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ABSTRACT

The Performance of Time Reversal in an Elastic Cavity as a Function of Volume

Paige Elizabeth Simpson

Department of Physics and Astronomy

Bachelor of Science

Time reversal may be used as an energy-focusing technique. It is applied in many different ways
including, for example, nondestructive evaluation (NDE) of cracks in structures, reconstructing a
source event, and providing an optimal carrier signal for communication. In NDE applications, it
is often of interest to study small samples or samples that do not lend themselves to the bonding
of transducers to their surfaces. A reverberant cavity, called a chaotic cavity, attached to the
sample of interest provides space for the attachment of transducers as well as a more reverberant
environment, which is critical to the quality of time reversal focusing. Transducers are attached
to the chaotic cavity which is attached to the sample under test. The goal of this research is to
explore the dependence of the quality of the time reversal focusing on the size of the chaotic
cavity used. An optimal chaotic cavity will produce the largest focusing amplitude, best spatial
resolution, and most linear focusing of the time reversed signal. This thesis shows
experimentally that as the size of an aluminum rectangular chaotic cavity increases, the peak

amplitude of the time-reversed focus tends to increase as well.

Keywords: Time reversal, chaotic cavity, elastic cavity, nondestructive evaluation
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Chapter 1 Introduction
1.1 Time Reversal

Time reversal (TR) is a signal processing method' that has three main uses:

3,4,5,6 7,8,9
t n-%7,

reconstructing a source even , providing an optimal carrier signal for communicatio

10.ILI2 TR can be performed in a

and intentionally focusing high energy waves to a point in space
bounded elastic medium, e.g. a block, using a source and a sensor!®. By placing the sensor on
one part of the block and the source on another, an impulse can be sent through the source and
the response recorded at the sensor. The signal collected over time at the sensor is called the
impulse response (IR). The IR first consists of an arrival corresponding to the impulse traveling
directly from the source to the sensor (direct sound), followed by many arrivals of the impulse
that reflected off of the boundaries and then reached the sensor (early and late reflections). If the
recorded IR is flipped in time and broadcast in reverse, the late reflections are emitted first, then
the early reflections, and finally the direct sound. Keeping the source and sensor in the same
locations and sending this reversed impulse response (RIR) through the source will produce a TR

focus approximating a reconstruction of the original impulse, but at the sensor instead of the

source.



There are many different examples of TR being used in elastic media for nondestructive
evaluation (NDE)!415:16.17.18,19.20 Tn NDE applications, sources are placed at fixed locations and a
region of interest on the surface of the sample is selected. A laser may be used as the sensor,
shined at several points within the region of interest. A full TR experiment is conducted at each
sensor location and the nonlinear amplitude dependence of the TR focusing can be used to
identify damage or delaminations. This type of experiment is called the time reversed elastic
21,22

nonlinearity diagnostic (TREND).TR has been used in elastic media to locate earthquakes

and for touchpad technology?*-**. It is also used in fluid media such as in room

29,30,31,32 8,9,33

acoustics?>26-27:1228 ‘hiomedical applications , and underwater applications

The purpose of this thesis is to explore the performance of TR used to focus elastic wave
energy to a point in space as a function of volume. TR is performed in an aluminum rectangular
block and the spatial dependence of the focusing is measured with a scanning laser Doppler
vibrometer. This process is repeated for several different volumes as some of the block’s volume
is removed after each set of scans. This research will help to optimize the size of a chaotic cavity

used in TR experiments for NDE applications.

1.2 Chaotic Cavities

In order to enhance the use of TR for NDE, a chaotic cavity may be used in the
setup?*33-36-37 Chaotic cavities are generally irregular shapes that are used in NDE applications
of TR in order to increase peak amplitude (Ap) of TR focusing due to the addition of more
reverberation in the IRs. A chaotic cavity is attached (i.e. glued/epoxied) to the sample under
test. Also attached to the chaotic cavity is the source(s) that broadcasts ultrasound into the

structure. Chaotic cavities are useful when the sample under test is too small to attach



transducers to, when it is undesirable to attach transducers to the sample under test, or when the
sample under test has a relatively high amount of attenuation (e.g. wood, plastic) and thus not

much internal reverberation.

Montaldo et al.** introduced the idea of using a chaotic cavity though they termed it a
kaleidoscope. They asserted that chaotic cavities can be used to reduce side lobes. Their chaotic
cavity was a cube with a partial sphere drilled out of one of the corners. One surface of their
cavity was placed in contact with water so that energy focusing could be obtained within the

water.

As previously mentioned, an aluminum rectangular block was used in this research and cut
down to ten different volumes. The peak amplitude, temporal symmetry, temporal quality, spatial
quality, spatial clarity, and the spatial full width at half maximum are quantified to explore the
quality of the TR focusing as a function of volume. A rectangular prism was used instead of an
irregular shape because it is a convenient shape to use in TR experiments. The rectangular cavity
may not technically be considered a chaotic cavity, but it offers insight into the optimal cavity
size used for the same purpose as a chaotic cavity is used for. Experiments conducted on a
cylindrical volume have been completed but the data has not been processed yet and experiments
to be conducted on a true chaotic, ergodic shaped cavity are currently in progress. Additionally,
several TR processing techniques were explored, including traditional TR, deconvolution TR,
clipping TR, and decay compensation TR. The cavities explored in this work were not used to
couple reverberant energy into a second sample of interest. Rather it is assumed the higher
quality time reversal, i.e. higher A, and spatial confinement of the focusing, at a location on the

cavity surface should translate to better coupling of energy into a sample of interest.



1.3 Previous Work

Willardson et al.'?> compared four different types of TR processing—traditional, decay
compensation, deconvolution, and clipping for room acoustics application. Their experiments
were done in a reverberation chamber with a loudspeaker and a microphone. Their goal was to
figure out which type of TR gave the highest amplitude TR focus as well as the cleanest in terms
of temporal quality. Willardson ef al. found that clipping TR gave the highest A, of the TR focus

in a reverberation chamber though it did not provide the cleanest focus.

Young et al.'® used the same TR processing methods in solid media with the intent to
detect cracks in structures. They used a fixed size chaotic cavity and compared five different
types of TR in order to determine which method gave the highest amplitude of the focus with the
least amount of negative side effects. Young et al. found that while the clipping method yielded
the highest A, decay compensation TR was determined to be the best of the five methods for
crack detection because it increased A, over traditional TR and introduced the least amount of
harmonics (a negative side effect of modifying the IR) compared to other TR methods. The
clipping and one-bit TR methods introduce harmonic distortion simply due to the processing

implemented.

Ribay et al.® studied TR in a room of fixed size and varied the absorption for different
TR measurements. They found that A, of the TR focus increased proportionally with
reverberation time, T, when the absorption was varied. Since 7 is proportional to room volume it
should follow that A, will increase proportionally with increasing volume according to their

results. They did not study how changing volumes of rooms changes the performance of TR.



Denison et al.?” explored two types of changes to rectangular-shaped rooms and the
resulting effects on TR performance. They studied the effect on A, of the TR focus in rooms of
different volumes but with the same absorption properties as well as identical-sized rooms with

1% when the

different amounts of absorption. Their work confirmed the findings of Ribay et a
volume of the room was kept constant and the absorption was changed—as they decreased the
absorption of the room to increase 1, the A, increased proportionally. However, when Denison et
al. changed the volume of the room while keeping the absorption the same, they discovered that

A, was proportional to e ™" (meaning A, decreases with increasing volume and with increasing t)

which is contrary to Ribay et al.’s assertion.

This research essentially combines what Young ef al.'® and Denison et al.?” have done.
Four of the different types of TR that Young et al. explored in a single chaotic cavity shape were
compared when conducted in a rectangular chaotic cavity. After each set of four TR methods
was measured, the volume of the rectangular block was decreased, and the same measurements
were repeated again. This was repeated until ten different volumes were measured. We studied
the effect that volume of the chaotic cavity and type of TR method have on A, and spatial extent

at the TR focus.

1.4 Overview

In Chapter 2, the following are discussed: the experimental methods used including
details of the experimental setup, the difference between the different TR methods, a sample
experiment and result, and the metrics used to quantify and analyze this data. Chapter 3 includes

results as a function of volume, the analysis thereof, as well as a discussion of the results in



comparison to TR in rooms as a function of volume. Chapter 4 offers conclusions and suggests

further work to be done regarding chaotic cavities in TR studies.



Chapter 2 Methods

2.1 Experimental Setup

A Scanning Laser Doppler Vibrometer (SLDV), PSV-400, was used to measure the
vibrations on the surface of the block. This was connected to a Polytec OFV-5000 Controller
which has the velocity output connected to a 14-bit resolution, National Instruments PXI 5122
Digitizer card housed in a National Instruments PXI 1082 chassis. Also in the chassis, was a PXI
7852R Generator card with 4 channels connected to a 50-times gain, Tegam 9400 Power
Amplifier. The outputs of the amplifier were connected to APC International piezoelectric
transducers of type 851, diameter of 15.70 mm and thickness of 6.40 mm, that were polarized
perpendicular to the electrodes. The transducers are epoxied to the chaotic cavity which can be
seen in Fig. 2.1. The chaotic cavity is positioned under the SLDV with the cavity surface to be
scanned located at a height of 26.5 +/- 0.1 cm above the optical table, which is 93.5 +/- 0.1 cm
between the top of the chaotic cavity and the front edge of the SLDV head. The chaotic cavity

has a layer of reflective tape on the scanning surface (see Fig. 2.1). This provides an optimal



reflecting surface for the laser light to be reflected back with enough strength into the SLDV to

provide a low degree of background noise.

Figure 2.1 Photograph of the rectangular chaotic cavity positioned under the laser vibrometer
(not pictured). On the top surface of the cavity is a layer of reflective tape. Piezoelectric
transducers are epoxied to the sides of the cavity.

The initial dimensions of the rectangular chaotic cavity were 24.0 x 9.4 x 12.0 cm. After
each set of experiments, the cavity was cut down to reduce the height (the dimension cut was that
which initially measured 24.0 cm) by 2.1 cm with each cut. The smallest cavity measured 5.0 x
9.4 x 12.0 cm. The transducers remained fixed at the same locations each time the block was cut
and the focal location was always at the same location (care was taken to ensure this). The
density of the aluminum used was calculated to be 2824 kg/m?3. The precise type(s) of waves
used in these experiments was not determined but it is assumed that the spatial extent of the
focusing is dominated by the Rayleigh wave speed and the depth of the focusing would be
dominated by the shear wave speed, since the frequencies employed, cavity dimensions, and

cavity material are very similar to those used by Remillieux et a/.3® The dominant Rayleigh wave



speed is approximately 2910 m/s and the central frequency wavelength is approximately 29.1

mm for 100 kHz.

2.2 Time Reversal Methods

Four different types of time reversal processing methods are explored here: traditional,
deconvolution, clipping, and decay compensation. Traditional TR is just the IR flipped in time;
there are no other modifications made to the signal response other than normalizing the RIR
before amplifying it. The other three types of TR utilize modified versions of the IR.
Deconvolution TR, or inverse filtering TR, is a method which results in a temporally clean TR
focus signal that has hardly any temporal side lobes?*#%#!. However, A, is greatly reduced in
amplitude to achieve that clean focal signal. The purpose of deconvolution TR is to minimize of
the effects of system resonances in the “matched signal” TR process. One-bit TR** (not explored
in this paper) is a process in which the data samples in the RIR are set to be either 1 or -1. One-
bit TR preserves the phase information in the RIR (the timing of the reflections) but provides a
TR focusing signal with a high A, and large side lobes. Clipping TR is a slight variant of one-bit
TR, in which a threshold is defined such that all values below the chosen threshold maintain their
original amplitudes and all values above the threshold are set equal to the threshold*’. Thus, the
low-amplitude portion of the RIR, which has a lower signal-to-noise ratio, is not amplified by as
much as the higher amplitude portion of the RIR that has a larger signal-to-noise ratio. Clipping
TR produces a focal signal that is similar to one-bit TR but with a higher A,. Clipping TR used
here employed a threshold of 0.2 as suggested by Young ef al.!® Decay compensation TR

compensates for the exponential decay of the impulse response by using the envelope of the



RIR*!219 Tn order to achieve this goal, the envelope is inverted, can be smoothed, and then
multiplied by the RIR point by point. Thus, the modified RIR is amplified in a similar manner to
one-bit or clipping but the tops of the signal have not been clipped as dramatically, hence why
less harmonic distortion is introduced in decay compensation TR than with one-bit TR or

clipping TR.

2.3 Sample Experiment and Result

Once the rectangular prism was set up beneath the SLDV, a spot was chosen on the block
for the TR focus location. This spot, which can be seen in Fig. 2.2, was chosen in order to not be
directly in line with any of the transducers and avoid the geometric center of the surface of the

block to avoid any glaring symmetries in the TR focusing.

10



Figure 2.2 The red dot of laser light on the block is the focal position of these time reversal
experiments. This position was chosen in order to avoid symmetries—it is not directly in line with
any of the transducers and avoids the geometric center of the surface of the block.

A linear chirp signal spanning 75 kHz to 125 kHz is used in the forward step with an

input voltage of 750 mV in order to extract the IR (through a cross correlation operation) 2843
between each transducer and the selected focus location. Those IR signals were reversed in time
and sent through the respective transducers with an input voltage of 250 mV for traditional TR
(100 mV for clipping TR and decay compensation TR, 1 V for deconvolution TR) to create the
TR focus at the selected focus location (see Fig. 2.2). The TR focusing was assumed to be done
at sufficiently low amplitudes that linear scaling would be expected. Thus, the differences in
input voltages for the broadcast of the reversed IRs were accounted for (removed through linear
scaling) when computing the TR focusing. These RIR signals were sent through the transducers

multiple times, for averaging purposes (50 averages were used) and while the SLDV measured

11



the velocity response at various scan points on the block surface to measure the spatial
dependence of a single TR focus. The scan grid included 65x52 points with a spacing of
approximately 2 mm between each adjacent scan point. The spacing between scan points is

approximately equal to 1/15" of a wavelength.

After the data was collected from the scan, it was processed using MATLAB to calculate
the TR quality quantification metrics described below. Results from a sample experiment can be
seen in Fig. 2.3. The results shown in Fig. 2.3 are plots of the amplitude vs. time at the focal
location for the four different types of TR. These results are from measurements taken on volume
8 of the rectangular block, which had dimensions of 9.2 x 9.4 x 12.0 cm. Deconvolution TR
gives the cleanest signal but has the lowest amplitude. Clipping TR gives the highest A, but has

high amplitude side lobes.
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Figure 2.3 Amplitude vs. time at the focal location for the four different types of time reversal.

2.4 Analysis Quantification Metrics

The main metric of interest in the use of a chaotic cavity for NDE is the A, of the TR
focus. By changing the size of the rectangular block and repeating the experiments, the hope is to
determine the relationship between A, and cavity volume. Additional metrics such as temporal
274748 and

quality?”*, spatial clarity?’, spatial quality**, temporal symmetry*¢, Heisenberg time

spatial full width at half maximum (FWHM) all help to characterize the TR focal signal.
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Temporal quality, &7, is a metric that compares Ay? to the sum of the squared amplitudes
in the rest of the samples in the focal signal (see Eq. (4) in reference 27). Here we remove the
1/M factor so that the & does not depend on the number of samples in the focal signal and is
instead bound between values of 0 and 1. The perfect TR focal signal would be a delta function,
which would have £ = 1. The higher the &, the cleaner the temporal focal signal is because the

side lobes are relatively small in amplitude compared to A,.

Spatial clarity, Ag, compares the & at the focal location to the & of the rest of the scan
points to show how significant the impulsive focusing is at the focus location. See Eq. (5) of
reference 27. Again, we remove the 1/ (NxNy) factor here so that Ag does not depend on the
exact number of scan points used. Some of the scan points were off of the surface of the cavity.
We zeroed out the amplitudes in these signals so that they would not impact the TR quality

metric calculations. Removing this factor also ensures that Ag is bound between 0 and 1.

Spatial quality, &, compares Ay? to the sum of the squared amplitudes elsewhere in space
at the time of the A;. This metric is similar in purpose to the Ag metric except that the spatial
evaluation is only considered at one point in time. See Eq. (7) in reference 43. Here again we
remove the factor 1/ (NxNy) such that {5 does not depend on the number of scan points used and

1s bound between 0 and 1.

Temporal symmetry, £, is a measure of the similarity of the portion of the focal signal
before the time of A, to the portion of the focal signal after the time of A,. TR is known to be a
temporally symmetric process, so the higher the degree of symmetry, the higher the quality of

TR focusing. A perfectly symmetric signal would have a £ = 1.

14



Heisenberg time is calculated for each volume of the chaotic cavity and is related to the
modal density and the spacing between modal frequencies. A more detailed description is given
in Chapter 3. Essentially the calculated Heisenberg time is longer than t and the acquisition time
for recording the IRs and the focal signals, meaning that the wave fields used in these

experiments can be considered diffuse.

The spatial dependence of the focusing at the focal time of A, was determined for a
horizontal slice and a vertical slice through the map of the amplitude over all space at the focal
time. The full width at half maximum (FWHM) of the squared amplitudes in each slice was then
averaged. This metric gives insights into the spatial resolution of the focusing. In diffraction

theory, the FWHM cannot be smaller than a half wavelength.
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Chapter 3 Results
3.1 Results and Analysis

The A, is extracted from the focal signal after applying a custom interpolation technique
that employs zero padding to obtain a solid estimate of A, by avoiding issues related to discrete
quantization of samples. The A; as a function of volume is plotted in Fig. 3.1 for traditional TR.
There is a strong positive correlation coefficient of r = 0.79 for the traditional TR method
between the volume of the chaotic cavity and A, of the TR focus. This implies that as volume
increases, Ap increases also. There are some fluctuations in the data of A, as a function of
volume. These fluctuations likely stem from the normalization procedure employed. The RIRs
were normalized with respect to their peak amplitudes, and the peak amplitudes of these RIRs

may not correspond to the direct sound, which should remain the same for each volume.

As far as the other metrics go for traditional TR, spatial clarity, spatial quality and
temporal symmetry have moderate positive correlations with volume of the chaotic cavity;
FWHM has a weak positive correlation with volume; and temporal quality has a very weak

negative correlation with volume.



20 : :
P -, ~ e
‘ " L — -
15+ o -~ \ / .
/ \ Y
g 9N i
E -»
g 10+ 1
o
<
5F i
O | | | |
500 1000 1500 2000 2500 3000
Volume (cm3)

Figure 3.1 Volume of the rectangular prism vs. peak amplitude using traditional time reversal. The
peak amplitude of the time-reversed focus mostly increases as the volume of the chaotic cavity
increases. There is a strong positive correlation between volume and peak amplitude of 0.79.

Temporal symmetry has an average of .96 which is very close to 1. High symmetry speaks to a
high-quality TR focus. While there is some correlation of these metrics with the volume of the
sample, the spatial and temporal dependence of the focusing do not strongly depend on the cavity
volume, at least for the range of cavity volumes explored here. If anything, the largest volume

has the highest Ap and the highest quality spatial and temporal focusing.

For the rest of the TR methods, and including traditional TR, the metrics generally
improve with larger volume. Fig. 3.2 shows the A, vs. volume for all four TR methods with

amplitude linearly scaled to 100 mV for each metric. This figure shows that, generally, A,

17



increases with increased volume.
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Figure 3.2 A, vs. volume for all four TR methods with amplitude linearly scaled to 100 mV for
each metric.

The Heisenberg time, ty, is proportional to the modal density3*3¢43, Thus, the longer ty is
the more diffuse the wave field because the modal density is higher. Weaver indicates that if the
duration of the experimental acquisition time is longer than ty then it is as if the acoustic system
has resolved each of the discrete modes*. This means that waves have transited every portion of
the sample and waves can only retrace paths they have already traveled. It is thus not useful to
record an impulse response longer in duration than ty. For an elastic medium, tg varies with
volume, surface area, and frequency. The shortest ty we calculated, based on a derivative with
respect to frequency of an equation for the number of modes in an elastic cavity given by

Weaver’, was 25.5 ms for 75 kHz and for the smallest volume tested. This time of 25.5 ms is

18



longer than the acquisition time and is longer than the reverberation time. For the largest volume,
tn =106 ms, and again the acquisition time and reverberation times were smaller than this value.
Thus, it is reasonable to assume that wave field in each of our rectangular cavity volumes is

diffuse and the modes are not yet resolved.

3.2 Comparison with Time Reversal in Rooms

The finding of an increase in A, with increasing volume in the TR experiments conducted
on the different volumes of the rectangular aluminum block seems to agree with the assertion of

1.% and disagree with the findings of Denison ef al.>’ Our data shows that increasing

Ribay et a
volume of the chaotic cavity increases the peak amplitude of the TR focus. Ribay et al.’s
research showed that as absorption of one room was decreased (volume constant), Ap and t
increased but they made a general statement that A, is proportional to T and didn’t explicitly
show how A, should change when room volume is changed. Denison et al. showed that as the
volume of the room increased (absorption constant), A, followed the relationship e~*. Because t
is proportional to room volume for sound in air, the work of Denison et al. suggests that as
volume is increased that the A, should decrease. The research presented here observed the
relationship between A, vs. volume. However, Ribay ef al. and Denison ef al. observed the
relationship of A, vs. . Because 71 is proportional to volume for sound in rooms, it is very likely
that a similar relationship holds for bounded elastic media. It is possible that the discrepancy of
our findings with that of Denison et al. is because the experiments here were conducted with

elastic waves whereas the work of Ribay ef al. and Denison et al. were done with sound in

rooms. We expected the results of this experiment to be similar to Denison et al.’s findings

19



because the process was similar of just changing the volume and keeping everything else the
same. However, loss of wave energy in rooms is mostly due to wall absorption and spherical
spreading, but loss of wave energy in solids is due to propagation losses in addition to boundary
reflection losses and spherical spreading. Further work may determine whether the differences in
the results have to do with differences in losses for waves in solids and sound in air or whether

the differences may be due to some other effect.
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Chapter 4 Conclusions
4.1 Conclusions

There is a strong positive correlation between the volume and peak amplitude for the
solid rectangular chaotic cavity. The findings here may not be very comparable to Denison et
al.’s because volume may be coupled with absorption in solids thus making it impossible to
change one without changing the other. This research suggests that the bigger the chaotic cavity
used, the better the peak amplitude of the TR focus will be. If nothing else, a bigger chaotic
cavity would allow more room to attach more sources, and more sources definitely means a

higher A,.
4.2 Directions for Further Work

This work only explored different volumes of one rectangular prism. To further explore
chaotic cavities used in time reversal, one could consider studying several other shapes and
varying the volume such as was done with the rectangular prism here. Another shape to consider
would be a cylindrical prism because the waves bouncing around a cylindrical prism might be

more random than that of a rectangular prism. Another more important shape to measure would

21



be an ergodic cavity. An ergodic shape is one that avoids symmetries and parallel walls*®. Many
researchers claim that an ergodic cavity is necessary because the waves are the most randomized
when it is used. Comparing an ergodic chaotic cavity against these other two would help shed
light on the subject of whether or not going to the lengths to make an ergodic chaotic cavity is

necessary for TR experiments.

Another idea to consider for further work would be to change the source location and scan
area proportionally when changing the volume. This would keep the sources and receivers in the
same place proportional to the size of the block. This could potentially introduce fewer variables

when comparing between volumes since each volume would look exactly the same, just scaled.
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