Chin. Phys. B Vol. 20, No. 5 (2011) 054301

Adaptive and optimal detection of elastic object
scattering with single-channel monostatic

iterative time reversal®*

Ying Ying-Zi(W % 7)f, Ma Li(% 1), and Guo Sheng-Ming(Z8H)

Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China

(Received 4 February 2010; revised manuscript received 24 December 2010)

In active sonar operation, the presence of background reverberation and the low signal-to-noise ratio hinder the

detection of targets. This paper investigates the application of single-channel monostatic iterative time reversal to

mitigate the difficulties by exploiting the resonances of the target. Theoretical analysis indicates that the iterative

process will adaptively lead echoes to converge to a narrowband signal corresponding to a scattering object’s dominant

resonance mode, thus optimising the return level. The experiments in detection of targets in free field and near a planar

interface have been performed. The results illustrate the feasibility of the method.
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1. Introduction

The iterative time reversal in target detection
operates in a pulse—echo mode, which resembles
the acoustic ping—pong. The technique utilizes a
transceiver, which is a transmitter and receiver couple,
to initially illuminate the target with a broadband in-
terrogation pulse, then to measure the backscattered
wave. A bandpass filter is used to suppress the interfer-
ing signal. The preprocessed data stream is reversed in
the time domain and retransmit back. The procedures
are iterated. Since wave equation of non-dispersive
and motionless media supports both time reversal in-
variance and spatial reciprocity, the iterative time re-
versal process will gradually lead echoes to converge
to a narrowband signal, whose central frequency cor-
responds to a maximum of the spectral response of the
target scattering, thus improving the return level and
mitigates the difficulties of noise and reverberation.

The iterative time reversal was initially demon-
strated to focus on the most reflective scatterer in the

[1.2] then the con-

ultrasonic laboratory experiments,
cept was extended to the ocean waveguide.l? Refer-
ence [4] proposed a real time technique to discrimi-
nate between scatterers by using a particular sequence
of filtered waves to replace the decomposition of the

[6

time reversal operator method.®! Recent work!®! used

time-reversed reverberation signals iteratively to con-
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struct the reflectivity maps of the ocean bottom and
to distinguish the bottom or buried targets. All these
methods are based on the spatial focusing of acoustic
energy with a time-reversal array.

(7 showed that the iterative process

The analysis
involving a time reversal mirror would automatically
obtain the optimal incident field to achieve the max-
imum distinguishability between the target and the
In this study, the

single-channel monostatic iterative time reversal mir-

background in acoustic imaging.

ror will take effect as an adaptive matched filter for
the spectral response of the target scattering. We have
performed the experiments in detection of elastic ob-
jects in tank and at sea.

2. Free field circumstance

2.1. Single-channel system transfer func-
tion in free field

In the free field circumstance, an elastic solid
sphere with radius a immersed in the fluid is taken as
the target, which is centred at ry and the transceiver
with a point-like model is situated at rg. First, the
Then
the wave is scattered by the target and eventually re-

probe signal is emanated by the transmitter.

ceived by the receiver. The round trip of the signal
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could be viewed as going through a linear time invari-
ant system expressed in terms of the backscattering
form function,!®!

a

h(w) : = ae(w)on (w) 5R?

exp(2iko R) f(m;w), (1)

where a, and «, are the transmission and the recep-
tion acousto—electric transformation coefficients, re-
spectively, kg is the wave number in the fluid, and
R = ||rs — r¢|| is the distance between the target and
the transceiver. The form function f(0;w), which de-
notes the steady-state response of the target scatter-
ing, is derived by expanding both the incident and
secondary scattered field in the spherical polar coor-
dinate and determining the coefficients with appropri-
ate boundary conditions. The problem is investigated
in a far field monostatic deployment, that is 6 = 7.

2.2. Resonant convergence with the iter-
ative process

Assume that eg is the initial broadband interro-
gation pulse, then the backscattered signal is egh. As
time reversal conducted in the time domain is equiva-
lent to a phase conjugation in the frequency domain,
we use the superscript * to denote the complex conju-
gate operator, then the time reversed echo signal of the
first iteration is egh”, which is adopted as the input
signal for the next illumination. The times reversed
echo signal of the second iteration is eghh* and so on.
The renewed input signal after the nth iteration is

o) = | ORI @), s odd,

(eolh|™) (w), if n is even.

The signal spectral amplitude is |e,| = |eg||h|™ for
both cases. The normalized form, which is divided by
its maximum, converges to

limit —on ()]
n—oo max {|e, (w

W = 1{w:w:wo}(w)a (3)

where the indicator function of the set Ais 14(w) =1
ifwe A, and 14(w) =0 if w € A°. The wy is the fre-
quency corresponding to a maximum of the amplitude
of the system transfer function

wp : = arg max |h(w)|, (4)

we[wy,ws]
where the frequency interval [wi,ws] is defined by a
bandpass filter. We always select the band in a flat or
a monotone domain of the transceiver response |aey |,
which may also be calibrated, otherwise the signal may

converge to a peak of the transceiver response. Thus
the converged frequency approximates to
wo ~ arg max |f(m;w)]. (5)
welwr,ws]

Equation (3) denotes that the returned echoes will
gradually converge to a narrowband signal, which cor-
responds to a resonance mode according to Eq. (5).
The narrowband signal causes eigenvibration of the
elastic object and enhances the return level. The form
function could be regarded as the fingerprint of the
target. The iterative time reversal process will locate
the maxima of the form function. This signature could
be used for classification and identification purposes.

2.3. Tank experimental results

In the tank experiment, a transceiver and an alu-
minium sphere with 5 cm in radius are suspended at
the same depth. The interrogation pulse synthesized
by a programmable signal generator is emanated by
the transceiver in transmission mode. The echo is re-
ceived by the transceiver in reception mode, then is
recorded by an oscilloscope. The signal generator and
the oscilloscope are linked to a PC through an USB
connector and a twisted-pair cable, respectively.

The form function is the inherent characteris-
tics of the object, which is mainly determined by its
particular geometry and material composition. Fig-
ure 1 shows the modulus of the backscattering form
function of the aluminium sphere, including both the
theoretical and the measured results. It demonstrates
the strong fluctuation behaviour existing even for the
regular shape of a sphere. The strong fluctuation is
caused by the superposition of narrow resonances in

O The converged frequency

individual partial waves.
of the iterative time reversal process corresponds to a

resonance mode of the elastic object. By changing the
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Fig. 1. Fluctuation in the modulus of the form function of

the aluminium sphere with 5 cm in radius, plotted versus

dimensionless frequency.

central frequency of the initial interrogation pulse and

adjusting the corresponding parameters of the band-
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pass filter. Figures 2(a) and 2(b) illustrate two con-
verged echoes and their respective spectral ampli-
tudes. One converged frequency is 12.5 kHz, which
corresponds to a resonance peak about at kga = 2.55
and the other is 56.5 kHz, which approximates to a
maximum at kga = 12. The bias is mainly introduced
by the slope of the transceiver frequency response and
the ripples in the pass band of the filter. The Gibbs
oscillation might arise in the process of cutting the

echoes with a rectangular window.
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Fig. 2. (a) Converged echo and respective spectral am-
plitude with a 2-cycle continuous wave (CW) of 10 kHz
central frequency as the initial probe signal and the con-
verged frequency is 12.5 kHz, (b) by changing the probe
frequency to 55 kHz, the converged frequency is shifted to
56.5 kHz.

Figures 3(a) and 3(b) show total signals recorded
by the transceiver of the 1st and the 8th iteration. The
first envelopes are the normalized transmitting signals
picked up by the transceiver directly and the second
envelopes are the echoes scattered by the target. The
target return level of the 8th iteration is enhanced in

comparison with that of the 1st iteration. As spectral

narrowing corresponds to time-domain extension, the

echo waveform will gradually be prolonged.
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Fig. 3. Total signals recorded by the receiver with a 2-
cycle CW of 10 kHz central frequency as the initial inter-
rogation pulse. (a) The 1st iteration, (b) the 8th iteration.

3. Near interface circumstance

3.1. Target scattering in the presence of
interface reverberation

As depicted in Fig. 4(a), the experiment in detec-
tion of a target near a planar interface is in a single-
channel monostatic configuration, where the elastic
object is resting on the sea floor and the transceiver
is located right above it.

The boundary conditions of the elastic object and
the saturated sea are the continuity of the normal
components of displacement and surface traction and
the inner tangential of surface traction vanishes. On
0D1 U 0Ds,

n-u_-=n-up, n-t_-=n-t;, nxt_=0, (6)

where n is the normal of the surface pointing outward
and the plus and minus signs denote the boundary
values taken from outside and inside, respectively.

Since the scattered pressure field in the fluid is our
interested quantity, we will find the radiating solution
p € C?(R?\ (Dy UDy)) giving a continuous functions
on 9Dy UJDs. The Helmholtz—Kirchhoff integral rep-
resentations of the fields in each domain are adopted
with the null-field hypothesis:
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/ {p+()n(r") - V'g(r,r") = Xokig(r,r')n(r') - u_(r')} ds(r)
9D1UdD>

r € R3\ (D1 U D),
r € DU Ds,

{=p+(r)n(r') - G(r,7") —u_(v') - [n(r) - Z(r,r")]} ds(r)

_ ) p(r) =p™(r) = p*(r),
_pin(r)’
oD;
u(r), re D,
0, reR3\D;, i=1,2,

where Ay is the bulk modulus of the fluid, g is the
scalar Green’s function, G and X are the Green’s dis-
placement dyadic and Green’s stress triadic for an un-
bounded region, respectively.

Through the integral equations and the bound-
ary conditions, the scattered field can be solved nu-
merically with the T-matrix formalism, the boundary
element method, the finite element method, etc. If
an unit-amplitude monochromatic signal is applied to
the omnidirectional point source, the incident pressure
field is

i exp(iko|r — ry])
pr(r) = T

(r e R®\ {r}, and r, € R®\ (D, U Dy)). (9)

The system transfer function equals the scattered

pressure field received at the same position in Eq. (7),
that is

h(w) = P (rgw). (10)

The scattering of a target near a planar waveg-

uide boundary is a multiple scattering process, which

may result in the super-resonant phenomenon and ap-

proach the greatest return near normal incidence.!'?!

3.2. At-sea experimental results

At-sea experiment has been performed in the Yel-
low Sea, China. A 2-cycle continuous wave of 15 kHz
central frequency is emanated as the initial interro-
gation pulse. Figure 4(b) illustrates the normalized
spectra of the echoes of the first nine iterations. At the
beginning of the process, the echo frequency content is
expanded. When the iteration number increases, the
echoes will gradually converge to a narrowband sig-
nal. The response peak of the transceiver is avoided
by adjusting the bandpass filter in the flat response

interval.

« transceiver

@ target
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Fig. 4. (a) Geometric configuration of the at-sea exper-
iment, symbol * denotes the transceiver and the elastic
object is labeled as D1, while D> is the sea bottom; (b)
echo frequency components of the first nine iterations.

In the absence of target, the same procedure with
a similar iteration number will not result in the reso-
nant convergence, as the flat sea floor has no sharp and
dominant frequency response. We judge the existence
of target by this acoustic signature.

4. Summary

The iterative process involving a single-channel
time reversal mirror will automatically turn the fre-
quency of the interrogation signal to an optimized one
that matches the target resonant scattering, thus max-
imize the echo return level. The method is based on
feature extraction rather than the energy flux, so we
only need to examine the convergenced state of the
iterative process instead of resolving the target scat-
tering signal from the background reverberation. The
experimental results also illustrate that it is capable
of being noise tolerated to a certain degree.
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