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ABSTRACT

In recent years the application of resonance scattering theory. RST. has provided a description of the
scattering process which has yielded valuable insight into the mechanism of scattering. The RST
approach resolves the scattered signal into two components: a background and a resonant term. In the
present study the RST approach is employed in an examination of the backscattered echo from spheres
in the time and frequency domain. and the detailed structure of the background and resonant components
of the backscauered signal are examined in both domains, To achieve this comparison a linear frequency
modulated signal has been employed. Using a linear system Fourier analysis approach. pulse
compression has been applied to the signal and this has allowed measurements to be taken in the time
domain, which readin show the component nature of the backscanered echo. Using the time data,
sections of the record have been separater transformed to obtain in the frequency domain the constituent
backng and resonant form functions. Further. time frequency plots have been generated to examine
the association between the time domain echo and the form function structure. To compare these
observations with predictions. the RST description of sphere scattering has been coupled with the
spectrum of the insonifying signal to predict. both in the time and frequency domain. the character of
the backscanered echo.

1. INTRODUCTION

The scattering of underwater sound by elastic bodies of symmetry is a continuing area of study [1-4].
To understand the details of the scattering process it has become usual over the past decade to formulate
the scattering problem in terms of resonant scattering theory [5-8]. RST. The RST formulation
characterises the form function stnrcture in terms of the interference between a signal associated with a
scattered backgde component and radiating surface eigen waves on the body stimulated by the
incoming acoustic wave.

Until relatively recently the analysis of data scattered by spheroids and cylinders has principally focused
on the frequency domain and the backseattered form function. Even in recent years where broadband
pulse techniques have been applied. the analysis [9-l5] has usually remained in the frequency domain.
and comparisons with RST predictions have primarily focused on the location of the resonance
frequencies. There have been studies conducted in the time domain [lo-l7]. although these are scant
compared with the frequency domain. and the application of RST in the time domain has been limited.

in the present study the resonant scattering approach is applied both in the time and frequency domain
with panicular attention paid to resolving the component structure of the time series echo and the
underlying constituents of the form function structure. To achieve this experimentally a calibrated
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broadband system employing a linear frequency modulated signal. LFM. or chirp was used to insonify

spheres of different radius. Using pulse compression the duration of the chirp was reduced by

approximately two orders of magnitude. This approach provided suffident resolution in the time domain

for the echo to be resolved into the background and resonant components. and this has allowed the

composite structure of the form function to be analyzed. In the frequency domain not only are the

locations of the resonant frequencies identified. but because the systmt is fully calibrated the entire

background and resonant fonn function strucnrre can be compared with predictions. Also because data

is available in both domains. a time-frequency representation has been investigated.

2. ACOUSTIC ANALYSIS

For a broadband pulse incident upon a target the scattered siytal can be expressed a.

a e - (18)p(1')-E_f_ to): “dz

h(x)-1:11p):th (lb)

where the non-dimensional variables used in the calculations are

x-kaw-i
21m

and f. is the far field form function. which for sphere backscattering can be expressed as

2 o

f. = .— 2 (-r)' and) b. (2)
u n—O

Here p.(1:) is the incident waveform. h(x) is its transform and r is the range from the sphere to the

receiver. x=ka. k is the wave number in the fluid and a is the sphere radius. b, is composed of spherical

Bessel and Hankel functions and their derivatives [7].

As mentioned. when considering the form function characteristics. the basis of the RST approach is to

identify the background scattered signal and the resonance response which is associated with the modes

of vibration of the sphere. For a solid sphere the background component is normally associated with the

response of a rigid sphere. In the present work a slightly different background to the usual rigid

component is employed. The rigid component contains both the specular return from the sphere and a

diffracted wave. Experimentally the specular component is readily identified. However. the diffracted

wave is less easily distinguist because of the sound radiated by the surface waves on the sphere.

Therefore the specular reflection has been coherently subtracted from the full form function This
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approach yields a background and resonant component which can be directly compared with theobservations. fire resonant component is now defined as.

f."" %2(—1)'(2n+)b. -f."" (3)
rr-O‘

The specular component for the form function can be expressed as [18]

Laugh-an (4)

For the case of to] the value for R tends to R,=(p,c,-pc)/(p,c.+pc) and the magnitude of the specularform function simply becomes the plane wave reflection coefficient. For the case of x55 the expressionis inaccurate and the specular echo was then obtained numerically by using the time domain solution fora rigid sphere. windowing the specular echo. transforming this component and multiplying by the
reflection coefficient to give the response in the frequency domain.

3. EXPERIMENTAL ARRANGEMENT

Backseattering measurements were taken using stainless steel spheres suspended 1.5m above an upwardlooking adjacent source artd receiver. The uansceiver arrangement consisted of a rectangular lsOkl-lzresonant army with a separate PVDF receiver. For the sphere scattering measurements the acoustic
centres of the source and receiver subtended an angle of 2° to the sphere. Calculauons of the formfunction for a sphere showed this marginal departure from the backscatter direction was not significant.
For the observations a chirp was transmitted. this had a typical duration close to lms and swept betweenapproximately 30-300kflz. 'f‘he bactscattered echoes from the spheres were digitised and stored. Toobtain the impulse solution from the signal baclscauered from the sphere. the inverse Fourier transform
of the sphere transform function. to an impulse needed to be obtained. The measured spectrum of the
backscattered signal. V,(t). was given by.

v.0) - cmrrmsu) (5)

where C(f). H(t) and S“) are the chirp. system and sphere frequency response respectively. To calibratethe response of the system. measurements of nonnai incidence reflections from the water—air interfacewere taken These were simply obtained by removing the sphere. Such measurements were taken with
each scattering data set. Assuming rhe water surface response to be uniform. the surface reflectedspectrum. V.(f). is given by.

V.m-cm.rim (a)
The band limited impulse response was acquired by coherently taking the ratio of the backscanered andwater surface reflected spectra. this is equivalent to matched filtering.
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V.(DI v.0) ' 5(1) (7)

which is the sphere transfonn function. the inverse Fourier transform of this ratio provides the impulse

response for the sphere. in forming the ratio due regard was taken of the phase change at the air-water

interface. This approach reduced the pulse duration from lms to 10115 and allowed the temporal structure

of the echo to be investigated. Tire advantage of using along chirp signal over a short impulsive signal

is a significant increase in the uansmittcd energy. which can be used to improve the signal to noise, and

the amplitude of the spectrum is relatively uniform. All signals were also coherently averaged over

repeated transmission to afford further noise rejection

Tire spheres used in the experiments were stainless steel and had a radius of 0.873cm and 2.858011. This

a110wed measurements to be taken over the range x=2~30. For the theoretical calculations the density.

compressional and shear wave velocities for the spheres were respectively taken to be: 7930kgm",

5980ms" and 3350ms“. Tire water density and sound speed were taken to be IOOOkgrn” and l489ms".

4. RESULTS

4.1 Time domain
The results obtained are displayed in figure I. The data show time series for 0.873cm and 2.858cm

spheres. For the smaller sphere it is difficult to resolve a discemable pattern in the waveform. There is

the appearance of a large initial transient. although not panicuiar‘ly clear. followed by a relatively long

tail. which slowly decays in time and has no obvious recognisable features. For the larger sphere the data

is seen to be quite different. There is an evident structure in the time series consisting of a number of

readin identifiable individual transient events superimposed upon a low level signal oscillation.

To compare predictions with the data collected the form function was computed in the frequency domain

and the product of this with the Fourier uansform of the incident impulse was inverse Fourier

transformed to provide the time series response. This was conducted separately for the resonant and

specqu componmts using equations (3) and (4) respectively. This provided the components of the time

series respome. for a band limited impulse insonifying a sphere. The results of the calculations for the

specular and the resonant echoes are compared with the data in figure la and 1b. The prediction for the

Specular echo is given by the thick line and the surface wave radiation component shown by the fine line.

Although experimentally for the smaller sphere it is difficult to distinguish definitive structures in the

time series echo. the theoretical curve readily identifies the initial maximum amplitude rerum as due to

the specular componmt and the decay tail as conespondingiy aswciated with the surface wave radiation.

The lack of forth to the decay tail is due to the time duration of the insortifying pulse being greaterthan

the travel time for the circumferential waves to travel the circumference of the sphere.
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Fig.1. Backscanering of the compressed pulse from a) 0.873cm and b) 2.835crn radius spheres x
Measured. - Specular comportent from equation (1) and (4). - Resonance component from equation (1)
and (3).

For the larger sphere the first transient echo is readily associated with the specular rettrm. The prediction
for the amplitude and duration of this component is in excellent agreement with the data. The first echo
is associated with a reflection due to the impedance mismatch between the fluid and the sphere. The
following series of pulses. which are readily identifiable. can be seen to arise from the surface wave
propagation component on the sphere. This component is dominated in the present case by Rayleigh
waves. These are identified with sound entering the sphere at the critical angle and launching two surface
waves which propagate in opposite directions around the sphere During circumnavigations of the surface
sound radiation is continually taking place and the surface waves are gradually decreasing in magnitude.
The other background echoes seen are considered to be caused by other creeping waves such as Franz
and Whispering Gallery waves which contribute to the total backscattered signal. The time series is
therefore dominated by a specular echo followed by a series of pulses which gradually reduce in
amplitude with timedue to radiation damping. As can be seen the comparison of the predicuons with
the data is excellent. with the observations and calculations for the dominant characteristics of the
specular and Rayleigh components of the signal comparing favourably both in amplitude and time. Also
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the general background feannes of the signal seem to be well replicated. The time domain analysis
therefore provides an accurate description of structure of the backscanered echo.-with the theoretical
separation of the signal into its specular and resonant constituents allowing for a ready interpretation of
the time' domain siytal in a manner similar to the interpretation of the form function.

4.2 Frequency domain
As shown in figure 1 the present data set readily allows the hackscattered time series echo from the

spheres to be separated into constituent elements due to a reflection from the sphere and the radiation
ascribed to surface wave propagation. Figures 2 and 3 shows results for. (a). the standard form function.
f_. (b). the specularly reflected form function. If" and (c). the resonant form function. f_". for the two

spheres. These were obtained by respectively Fourier transforming the total time domain signal. the

specular echo and the non-specular return respectively.
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Fig.2, Comparison of the observed and predicted. a) Form function. h) Specular form ftmction. and c)
Resonance fonn function. for spheres of radius 0.873cm. - Theory a) equation (2). b) equation (4) and

c) equation (3).
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Fig.3. Comparison of the observed and predicted, a) Form function. h) Specular forth function. and c)Resonance form function. for spheres of radius 2.858cm. - Theory a) equation (2). b) equation (4) andc) equation (3)

The stande form function data shows the usual structure which is generally observed when insonifyinga metallic sphere acoustically. The observations exhibit an oscillatory variation in the form function upto an approximate value of x=5 which is associated with diffraction Above this x value there are largevariatioru in the form function and these are due principally to the interference between the specularreflecn'on and the Rayleigh wave Iesonances. Comparison of predictions with the observations showsgood agreement. with the detailed structure of the form function being well represented theoretically.

Tire results forthe specular fon'n function are shown in figures 2!! and 3b. For the 0.873cm radius spherethe experimental data has some form to it and does not simply show a fixed value equivalent to the planewave reflection coefficient There was expected to be some reduction in value below 335. however. thisis not the trend seen in the data. The non-uniformity of the small sphere response is considered to be due
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end of the spectrum and tltis was due to a residue in the calculations of the system‘s response. The

prediction for x» was obtained using equation (4) which is simply defined by the reflection coefficient

of the sphere in the fluid. which for the case of nainless steel spheres in water is 0.94. Althouyt there

is some variability in the data. the values for the 2.858cm sphere are close to the value for the plane

reflection coefficient

Excluding the specular signal. from the Fourier transform of the time domain siyral. results in the

resonant spectrum. In the small sphere case a single peak in the resonance spectrum is observed. while

for the larger sphere a series is seen. The major contributions to the spectrum correspond to the Rayleigh

waves and they dominate the resonant form function stnrcturc. It can be observed that the Rayleigh

wave resonances have ka values which are coincidental with minima irt the form function spectrum. The

radiation associated with the Rayleigh waves is therefore ostensibly out of phase with the specular

component for x518. Above this value the maxima in the Rayleigh resonances are not necessarily

identified with the form function minima. As well as the location of the maxima being conect. it can

also be seen that both the amplitude and bandwidth of the resonance peaks compare favourably with the

observations. There is some discrepancy between predictions and observations within the difi’raction

region or the resonant spectrum for the 0.873cm sphere. and this again is thDught to be due to the

difficulty in separating the specular and surface wave components for this sphere. However. the results

presented here show the accuracy of the resonance scattering approach in characterising the resonant

component.

 

4.3 Time-Frequency
A time-frequency representation was obtained by employing a transform which started at the beginning

of the time series echo. This was incrementally increased in duration with each transform to provide a

description on the spectrum as it developed with time. This type of plot does not give the instantaneous

frequency content with time. but shows the development with time of the spectrum. This illustrates the

evolution of the form function structure as the features in the time domain signal. associated with the

specular echo. and surfaces waves of increasing numbers of circumferential revolutions. are gradually

incorporated into the transform. '

An example of the experimental results for the larger sphere obtained using this approach is shown in

figure 4. Three curves are presented. a) the time domain. b) the form ftutction. and c) the time-frequency

plot. In the time-frequency plot the initial echo from the specular return is seen as a broadband return

representing the band limited impulse response of the sphere. Initially there is no spectral change until

the second echo. principally associated with the first circumferential Raylein wave. is incorporated into

the u-ansform. There is immediately a change in the time-frequency plot with the uniform frequency

response having a structural form due to the interference between the specular return and the Rayleigh

wave radiation Funher additions of the sound radiated by repeated circumnavigations of the

circumferential waves. provides the details in the spectnun. The time-frequency plot cleariy illustrates

the development of the spectrum and shows the trade off between the duration of the backscauered echo

from the sphere which is processed and the details which are present in the spectrum. This is not due

to a change in the length of the transform. an trartsfonns have the same frequency resolution, it is the

information in the transfonned record which is increasing.
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Fig.4. Measurements of the time»frequency response for the 3:2.858cm sphere. a) Time series echo. b)
Form function. and c) Time-frequency ploL

5. CONCLUSIONS

In contrast with the frequency domain‘ the time domain has been studied less within the framework of

resonance scamr'tng theory. One of the objectives of the present study hasbeen to investigate this aspect
of scattering and compare observations with predictions. The separation of the specularly reflected signal
and the radiation due to surface wave propagation provides a time domain representation which
complements the frequency domain form function representation

The analysis in me frequency domain has covered the standard form function, the specular. and resonant
fon-n functions‘ The agreement between the usual L and prediction were comparable with other works
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The value for the specular component was generally uniform and comparable with the reflection
coefficient for stainless smel in water. The resonant component, which contains the substantive

Enfonmtion on the target again compared reasonably wellwith the predictions. The amplitude. location

and bandwidth of the Rayleigh resonant features all corresponded favourably with predictions.

'nie time-frequency plots provide an insight into the development of the form function with increasing
assimilation into the Fourier transform of the radiation clue to repeated circumnavigations of the sphere.
These uansfonns provide information on the interference between the specular and resonant components
and how the form function develops as the length of the time series processed increases. This furnishes
a representation which displays simultaneous time and frequency information. and permits the imponance
of the differing contributions in the time domain echo to be examined.

Lastly the application of a calibrated broadband system employing a frequency modulated signal. coupled

with pulse compression teclutiques and Fourier analysis. can provide an effective tool for examining the
scattering propenies of targets. Detailed studies can be made bath separately in the time and frequency
domain. and also in a time~frequency regime.
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