadside levels are in good agreement. The end-
cap value is quite good, particularly for 15,25, and 40 kHz and not so good at the
other frequencies. Some of the other features in the experimental curves seem to be
modelled in a “smoothed” fashion. However, much of the detailed target strength
structure is not well modelled.

The next 2 figures, Figs. 16 and 17 show the result of using a line array of point
sources. The complex amplitudes of these sources are determined from the near field
values. Thus, in the first column of these figures, the red curve is the resulting least
squares “fit”. As can be seen, the predicted levels are in good agreement with the
measured results for the broadside and endcap directions (with the exception of 20
Khz, where the measured far endcap level seems anomalously low). In addition, the
prediction also captures much of the detailed structure.

For the results of Figs.18-21, we invert for Kirchhoff coefficients where we have used 2
models for the target, a simplified model (Fig.3a) and a more accurate one (Fig.3b).
This second model was the same one which was used in the forward Kirchhoff mod-
elling results of Figs. 14 and 15. There is not much difference between the 2 sets
of Kirchhoff inversion results. The predictions are excellent. Much of the detailed
target scattering structure is very accurately predicted. The one problem for both
these methods was the 40-kHz endcap level which was underpredicted.
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Figure 14: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and predictions
(red) for 15,20, and 25 kHz. The second column is the same but for further range.
For these computations, the Kirchhoff coefficients have been set to a constant. The
values have been scaled by the maximum absolute value of the near field data for
each frequency.
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Figure 15: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and predictions
(red) for 30,35, and 40 kHz. The second column is the same but for further range.
For these computations, the Kirchhoff coefficients have been set to a constant. The
values have been scaled by the maximum absolute value of the near field data for
each frequency.
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Figure 16: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and fit curve (red)
for 15,20, and 25 kHz. The second column is the same but for further range with
predictions in red. For these computations, a linear array of point sources was used.
The values have been scaled by the maximum absolute value of the near field data
for each frequency.
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Figure 17: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and fit curve (red)
for 30,35, and 40 kHz. The second column is the same but for further range with
predictions in red. For these computations, a linear array of point sources was used.
The values have been scaled by the maximum absolute value of the near field data
for each frequency.
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Figure 18: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and fit curve (red)
for 15,20, and 25 kHz. The second column is the same but for further range with
predictions in red. For these computations, a simple target model was used as the
basis for determining the Kirchhoff coefficients. The values have been scaled by the
maximum absolute value of the near field data for each frequency.
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Figure 19: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and fit curve (red)
for 30,35, and 40 kHz. The second column is the same but for further range with
predictions in red. For these computations, a simple target model was used as the
basis for determining the Kirchhoff coefficients. The values have been scaled by the
maximum absolute value of the near field data for each frequency.
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Figure 20: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and fit curve (red)
for 15,20, and 25 kHz. The second column is the same but for further range with
predictions in red. For these computations, a more complicated target model was
used as the basis for determining the Kirchhoff coefficients. The values have been
scaled by the maximum absolute value of the near field data for each frequency.
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Figure 21: The near and far scattering measurements for the peak frequency bin of
the near field. The first column is the near measurements (blue) and fit curve (red)
for 30,35, and 40 kHz. The second column is the same but for further range with
predictions in red. For these computations, a more complicated target model was
used as the basis for determining the Kirchhoff coefficients. The values have been
scaled by the maximum absolute value of the near field data for each frequency.
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4 SUMMARY

The Kirchhoff method was able predict scattering strengths as a function of aspect
angle which were fairly accurate for the broadside and endcap directions. It also
correctly predicted some of the other scattering features. However, many of the details
of the scattering strength as a function of target aspect were not accurately modelled
for the experimental data. For both the numerical and experimental data, very good
target strength predictions were obtained using a linear array model. This method
accurately predicted the broadside and endcap levels and also captured much of the
detailed structure. The Kirchhoff-based inversion method seemed to predict some of
the fine detail in the scattering strength curves a little better than the simple linear
array approach (although, they underpredicted the 40-kHz endcap level). However,
the simpler linear array approach seemed sufficiently accurate for the experimental
cases considered. Overall, these inversion approaches certainly seem promising for
the prediction of target scattering levels at a specified range from the measurements
made at a shorter range. They proved to be sufficiently robust to work with rather
noisy experimental data with a complicated target shape.
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