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ABSTRACT

Time Reversal can be used to time reverse and propagate the measured scattered wave-
forms to a point in both time and space, ideally to a delta function 6(7)d(¢). This is commonly
referred to as time reversal focusing and has led to time reversal being applied in a wide
variety of fields such as medicine, communications, nondestructive evaluation (NDE), and
seismology.

In practice, time reversal is not optimal for generating a delta function focus if certain
conditions are not upheld. For time reversal to work perfectly, the following four conditions
must be present: (1) one must record for an infinitely long period of time; (2) Green’s
functions must be assumed to contain infinite bandwidth; (3) attenuation must be absent
within the medium; and (4) one must have full coverage of the wavefield. Due to the need
for these conditions, much research is being carried out in order to enhance the time reversal
process in practice.

We introduce deconvolution, a simple and robust approach, in order to calculate an
optimal signal for back propagation designed to give an improved focus. We demonstrate
experimentally that deconvolution is able to dramatically improve the temporal focus com-
pared to time reversal. Through a joint project with Los Alamos National Laboratory, we
compared time reversal to deconvolution. The results showed that deconvolution was able to
dramatically improve the temporal focus for a source and a receiver which were both located
on the surface of our object. We then continued our experimental studies of deconvolution by
doing a joint project with researcher Dr. Ernst Niederleithinger from the Federal Institute
for Materials Research and Testing (BAM). For this experiment, we placed multiple sources
within a concrete block and recorded the source wavefields on the surface with a single re-
ceiver. This experiment was designed to further test the robust nature of deconvolution and

compare its temporal focusing capability to that of time reversal. All of these experimental
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studies show that deconvolution was able to improve the temporal focus compared to time
reversal.

We continued our comparison study between time reversal and deconvolution and demon-
strated theoretically, experimentally, and numerically that deconvolution also improves spa-
tial focusing. We give a proof explaining why one would expect improved spatial focusing
when there is improved temporal focusing for both a acoustic and elastic media. We then
demonstrate in our experiments the improved spatial focus achieved using deconvolution
by scanning around the source location with a laser vibrometer at the time of focus for an
acoustic case. Finally, we use deconvolution to locate synthetic microseismic events to prove
numerically that improved temporal focusing leads to improved spatial focusing for both

acoustic and elastic media.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Several methods are used to evaluate acoustic signal; generated by events in media such as
water, rocks, metals or concrete. Most of them are summarized as acoustic emission methods
(AE), mainly travel time evaluation methods to localize the point of origin. Sophisticated
methods have been developed in seismology to localize and characterize earthquakes. Time
Reversal (TR) has been the focus of much research in acoustics due to its ability to compress
the measured scattered waveforms back at the source point in both space and time [1-4].This
has led to TR being applied in a wide variety of fields such as medicine, communication or
nondestructive evaluation. However, continued work is being done to improve TR ability to
focus energy.

Another field where time reversal has been the focus of much work is microseismic event
locating. Due to hydraulic fracturing becoming a common practice for unconventional gas
and oil fields, there has been an increased interest into the study of microseismic events.
Clusters of microseismic events delineate faults and the formation of fractures, and can in-
dicate new or reactivating regions of failure. These microseismic events can be generated
naturally or as a result of hydraulic stimulation [5, 6]. Therefore, the petroleum industry
desires to develop more accurate ways of locating, and monitoring microseismic events to
potentially improve their relationship to production and completion data [7]. If one timere-
verses the waves at every point in space, the wavefield will focus onto the original source
location. If, however, the wavefield is sampled at only a limited number of locations, then it
is not obvious that time reversal is the optimal way to focus energy on the original source.

In this thesis, a technique is demonstrated to improve the temporal and spatial focusing

achieved at a source location. The method uses deconvolution which is then applied to a wide



variety of experiments to study the robust nature and capabilities of deconvolution to improve
the focusing at a source location. Additionally, we demonstrate the impact deconvolution
may have upon improving the microseismic events locations in both an acoustic and elastic
media. The proposed method is simple and proven to be robust. Additionally, its costs are

negligible due to deconvolution being a simple preprocessing step to the recorded data.
1.2 Contribution

This thesis consists of published or submitted papers and abstracts. The following
describes where each paper or abstract was submitted and my contribution towards each
project.

Chapter 2 is submitted to the journal Wave Motion. The paper was a result of a joint
project between Los Alamos National Laboratory and CWP and shows theoretical and ex-
perimental examples why improved temporal focusing leads to improved spatial focusing.
Roel Snieder and I, from CWP, worked with T.J. Ulrich and Brian E. Anderson, from Los
Alamos, to improve the temporal focus in an ultrasound experiment. I developed the method
and implemented it into a code which could be used in the laboratory. T.J and Brian then
conducted the experiments using the code. Afterwards, I analyzed the data and T.J. then
wrote the final version of the paper; I was second author.

Chapter 3 represents an abstract published in the German Society for Non-Destructive
Testing(DGZfP) conference 2014. This was a joint project between Dr. Ernst Niederlei-
thinger from Federal Institute for Materials Research and Testing (BAM), Roel Snieder and
me. The abstract demonstrates experimentally that deconvolution dramatically improves
the temporal focus for a single source event within a medium. Dr. Ernst Niederleithinger
and I created the specimen (a concrete block) and experimental set up. I then adjusted the
code previously developed for Los Alamos to work for our experiment. Dr. Ernst Niederlei-
thinger and I then carried out the experiments together in the lab. As first author, I was

responsible for analyzing the data and writing the abstract.



Chapter 4 represents a paper to be submitted to Jourmal of Non-destructive Evaluation.
This was a joint project between Dr. Ernst Niederleithinger from Federal Institute for Ma-
terials Research and Testing (BAM), Dr. Roel Snieder and me. The paper demonstrates
theoretically and through multiple experiments the robust nature of deconvolution by in-
vestigation the effect of changing the stabilization constant used in the deconvolution and
the impact multiple sources has upon deconvolutions’ focusing abilities. The project was a
continuation of our work shown in Chapter 3. We used the same specimen as explained in
Chapter 3. I then adjusted the codes to run these new experimental studies. Ernst and I
were then responsible for running the experiments in the lab. I was responsible for analyzing
the data and writing the abstract.

Chapter 5 represents an abstract published in Society of Exploration Geophysicists confer-
ence 2013. 1 expanded Ashley Fish’s thesis work by comparing time reversal to deconvolution
for microseismic event locating. The abstract shows theoretically and numerically that de-
convolution is able to improve the locating of microseismic events for an acoustic media. I
generated the code for numerical modeling of this acoustic case. Dr. Roel Snieder and I,
together developed the theory of why improved temporal focusing leads to improved spatial
focusing. As first author, I took the responsibility of writing this abstract.

Chapter 6 is a paper submitted Geophysical Journal International, and consists of my
joint work done with Dr. Roel Snieder. The paper demonstrates theoretically and numeri-
cally that deconvolution is able to improve the focusing of the elastic waves due to a micro-
seismic source within a elastic medium. My responsibility was to develop a numerical model
for elastic wave propagation using madagascar, implement a double-couple source code, ap-
ply deconvolution and time reversal to different types of sources (point force, double-couple),
and analyze the data. Dr. Roel Snieder worked on the theory for the improved spatial fo-
cusing for the elastic case. He and I wrote different sections of the paper, and flipped a coin

for first authorship. We both felt we had contributed equally to the work.



CHAPTER 2
IMPROVING SPATIO-TEMPORAL FOCUSING AND SOURCE RECONSTRUCTION
THROUGH DECONVOLUTION

In this study, a technique is demonstrated to improve the ability of time reversal to
both spatially and temporally focus, or compress, elastic wave energy, or to improve the
quality of the reconstruction of the source signal. This method utilizes the deconvolution, or
inverse filter, in single channel time reversal experiments in solids. Special attention is given
to the necessary procedure for improving source signal reconstruction in real experimental
conditions. It is also demonstrated theoretically and numerically that good temporal focusing

implies that the radius in the spherically symmetric part of the spatial focus is small.
2.1 Introduction

Time Reversal (TR) in acoustics has been the focus of much research [1-4]. This has
led to many applications in a wide variety of fields, such as medicine, communications,
nondestructive evaluation (NDE), seismology, etc. In many of these applications, the ability
to use TR depends upon its ability to precisely compress the measured scattered waveforms
to a point in both time and space, ideally a delta function, (¢), which is commonly referred
to as TR focusing. The desire to enhance the TR process to focus wave energy has led
researchers to develop a variety of ways to accomplish this. Some techniques use arrays
of input transducers, measure the wave field with an array near the desired focal spot, and
then optimize the spatial and temporal focusing [8-16]. Other methods use an array of input
transducers and optimize the temporal focusing at an output transducer [17-21]. Some of
these techniques require, or at least benefit greatly from, large arrays, while others may
enhance temporal focusing at the expense of spatial localization.

Another aspect of the focal signal that is of interest for certain applications, i.e., seis-

mology (source mechanics identification), communications, NDE, or anywhere else that the



focused signal fidelity is important, is the quality of the reconstruction of the source signal.
As TR, in principle, recreates the source signal (in reverse, of course) interest has grown in
this aspect of source recreation. In experimental TR studies, however, there is an insepara-
ble transducer effect in this process. For this reason it would be desirable to find a method
capable of removing this effect such that source reconstruction is enhanced.

We explore a simple approach and use deconvolution, a primitive, though robust, version
of the inverse filter[8, 12|, to provide an input signal to be used in the TR process. We
then document what additional processing is necessary to either create an approximate
delta function §(t) (limited by available bandwidth) or a reconstruction of an arbitrary
source function, S(t), as an output at the focal point, and show laboratory ultrasound
experiments that the temporal focusing thus obtained is superior to that obtained by using
reciprocal time reversal. We also show the reconstruction of the source function, or a delta
function as desired, is possible through the prescribed procedure. By scanning the sample
near the focal point, we find that this improved temporal focusing is accompanied by a
better spatial focusing. We then show theoretically that improved temporal focusing implies
enhanced spatial focusing for the spherical average of the focus. The method described in
this paper enhances both spatial and temporal focusing for a single channel and can be
expanded to any number of channels. In contrast to many previous applications of the
inverse filter[8, 9, 12], we also explore the effectiveness of using deconvolution for small time
reversal mirrors (TRM), e.g., single channel[22, 23], in bounded media, with limited available

bandwidth, and for the purpose of source reconstruction.
2.2 Deconvolution as an inverse filter

The time reversal process, a matched field process, is often used in an attempt to produce
an impulsive focus, §(t), of energy. This process utilizes a recorded impulse response, or
Green function G4p between two points A and B, a simple reversal in time of that signal

and broadcast of it back into the same medium, from A to B or vice versa, to focus energy



at the appropriate point in space (A or B); or

/_00 Gap(T)Gap(T —t)dr = 6(1) , (2.1)

[e.e]

where reciprocity has been used to replace the Green function Gg4 with G45. Equation 2.1
states that the autocorrelation of G 4p(t) is ideally equal to a delta function. In practice,
actual TR experiments cannot recreate a true delta function focus as one or more conditions
necessary to satisfy Eq. 2.1 are typically violated. For example, due to either time, physical
memory, or attenuation constraints, it is not possible to record for an infinitely long period
of time. Also, the Green functions here are assumed to contain a flat, infinite bandwidth,
which is routinely not the case in experiments particularly when using narrowband response
transducers such as piezoelectric types. For this reason we, as others before us, asked the
question: what would be required to most closely approach an impulse-like TR focus given
typical experimental limitations?

Going back to Eq. 2.1, we can rewrite this (using a convolution notation, rather than the

integral form) as
F(t)=gt)xR(t) = i(t) , (2.2)

where F'(t) is the focal signal or source reconstruction, R(t) is the recorded signal measured at
the receiver location B from the initial source propagation, and ¢(t) is the signal necessary
to be back propagated for focusing, also known as the result of the inverse filter (IF), as
will become evident. Here we restrict ourselves to looking only at signals between the two
points A and B and thus have removed them from the notation. We also change from a
Green function notation so as not to imply that we necessarily have an infinite bandwidth
available. Further, since we only employ a single channel, we cannot utilize the singular
value decomposition step proposed by Tanter et al. for noise rejection[8], and thus we rely
on a high signal to noise ratio. From Eq. 2.2, we aim to approximate the focal signal F(t) to
a delta function by assuming that the recorded impulse response R(t) contains information

enough to produce an IF signal g(¢) to broadcast in our TR focusing procedure.



Deconvolution equates to inverse filtering by transforming to the frequency domain, thus

Eq. (2.2) becomes
Fw)=gw)R(w)~1, (2.3)

which can easily be manipulated to provide g(w) simply from measuring R(w) (or rather
from the FFT of R(t)). As such, we can now calculate the IF signal which should produce
the most impulse-like TR focus from

o) = 1 _ R*(w)
Y= Riw) T RGP 24

where * denotes a complex conjugate operation. This expression gives a mathematical
expression for g(w), but this may not be practical for experimental use in the event that
there is a limited bandwidth, significant background noise, or more precisely if R(w) = 0 at
any frequency. To avoid this we simply add a constant to the denominator to ensure that
we never divide by 0, hence we replace Eq. 2.4 by
R (w)

W)= ——", 2.5

e (25)
where € is a constant related to the original received signal as

€ = v mean(|R(w)|?). (2.6)

The quantity «, which is sometimes referred to as the waterlevel parameter [24], is an ar-
bitrary constant chosen to optimally reduce the effect of noise introduced through the IF
procedure. Here we use v = 0.9 for all experiments. The value 0.9 was chosen based on
optimizing the focus energy in a process similar to that developed by Clayton et al.[24].

As the above derivation has been performed in the frequency domain, it is necessary to
transform back to the time domain to recover the deconvolved signal, g(¢) to be used in the
time reversal experiments. It is worth noting that this procedure produces a g(t) that can be
used directly for rebroadcasting, i.e., there is no need to perform a TR operation g(t) — g(—t)
to obtain a focused signal. While this completes the deconvolution optimization procedure

used in this paper, it is only a portion of the inverse filter procedure as defined by Tanter



et al.[8], and utilized most recently by Gallot et al.[12] For the full IF procedure a singular
value decomposition (SVD) is often used for noise suppression, but since we are limited to a
single channel in this study, SVD results in a simple normalization by a constant, and can
thus be ignored. Thus the use of the deconvolution operation with a single channel requires
a high signal to noise ratio.

From the above derivation it is easy to assume that the deconvolution is providing the
best available signal for recreating a delta function. However, upon closer examination it is
actually recreating a function related to the source function, which in previous studies of the
inverse filter was designed, or assumed, to be impulse-like. If we separate the received signal
into the Green function (G(w)) propagating the source function (S(w)) from A to B, the
transducer responses at A and B (T'4(w) and Tj(w) respectively, where prime and unprimed
denote transmission and reception respectively) the received signal R(w) can be represented

as
R = TLGT,S, (2.7)

where the frequency dependence (w) of each function is implied. Deconvolving R with a delta
function in time, or applying the inverse filter in the frequency domain, and then propagating
again from A to B we get a focal signal

TL,GT 1
=B A (2.8)
TEGTAS S
The spectral division by T5GT4S is unstable when this function has notches. This instability
can be avoided, for example, by a water level regularization [24] where one does the following,

1 (TLGTAS)*

(2.9)

Application of the inverse filter can thus also be used for source reconstruction for arbitrary
sources (i.e., S(t) # 0(t), or S(w) # 1). To obtain the original source function it is only
necessary to invert the focal signal F'(w) for the frequency domain representation, and inverse

Fourier transform to obtain a source reconstruction as a function of time.



In the context of time reversal, the inverse filter is usually used for enhancing the tem-
poral compression, assuming that the source signal was a delta function. By following the
derivation above, another application would be to achieve an approximated delta function,
limited by available bandwidth, from any source function. To do so requires that the source
function be known and multiplied, in the frequency domain, by the result of the inverse
filter before broadcasting the signal for focusing. Using the regularization Eqs. 2.9, the focal
signal is then equal to

S(T4GT4S)*

F—
|TEGTAS‘2 + €

TLGT s ~ 1. (2.10)

In the absence of regularization (¢ = 0), the right hand side would be equal to 1, which
corresponds to a delta function §(¢) in the time domain. A nonzero regularization (e > 0)
yields a temporal focus that differs from a true delta function. For bandlimited data, one
can, at best, hope to retrieve a bandlimited delta function. By extension, to focus another
arbitrary function X from information acquired from the propagation of some other given
source S, one can simply perform another multiplication such that the focal signal would be
broadcasting the signal for focusing. Thus, using the regularization Eqs. 2.9, the focal signal
becomes

 XS(TLGTAS)"
N ’TJEGTASP +€

TLGT, ~ X. (2.11)

Of course the arbitrary signal X desired for focusing must have a spectral content that lies
within the bandwidth of the original controlled, or known, source. Violating this require-
ment would reduce the fidelity of the reconstruction of X in much the same way that the
approximate delta function reconstruction is limited by the bandwidth available from the
original source signal.

A final important point to be made here, before proceeding to the experimental validation,
is the effect of transducer responses in the TR and IF procedures. From Egs. 2.8 and 2.10 it
is apparent that the transducer responses do not completely cancel in the TR process, and

thus there will be some added color to the resulting focal signal. The added color can be



described as a ringing, or multiple converging wave fronts as recently shown by Anderson et
al. [25] However, this added coloring will be significantly reduced for the IF results as we
will show in our experiments. Note that the transducer responses only cancel for reciprocal
TR (forward from A to B and then backward from A to B), whereas they don’t necessarily
cancel for standard TR (forward from A to B and then backward from B to A). Starting
with Eq. 2.7 and following through the reciprocal TR process we can see that the focal signal

becomes
F = (TRGTyS)* ToGTa = [Ty |G| T4)*S* (2.12)

with the * denoting the complex conjugate. Thus in order to get the source reconstruction,
one must know the transducer responses at both locations A and B, or use transducers
possessing flat frequency responses over the bandwidth of interest, as they each color the

focal signal by the square of their frequency responses.
2.3 Experimental Validation: Temporal Characteristics

The purpose of this study is to optimize focusing in experimental situations where only
a single channel is used with reverberant signals in a closed cavity. With this in mind, it is
prudent to test the methodology experimentally, as presented above. To do this, we used a
sample made of fused quartz, 10 x 10 x 10 cm?. A source transducer (1.27 cm diameter, 2
mm thick piezoelectric disk) was attached to the sample using epoxy. This defines, and fixes,
our source position A. The receiver, a non-contact laser vibrometer (PSV 301, OFV 5000
controller, Polytec Inc.), was positioned at a point B on the surface. As we cannot perform
a standard TR experiment with a laser vibrometer, since it cannot act as both receiver and
source, we performed reciprocal TR experiments, i.e., where the original source and back
propagation signals are emitted from the same location/transducer, thus focusing the wave
energy to the original, user-selected receiver location. This use of TR in a reciprocal sense is
now a widely used form of TR, and indeed is the method originally used by Parvelescu[l] in

the first known demonstration of TR in acoustics. It is also the method described analytically
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in detail in Sec. 3.2.

The source function, a 5us shaped toneburst of 200kHz, was broadcast from the source
transducer using a 12-bit arbitrary waveform generator with a conversion rate of 10MHz.
The response to this impulse was recorded by the laser vibrometer (5mm/s/V, 250kHz
bandwidth) using a 14-bit digitizer also sampling at 10 MHz. The generator and digitizer
were synced such that the source impulse was centered in a 3.2768 ms window, thus the first
portion of the received signal R(t) contains no causal signal. This also means that the TR
focus will occur at 1.6384 ms during the rebroadcast. All excitations, i.e., for source, TR

and IF broadcasts, are performed at a maximum 100 Vpp.
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Figure 2.1: Time reversed signals used for back propagation, (a) (blue): original response
R(—t) due to a 5us 200kHz tone burst; (b) (red): full signal g(¢) from the deconvolution
procedure described herein; (c) g(t) as obtained from utilizing only the causal portion of
R(t) and zero padding for the acausal portion; (d) g(¢) from (b) with the acausal portion
(i.e., £ > 1.6384 ms) set equal to 0.
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Before we directly compare the temporal compression and focus abilities of both TR and
the IF, we must first decide what R(t) and g¢(t) signals to use to create the focusing. In
Figure 2.1 we illustrate four different methods of creating a focus of energy. During the
forward propagation we record the incident vibration with the laser vibrometer at a location
on the surface of the block, which arrives in the latter half of the 3.2768 ms window (see
Figure 2.1(a-1)). In reciprocal TR, we simply reverse this signal and broadcast it (see Fig-
ure 2.1(a-2) and (a-3)) into the sample with the piezoelectric transducer to achieve focusing
at the laser vibrometer location (see Figure 2.1(a-4)). Before broadcasting the signal in
reciprocal TR (and in other deconvolution methods) we can amplify the signal to maximize
the focusing amplitude. In what we term the full deconvolution process, the deconvolu-
tion operation is performed on the full signal recorded during the forward propagation (see
Figure 2.1(b-1)) to obtain the signal (see Figure 2.1(b-2) and (b-3)) used to create the fo-
cusing (see Figure 2.1(b-4)). Another way to perform the deconvolution method is to take
the full deconvolution result (see Figure 2.1(b-2) and (c-2)) and set the second half of the
signal (¢ > 1.6384 ms) equal to zero (see Figure 2.1(c-3)) and observe the focusing (see Fig-
ure 2.1(c-4)). Finally, if we shorten the acquisition window to only the second half (1.6384
ms < t < 3.2768 ms), thus avoid any acausal portion of the signal, and use this signal (see
Figure 2.1(d-1)) in the deconvolution operation (see Figure 2.1(d-2)), we can then zero pad
this signal (see Figure 2.1(d-3), the zero padding is done to ensure that the focal signals
in each of the 4 processes are of the same length) before sending it back into the block to
observe the focusing (see Figure 2.1(d-4)).

In summary, Figure 2.1 row (a) illustrates the signals used in the reciprocal TR process
(blue colored signals), row (b) illustrates the signals used in the full deconvolution process
(red colored signals), row (c) illustrates the signals used in the zeroed-acausal-portion de-
convolution process (purple colored signals), and row (d) illustrates the signals used in the
no-acausal-portion signal deconvolution process (green colored signals). Figure 2.1 column

1 depicts the signals obtained during the forward propagation step (R(t)), column 2 depicts
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the signals obtained from the deconvolution process (g(t)) performed on the signals in col-
umn 1, column 3 depicts the signals that we send back into the block after allowing for
some processing of the signals in column 2 (such as zeroing out portions of the signal or zero
padding them), and column 4 depicts the focal signals from each process (F(¢)). Note the
reduction in amplitude, by a factor of about 3, that results from the deconvolution processes

in comparison to the reciprocal TR process.
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Figure 2.2: Normalized focal signals resulting from the back propagation of the TR signals
shown in Figure 2.1, compared with the original source function. (a) & (b) illustrate the
structure of the signals near the focal time, each of which have been normalized to the
total signal magnitude to accurately compare the temporal compression of the signal. (c)
& (d) are envelopes of the focused signals for the entire duration of the signal. Envelopes
are presented normalized to the maximum peak amplitude of the velocity to illustrate the
difference in perceived signal to noise (i.e., the signal amplitude at the focal time compared
to all other times in the signal.)
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The focal signals recorded at B due to the broadcast of each of the signals shown in
Figure 2.1, column (c), are now compared in Figure 2.2. For clarity the colors used in Fig-
ure 2.1 and Figure 2.2 are consistent. The first noteworthy difference lies in the comparison
of the original source signal with the focused signals resulting from reciprocal TR and the
full deconvolution, Figure 2.2(a). Here we see what has been reported in prior IF studies,
i.e., that the IF produces a more temporally compressed focal signal. This is most easily
seen by normalizing each signal to the total signal magnitude and calculating the fraction
of the amount of energy in the original source (1.6359 < 7 < 1.6409 ms). Doing so we find
that the original source contained 100% of its energy in that window (by definition), while
the TR and IF reconstructions contain 14% and 78% respectively. This can also be seen
in the envelopes shown in Figure 2.2(c) over the full signal duration. While this type of
quantification is new, this observation has been made previously|[26].

In comparing the various deconvolution results, i.e., full, zeroed-acausal-portion, and
no-acausal-portion deconvolution processes, we see, Figure 2.2(b), that in the focal interval
shown, each method produces an identical result. However, in looking at the entire signal
duration, we can see that not employing the acausal signal (either by zeroing it out before
back propagation, Figure 2.1 row (c), or by not including the signal recorded before the
source emission, Figure 2.1 row (d)) there are undesirable artifacts introduced at times away
from the focus (raising the noise floor) decreasing the reconstruction percentage from 78%
down to 54% and 63% respectively, indicating that the acausal portions of the signal are
highly desirable to be used for any application where high signal fidelity is important or where
multiple impulses may be focused successively with little separation, e.g., communications
or lithotripsy. The process illustrated in Figure 2.1 row (b) is akin to zero padding the signal
used in the deconvolution operation, whereas the processes in rows (c) and (d) do not take
advantage of zero padding. Another method used to quantify the improved temporal focus
is through signal to noise ratio. We quantify the apparent signal to noise ratio by the ratio

of the main maximum and the second largest maximum in the signal. This ratio measures
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how well the main maximum stands out above the rest of the signal. For full deconvolution,
the ratio is 14.8 (Figure 2.1 (b)-4) and this ratio drops down to 10.2 and 10.3 for the no
zero padding result (Figure 2.1 (d)-4) and for the zero padding after deconvolution result
(Figure 2.1 (¢)-4) respectively. Hence the best processes to use is the full deconvolution that

benefits from zero padding.
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Figure 2.3: Source reconstruction and “delta” function results using deconvolutions. The
original source is shown in comparison to the source reconstruction (i.e., from Eq. 2.11) and
the delta function approximation (i.e., from Eq. 2.10). (a) Comparison using S; a 5us 200
kHz toneburst with a maximum at 1.6384 ms. (b) Comparison using a source function Sy of
identical bandwidth to S; but with a 90° phase shift.

Before leaving the temporal domain and investigating the effect of the IF on the spatial
focusing, we will look at source reconstruction as discussed in Sec. 2.2, Egs. 2.11 and 2.10. To
do so we alter our original source function, which we now call S; and is shown in Figure 2.3(a),
by applying a phase shift of 90°. We refer to this phase shifted source as S, shown in
Figure 2.3(b). As the only difference between the two sources is a phase shift, the two
sources have equally defined bandwidths, thus the IF filter will apply equally well, or poorly,
to the received signals from both. Relevant to our previous results on the implementation
of the IF, the reconstruction procedures will employ the full deconvolution, as that has been
demonstrated, above, to be the cleanest implementation. Figure 2.3 displays the results of the

focusing procedures, i.e., source reconstruction and limited band delta function, compared
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to the two original source functions. A comparison of Figure 2.3(a) and (b) shows that
employing Eq. 2.11 produces a very good approximation of the original source functions.
When multiplying by the source function prior to back-propagation, we can verify that the
original phase information of the source is lost and the focal signal approximates a delta
function to the extent possible with the available bandwidth. The fact that a true single
point delta function is not achieved is of no surprise, as finite signal length and available
bandwidth make this effectively impossible by any means.

In conclusion, the initial main objective for the use of deconvolution has been to improve
the temporal focusing. We showed experimentally that simple deconvolution can achieve
this. Beyond improving temporal compression of the focal signal, we also showed that the
details of implementation of the IF is important, with the most robust being what we refer
to as a full deconvolution. Finally, we showed the ability of the IF to be used for arbitrary
source reconstruction or delta function approximation. All of the above demonstrations were
limited to time domain observations. In the next section, we present one explanation, and
supporting observations, for the improvement of spatial focusing with improved temporal

compression.
2.4 Improved temporal focusing leads to improved spatial focusing

In this section, we show that better temporal focusing implies better spatial focusing
for the spherical average of the focus. We begin by first considering the wave field near its
focal spot at r = 0 and consider the medium to be locally homogeneous in that region. The

solution of the Helmholtz equation in an acoustic, homogeneous medium can be written as

co m=l

p(r,0,p,w) = Z Z amJi(kr)Yim (0, ¢) | (2.13)

=0 m=—1

see Table 8.2 of Ref. [27]. In this expression j; denotes the spherical Bessel function, Y},
the spherical harmonics, and k = w/c, where ¢ is the wave speed. According to expressions
(11.144) and (11.148) of Ref. [27], j;(0) = 0 for I > 1 and jy(0) = 1. This allows us to

investigate the focus of the wavefield by looking at the spherically symmetric component
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[ =0. Using Yoo = 1/+/4m (Table 12.3 of Ref. [27]), this means that at the focal point

p(r=0,0,p,w) = :}% ) (2.14)

The properties of the wave field at the focal point thus only depend on the coefficient agg.
Since the | = m = 0 component of the spherical harmonics expansion gives the spherically
symmetric component of the wave field, the properties of the wave field at the focal point can
only bear a relation to the spherically symmetric component of the wave field (I = m = 0).
The properties of temporal focusing can thus only be related to the spherically symmetric
component of the spatial focusing.

In the following, we only analyze the spherically symmetric component p;—o(r,t) of the
focus, because according to Figure 2.4 (a) and (b), the central focal spot is nearly spherically
symmetric. Using that jo(kr) = sin(kr)/kr, the spherically symmetric component of Eq.
(2.13) is given by

efzkr - 6zkr

pl:O(Taw) = Po f ) (2-15)

with pg = —ago/(2ikv4m). The coefficient py depends on frequency. Using the Fourier
convention f(t) = [ po(w)e ™'dw, and using that k = w/c, Eq. (2.15) corresponds, in the

time domain, to

(t+r/c)— f(t—r/c) ‘

- (2.16)

pi=o(r,t) = /

In this equation, f(t+ r/c) denotes the wave that is incident on the focus, and f(t — r/c)
the outgoing wave once it has passed through the focus. The field at the focus follows by

Taylor expanding f(t +r/c) in r/c and taking the limit » — 0, this gives

pi=o(r = 0,t) = —f'(t) . (2.17)

2
c
In this expression and the following, the prime denotes the time derivative. Equation (2.17)
states that the wave field at the focus is the time derivative of the incoming wave field.

Equation (2.17) gives the temporal properties of the focus. In order to get the spatial

properties, we consider the wave field near the focal point at time ¢t = 0. Setting t = 0 in
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Eq. (2.16), and making a third order Taylor expansion of f(4r/c) gives

2

= #"(0). (2.18)

3c3

p=o(r,t =0) ~ = f'(0) +

where the prime denotes a time derivate. Using Eq. (2.17) to eliminate f, gives

1
@pg’zo(r =0,t=0)r". (2.19)

Pi=o(r,t = 0) = pi—o(r = 0,t = 0) +
This is a parabolic approximation for the wave field near the focus, with coefficients related
to the wave field and the focus and its second time derivative. The radius R of the focal

spot can be estimated by setting the left hand side of Eq. (2.19) equal to zero, this gives

R~ V62 \/ D= orr_—OOtt—O(;) . (2.20)

A good temporal focusing means that the temporal curvature of the wave field at the focal
point is strong, this means that —p” /p is large, and that the radius R is small. Good temporal
focusing thus implies that the radius in the spherically symmetric part of the spatial focus
is small.

This claim of improved spatial focusing accompanying improved temporal compression
can be experimentally observed by measuring the wave fields produced in the two focusing
procedures, TR vs. IF. The surface of the fused quartz block was scanned with a laser
vibrometer while each type of focus was produced. The improvement in the temporal focal
quality of the IF procedure over TR has already been shown in Figure 2.1 and Figure 2.2.
Figure 2.4 displays the comparisons of the spatial extent of the two focusing procedures
obtained with the scanning laser. The cross sectional displays of the data in Figure 2.4(c)
and (d) show that the IF focus is 20-30% narrower as measured at half of the respective
maxima (i.e., 2-3 mm over 1 cm).

While the spatial extent of the focus appears to be smaller using the IF method, con-
firming the theory of improved temporal compression resulting in improved spatial focusing,
two other features are also noticeable. First, in no particular order, is the larger degree

of uniformity (= 0) of the IF wave field away from the focus, while the TR focus is much
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Figure 2.4: (a) two dimensional image of the wave field at the time of focus using classical
TR. (b) two dimensional image of the wave field at the time of focus using the IF. (c) one
dimensional line-outs from (a) and (b) at y = 25 mm. (d) one dimensional line-outs from
(a) and (b) at x = 25 mm.
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more structured across the imaged region. Second is the fact that the maximum achieved
amplitude using the IF is only half that of the TR method, despite the fact each signal was

normalized and rescaled to the same maximum voltage (100 Vpp) prior to rebroadcast.
2.5 Conclusion

Here we have introduced a simple method for determining the optimal signal to be used in
a TR experiment in order to maximally compress the focus as an approximate delta function
(with limited bandwidth) in both time and space or for optimal signal reconstruction. Cre-
ation of an approximate delta function technically requires knowledge of the source signal,
whereas source reconstruction requires a second inverse filter operation in post processing.
Previous implementations of the inverse filter operation avoided the need to know the source
signal by utilizing impulse like source signals. This method has been experimentally veri-
fied, albeit without fully varying all possible parameters. A more detailed study is currently
underway to quantify the effects due to variations in available bandwidth, and material
properties (e.g., homogeneous vs. heterogeneous media, range of attenuations, wave speeds,
length of scattered signal used, etc.)

While temporal and spatial focusing have been enhanced with this method, there is a
cost in the maximum achieved amplitude, Arr &~ 2A;r. This fact, coupled with the effect
of the acausal portion of g(t) may lead one to think simplistically about g(¢) as containing
a signal to focus the energy at the appropriate time and place, and another signal that,
simultaneously, actively cancels noise at all other times and locations. Thus the IF focus is
cleaner and more impulse-like, but not as strong, as some of the energy being transmitted
is exerted in suppressing sidelobes, spatially and temporally.

We have also shown, theoretically and experimentally, that if one has good temporal
focusing, the radius in the spherically symmetric part of the spatial focus is small. This
concept can turn out to be useful in future research because it allows one to work on im-
proving the temporal focusing in order to improve the spatial focusing, e.g., communicating

to a precise location or focusing high intensity ultrasound for lithotripsy without damaging
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the surrounding area, to name a few. When the focal spot is far from being spherically
symmetric, as may be the case where the receiver aperture is small, an improved temporal

focus does not necessarily imply an improved spatial focus.
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CHAPTER 3
IMPROVED TEMPORAL FOCUSING AT SOURCE LOCATION USING
DECONVOLUTION

Time reversal techniques are used in ocean acoustics, medical imaging and non-destructive
evaluation to backpropagate recorded signals to the source of origin. We demonstrate ex-
perimentally a technique which improves the temporal focus achieved at the source location.
The experiment consists of propagating a signal from a transducer within a concrete block
to a single receiver on the surface, and then applying time reversal or deconvolution to focus
the energy back at the source location. The results show that we are able to generate a
focus in time at the correct location. The proposed method is simple and proven to be
robust. Additionally, its costs are negligible due to deconvolution being a preprocessing step
to the recorded data. The technique can be applied for detailed investigation of the source

mechanisms (e. g. cracks) but also for monitoring purposes.
3.1 Introduction

Several methods are used to evaluate acoustic signal generated by events in media such as
water, rocks, metals or concrete. Most of them are summarized as acoustic emission methods
(AE), mainly travel time evaluation methods to localize the point of origin. Sophisticated
methods have been developed in seismology to localize and characterize earthquakes. Time
Reversal (TR) has been the focus of much research in acoustics due to its ability to compress
the measured scattered waveforms back at the source point in both space and time [1-4].This
has led to TR being applied in a wide variety of fields such as medicine, communication or
nondestructive evaluation. However, continued work is being done to improve TR ability to
focus energy. Some newly developed techniques use an array of input transducers, measure
the wave field with an array near the desired focal spot, and then optimize the spatial and

temporal focusing [[8-11, 14-16]. Other methods use an array of input transducers and
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optimize the temporal focusing at an output transducer [17-21]. However, these techniques
can require/benefit from large arrays while simultaneously loosing spatial localization in
order to enhance temporal focusing.

In this paper, we design and execute an evaluation experiment to compare conventional
time reversal to an improved variant which uses deconvolution (DC). We explore the applica-
tion of DC, which is a primitive though robust version of the inverse filter [8, 12], to calculate
the optimal signal for backpropagation. The experiment consists of a concrete block which
has a sources embedded within. Instead of using a large array of receivers, the experiment
uses only a single receiver to record the scattered waveform. TR or DC is then applied to
the measured scattered waveform to calculate the TR and DC signal. The calculated signals
are then backpropagated from a transducer on the surface of the block into the medium
and recorded at the original source location transducer. By this experiment, we are able to
explore and compare the capabilities of TR and DC to focus the measured waveforms at a
point in both space and time. We show that DC significantly improves the temporal focus

compared with TR.
3.2 Theory: Deconvolution

Time reversal (TR) is a process used to compress the measured scattered waveforms at
a point in both space and time to ideally a dirac delta function §(¢). It uses the recorded
impulse response which can be represented by a Green function G 4p between two points A
and B. TR then simply reverses the signal in time and propagates it back from the receiver
location into the same medium. By doing so, one expects the energy to focus at the source

location. The TR process can be represented by the following equation,

/_00 Gap(T)Gap(T —t)dr = 6(1) , (3.1)

where reciprocity has been used to replace the Green function G4 with G 45. According to
equation 3.1, the TR process, which is the autocorrelation of G4p(t), should equal a delta

function. However, in practice, one cannot truly recreate a dirac delta function focus due to
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one or more conditions, necessary to satisfy Eq. 3.1, not upholding. In order for it to work
perfectly, one must record for infinite time, Green’s functions are assumed to contain flat,
infinite bandwidth, and one must have full coverage of the wavefield. These requirements are
not upheld during an experiment. This led us to explore the application of deconvolution.
Going back to Eq. 3.1, we can rewrite this (using a convolution notation, rather than the

integral form) as
F(t)=g(t)~ R(t) = d(t) , (3.2)

where F(t) is the focal signal or source reconstruction, R(t) is the recorded signal measured
at the receiver location B from the initial source propagation, and ¢(t) is the signal necessary
to be back propagated for focusing. We are able to go from Eq. 3.1 to Eq. 3.2 because we only
investigate signals between the two points A and B, and remove the green function notation
to indicate we do not have infinite bandwidth. Thus, we remove some of the unrealistic
conditions that Eq. 3.1 required. For a TR process, the signal for backpropagation is purely
the time reversed recorded signal ¢(t) = R(—t). Our goal is to calculate the optimal signal
g(t) such that the focal signal F'(t) approximately equals a dirac delta function ().
Deconvolution equates to inverse filtering by transforming to the frequency domain, thus

Eq. (3.2) becomes
Fw)=gw)R(w)~1. (3.3)

Equation 4.3 is used to solve for g(w),

1 RY(w)
1= R T RWP 4

where x denotes a complex conjugate operation. This expression gives a mathematical
expression for g(w). However, this result is unrealistic for experimental use in the event that
there is a limited bandwidth, significant background noise, or more specifically, if R(w) =0

at any frequency. To avoid this singularity issue, we add a constant to the denominator to
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ensure that we never divide by 0, hence Eq. 3.4 becomes,

=7 3.5
where € is a constant related to the original received signal as
€ = v mean(|R(w)|?). (3.6)

The quantity ~, which is sometimes referred to as the waterlevel parameter [24], is an ar-
bitrary constant chosen to optimally reduce the effect of noise introduced through the DC
procedure. Here we use v = 0.9 for all experiments. The value 0.9 was chosen based on
optimizing the focus energy in a process similar to that developed by Clayton et al.[24].
Eq. 3.6 provides one with the solution for g(w). One only has to inverse fourier transform
this result to retrieve the "optimal” DC signal in the time domain to be backpropagated

such that one gets a approximate dirac delta function focus.
3.3 Experimental Set up

The purpose of our study is to explore the application of the deconvolution variant
compared to conventional time reversal in focusing energy at a source location within a
sample. In order to make such comparison, we created the following experimental set up. A
30 by 30 by 37 cm concrete block had been casted from 72 kg Quickcrete mix (No. 1101, max
aggregate grain size < 4 mm), about 60 1 water and 5 kg additional gravel (5-15 mm grain
size). Three ultrasonic piezo transducers (proprietary type Acsys S0807, center frequency
60 kHz, ES in Figure 3.1) were positioned inside the formwork in various orientations before
concreting. The block contains only minimal reinforcement, mainly to hold the embedded
sensors in place while pouring the concrete. Broadband Acsys point contact sensors type
S1803 (center frequency about 100 kHz, PT in Figure 3.1) were used as external transducers.
They are piezo based as well and feature a spring loaded 2 mm diameter ceramic tip for
contact to the concrete. They are sensible to acceleration vertical to the concrete surface.

The transmitter signal is generated by custom made rectangular signal generator/amplifier
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Figure 3.1: Diagram indicating tools and methods used during acquisition and backpropa-
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(BAM US in Figure 3.1) triggered by a TTL impulse issued by our data acquisition device
(National Instruments model 6366). Signals received by the external sensors are 1 kHz low
pass filtered and amplified by a Stanford Research low noise preamplifier (SR 566) before
being digitized and recorded. The workflow and set up used for acquiring the data is shown in
Figure 3.1(a). For backpropagation, the setup is reversed. The BAM US device is removed.
The transmitter signal generated is replaced by the digital/analog converter integrated in
the data acquisition device, sending the computed, time reversed/deconvolved waveforms to
the external sensor. The embedded sensor is used as receiver, again using the preamplifier
before AD conversion and recording. This reversed set up is shown in Figure 3.1 (b).

We have used a sampling frequency of 2 MHz and 20000 samples per trace (10 ms
recording time). A 4000 sample (2 ms) pretrigger interval was set. Amplitude resolution is
16 bit. True zero time of the transmitter could be identified by electromagnetic crosstalk
between transmitter and receiver cables, generating a small but easy to recognize impulse in
the receiver data.

Note, that due to a high noise lab environment and a lack of a power amplifier for the
backpropagated transmitter signal we had to apply an additional 2 kHz low-pass Butterworth

filter on all data.
3.4 Discussion

Our experiments started with propagating a defined 60 kHz source function from the
embedded source towards the external receiver. Note the pretrigger time present in recorded
signal shown in Figure 3.2. This pretrigger time was proven by Ulrich et al [28] to be
necessary if one desires to use DC for any application where high signal fidelity is important
or where multiple impulses may be focused successively with little separation. Additionally,
it was shown by Ulrich et al [28] that the acausal portion of the signal is necessary in order
to create a symmetric focus.

Once our wave field was recorded at the single receiver, TR or DC was applied to cal-

culate the back propagating signals. Applying these two methods, one achieves the results
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Figure 3.2: Recorded scattered waveform at a single receiver on the surface of a concrete
block due to our source function generation from the embedded source transducer.

shown in Figure 3.3 where (a) highlights the backpropagating signal calculated using TR
while (b) shows the DC back propagation signal. These two signals shown in Figure 3.3
differ significantly in one feature: TR has zero values past approximately 8 ms while DC’s
backpropagation signal is nonzero for this time range. This is due to the acausal nature of
the recorded signal.

These signals were then backpropagated from the receiver location into the same medium
where the receiver on the surface of the concrete block now acted as a source. Propagating
these calculated TR and DC signals back into the medium, one would expect a focus at the
source location. Figure 3.4 shows the focuses recorded at the source location by using the
embedded transducer as a receiver during the backpropagation. Figure 3.4 (a) shows the
temporal focus recorded using the TR calculated signal while Figure 3.4 (b) represents the
temporal focus achieved using the DC calculated signal. The temporal focus achieved using
TR has significant side lobes present away from the time of focus. However, the temporal

focus achieved using DC has suppressed most of these side lobes and was able to produce a
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Figure 3.3: Back propagation signals calculated using a)Time Reversal and b) Deconvolution
using only the recorded data at the single receiver.

better focus. In order to quantify this improvement, we calculate the amount of energy in
a .02ms window around the time of focus compared to the total energy of the signal. The
temporal focus achieved using TR only had 41 % of the total energy within this window
while DC’s temporal focus had 80 % of the total energy within this window. Thus, DC is
clearly able to generate a significantly better temporal focus than TR.

In order to proof the robust nature of this method, we reran the experiment using a
different location for the receiver (placing the receiver on a different side of the block). The
purpose of this experiment was to not only test and make sure DC still had an improved
temporal focus compared to TR but to also demonstrate our decision for v which was the
regularization constant. For this set up, DC’s temporal focus was 79 % while TR had a
temporal focus of 47 %. We would not expect to see the exact same temporal focusing num-
bers as before because we changed the direction of displacement we record and the distance
between the source and receiver. We reran the experiment numerous times, recalculating

the DC signal using different values for v, and recording the temporal focus at the source
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Figure 3.4: Temporal focus measured at the embedded source location using a) Time Re-
versal, and b) Deconvolution.

location. The experiment showed that the optimal value to be v = 0.9. However, even for
different v values, one still achieves some form of a temporal focus until the + values becomes
too small where too much noises gets included into the focus.

The purpose of using time reversal (TR) and deconvolution (DC) processes is to generate
a signal such that it will focus at the source location. One can use this feature of the methods
for a range of applications in order to characterize the medium. For example, after the time
of focus, the wave field will propagate away from the source location with the characteristic
as if it were generated by a source mechanism at the focused event location. This is defined
as a "virtual” source. This "virtual” source can then be used to for a wide variety of
applications from multiple suppression, to medium characterization [29-33]. Additionally,
one can continuously monitor and backpropagate signals to investigate the changes occurring
within the medium. Finally, using DC, one can define the type of source function focus that
will occur at the event location. This was shown to work in Ulrich et al [28]Therefore,

one could determine the frequency of the focused wave field and allow different frequency
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focuses to occur. One then records the scattered wave field generated by the virtual sources
consisting of different frequencies to characterize the medium. Therefore, by using DC,
we could potentially improve the characterization of the medium compared with TR. In

addition, the amplitude can be varied to study nonlinear effects.
3.5 Conclusion

We have introduced a simple though robust method for determining the optimal signal
for backpropagation such that one gets an improved temporal focus at the source location.
This was proven to hold true for an experimental set up having the source embedded within a
concrete block and using only a single receiver. The method does not require any information
about the medium. It only needs the recorded signal in order to generate the optimal signal
for back propagation. Due to the simplicity, low cost, and robust nature of this method, one
could easily implement this technique into pre-existing workflows. This method may then be
used to characterize the medium through use of ”virtual” sources, repeated backpropagation

or backpropagating with different source function focuses.
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CHAPTER 4
EVENT LOCATING USING DECONVOLUTION: EXPERIMENTAL APPLICATION
AND ANALYSIS

Time reversal techniques are used in ocean acoustics, medical imaging, seismology, and
non-destructive evaluation to backpropagate recorded signals to the source of origin. We
demonstrate experimentally a technique which improves the temporal focus achieved at
the source location by utilizing deconvolution. One experiment consists of propagating a
signal from a transducer within a concrete block to a single receiver on the surface, and
then applying time reversal or deconvolution to focus the energy back at the source location.
Another two experiments are run to study the robust nature of deconvolution by investigating
the effect of changing the stabilization constant used in the deconvolution and the impact
multiple sources have upon deconvolutions’ focusing abilities. The results show that we are
able to generate an improved temporal focus at the source transducer using deconvolution
while maintaining the robust nature of time reversal. Additionally, deconvolution’s costs
are negligible due to it being a preprocessing step to the recorded data. The technique can
be applied for detailed investigation of the source mechanisms (e.g. cracks) but also for

monitoring purposes.
4.1 Introduction

Several methods are used to evaluate acoustic signal generated by events in media such
as water, rocks, metals or concrete. Most of them are summarized as acoustic emission
methods (AE), which are used to localize and characterize the point of origin of the events.
Sophisticated methods have been developed in seismology to localize and characterize earth-
quakes. Time Reversal (TR) has been a topic of much research in acoustics due to its robust
nature and ability to compress the measured scattered waveforms back at the source point

in both space and time [1-4]. This has led to TR being applied in a wide variety of fields
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such as medicine, communication, ocean acoustics, seismology or nondestructive evaluation.
However, continued work is being done to improve TR’s ability to focus energy. Some newly
developed techniques use an array of input transducers, measure the wave field with an array
near the desired focal spot, and then optimize the spatial and temporal focusing [8-11, 14—
16]. Other methods use an array of input transducers and optimize the temporal focusing
at an output transducer [17-21].

In this paper, we design and execute evaluation experiments to compare conventional time
reversal to an improved variant which uses deconvolution (DC). We explore the application
of DC, which is a primitive though robust version of the inverse filter [8, 12], to calculate the
optimal signal for backpropagation. The ultrasound experiments are performed on a concrete
block which has sources embedded within. Instead of using a large array of receivers, the
experiments use only a single receiver to record the scattered waveforms. TR or DC is
then applied to the measured scattered waveforms to calculate the TR and DC signal. The
calculated signals are then backpropagated from a transducer on the surface of the block into
the medium and recorded at the original source location transducer. By this experiment,
we are able to explore and compare the capabilities of TR and DC to focus the measured
waveforms at a point in both space and time. We show that DC significantly improves
the temporal focus compared with TR. We also run two different experiments to study
the robust nature of deconvolution by investigating the effect of changing the stabilization
constant used in the deconvolution and the impact multiple sources has upon deconvolutions’

focusing abilities.
4.2 Deconvolution Theory

Time reversal (TR) is a process used to compress the measured scattered waveforms at
a point in both space and time to ideally a Dirac delta function §(t). It uses the recorded
impulse response which can be represented by a Green function G 45 that accounts for the
wave propagation between two points A and B. TR then simply reverses the signal in time

and propagates it back from the receiver location into the same medium. By doing so, one
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expects the energy to focus at the source location. The TR process can be represented by

the following equation,

/ T Gap(P)Cap(r — )T = 8(1) | (A1)

where reciprocity has been used to replace the Green’s function Gg4 with G4p. According
to equation 4.1, the TR process, which is equivalent to the autocorrelation of G 45(t), should
ideally lead to equal a delta function. In practice, however, one cannot truly recreate a
Dirac delta function focus due to one or more conditions, necessary to satisfy Eq. 4.1, not
upholding. In order for it to work perfectly, one must record for infinite time, Green’s
functions are assumed to have a flat, infinite bandwidth, the medium is not attenuative,
and one must have full coverage of the wavefield at a surface surrounding the points A &
B. These requirements are not upheld during an experiment. This led us to explore the
application of deconvolution.

We can rewrite Eq. 4.1 in a more generalized form (using a convolution notation, rather

than the integral form) as
F(t) = g(t) » R(t) ~ 6(1) . (42)

where x denotes convolution, F(t) is the focal signal or source reconstruction, R(t) =
Gap(t) x S(t) is the recorded signal measured at the receiver location B from the initial
source propagation, and g(t) is the signal necessary to be back propagated for focusing. We
are able to go from Eq. 4.1 to Eq. 4.2 because we only investigate signals between the two
points A and B, and remove the Green function notation to indicate we do not have infi-
nite bandwidth. Thus, we remove some of the unrealistic conditions that are required for
Eq. 4.1 to hold. For a TR process, the signal for backpropagation is purely the time reversed
recorded signal: g(t) = R(—t). Our goal is to calculate the optimal signal g(¢) such that the

focal signal F'(t) approximately equals a Dirac delta function o(¢).
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Deconvolution equates to inverse filtering by transforming to the frequency domain, thus

Eq. (4.2) becomes
Fw) =g9(w)G(w)S(w) =~ 1. (4.3)

Equation 4.3 is used to solve for g(w),

1 Clrst
99 = 5@ ~ [C@)SWE

(4.4)

where * denotes complex conjugation. Eq. 4.4 is, however, unrealistic for experimental use in
the event that there is a limited bandwidth, significant background noise, or more specifically,
if R(w) = 0 at any frequency. To avoid the associated singularity, we add a constant to the

denominator of the last term of eqn. 4.4 to ensure that we never divide by 0, hence Eq. 4.4

becomes,
G(w)"Sw)*
_ 4.5
)= [GS@P 1< -
where € is a constant related to the original received signal as
€ = v mean(|G(w)S(w)]?). (4.6)

The quantity v, which is sometimes referred to as the waterlevel parameter [24], is a constant
chosen to optimally reduce the effect of noise introduced through the DC procedure. Here
we use 7 = 0.9 for all experiments. The value 0.9 was chosen based on optimizing the
focus energy in a process similar to that developed by Clayton et al.[24]. Equation 4.5
gives the solution for g(w). One only has to inverse Fourier transform this result to retrieve
the “optimal” DC signal in the time domain to be backpropagated such that one gets a

approximate Dirac delta function focus.
4.3 Experimental Set Up

A labratory experiment was created, and run in the Civil Engineering lab of Colorado
School of Mines. A 30x30x37 cm?® concrete block was cast from 72 kg Quickcrete mix (No.

1101, max aggregate grain size < 4 mm), with about 60 liters of water and 5 kg of additional
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gravel (5-15 mm grain size). The block contains only minimal reinforcement as shown in
Figure 4.1(a).Three ultrasonic piezo transducers (type Acsys SO807, center frequency 60 kHz,
labeled ES in Figure 4.1) were attached to the minimal reinforcement in order to cast them
within the concrete block. These sources (transducers) are visible in Figure 4.1(a). These
sources were oriented differently in order to generate more complex waveforms and to study
the effect of varying source orientation. Source 3 was oriented perpendicular to the other
two sources. Broadband Acsys sensors type 1803 (center frequency about 100 kHz, labeled
PT in Figure 4.1) were used as external transducers. They are piezo-based and feature a
spring-loaded 2 mm diameter ceramic tip for contact to the concrete. These transducers are
most sensitive in the direction perpendicular to the surface it is attached to. The transmitted
signal is generated by a custom made rectangular signal generator/amplifier (BAM US in
Figure 4.1). It is triggered by a TTL impulse which is issued by our data acquisition device
(National Instruments model 6366). The recored signals at the external sensor are first
low pass filtered at a frequency of 1kHz and amplified by a Stanford Research low noise
preamplifier (SR 566) before being digitized and recorded. This was necessary to remove
low frequency noise present in our data. The workflow and set up used for acquiring the
data is shown in Figure 4.1(b).

For backpropagation, the setup is reversed. The BAM US device is removed. The
transmitter signal generator is replaced by the digital/analog converter integrated in the
data acquisition device, sending the computed, time reversed/deconvolved waveforms to
the external sensor. The embedded sensor is used as receiver, again using the preamplifier
before AD conversion and recording. This reversed set up is shown in Figure 4.1 (c). We
have used a sampling frequency of 2 MHz and 20,000 samples per trace (10 ms recording
time). A 4,000 sample (2 ms) pre-trigger interval was set. The reason for the longer pre-
trigger interval is explained in Ulrich et al. [28]. Amplitude resolution is 16 bit. True zero
time of the transmitter could be identified by electromagnetic crosstalk between transmitter

and receiver cables, generating a small but easy to recognize impulse in the receiver data.
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The laboratory contained other noise due to multiple experiments being run simultaneously.
Due to a high noise lab environment and a lack of a power amplifier for the backpropagated
transmitter signal, we apply an additional 2 kHz low-pass Butterworth filter on all data.

In order to test the stability of deconvolution for different values of the regularization
parameter v, we run the exact same experiment as for a single source described above and
shown in Figure 4.1(b). Once the signal was recorded, we applied DC multiple times with
different gamma values in order to generate the different signals to be backpropagated. We
then ran the same workflow as shown in Figure 4.1(c) for each DC signal separate, recording
the focused wavefield at the source location each time.

For multiple sources, we executed the workflow described above and shown in Fig-
ure 4.1(b) three times (once for every source). This was necessary because we did not have
the equipment capabilities in this laboratory to generate a source function at all three source
locations at different onset times. We recorded these three generated wavefields separately
and then superimposed them. Due to the experiment being run separately three times, each
recorded signal was normalized independently. This caused our recorded signals for all three
sources to vary between amplitudes of —1 and 1. Thus, it destroyed the relative amplitude
variation one would expect for three different sources at different locations and orientations.
Once superimposed, TR or DC was applied and we carried out the same back propagation
workflow as shown in Figure 4.1(c). During the backpropagation, one restores the relative

amplitudes in the focus achieved because of reciprocity.
4.4 Single Source Experiment

The purpose of this experiment is to study the capabilities of TR and DC to focus
the measured waveforms at a point in both space and time. The experiment began with
propagating a defined 60 kHz source function from the embedded source towards the external
receiver. The receiver’s direction of measurement was perpendicular to the direction of source
emission. Once our wave field was recorded at the single receiver, TR or DC was applied to

calculate the back propagating signals.

38



Time Reversal

—h

[}]
]
=
= 0
£
<
-1r | | | ]
6 6.5 R 8.5 9.5 10
Time(ms)
Deconvolution
1F | .
[}]
-]
=
'3- 0 o M i
£
<
-1r | | | ]
6 6.5 8.5 9.5 10

8
Time(ms)

Figure 4.2: Normalized temporal focus measured at the embedded source location using
(top panel) Time Reversal, and (bottom panel) Deconvolution for a single source and single
receiver set up.

For a single source, deconvolution ideally achieves an improved temporal focus. This is
due to there being a single term in the denominator as shown in Eq. 4.5, which leads to the

following,

GG (w)S*(w) 1
9(w)G(w) ~ IGWSWPE+e  Sw)

(4.7)

where G(w) represents the Green’s function describing the propagation between source and
receiver, S(w) represent the source function in the frequency domain, and g(w) the signal
we are trying to solve for with deconvolution. Equation. 4.6 should approach 1/S(w) as
e approaches 0. Therefore, the focus achieved using deconvolution approaches an optimal
reconstruction of the inverse of the source function and not necessarily a Dirac delta function.
When the source function is a delta function, S(w) is constant, this leads to a delta function

at the focal point.
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The DC and TR signals were then backpropagated from the transducer on the surface
of the block into the same medium and recorded at the original source location transducer.
Figure 4.2 shows the refocused waves recorded at the source location where Figure 4.2 (a)
is the temporal focus achieved using TR while Figure 4.2 (b) represents the temporal fo-
cus achieved using the DC calculated signal. The temporal focus achieved using TR has
significant side-lobes away from the time of focus; the temporal focus achieved using DC
has suppressed most of these side-lobes and was able to produce a better focus. In order to
quantify this improvement, we calculate the amount of energy in a .02 ms window around
the time of focus compared to the total energy of the signal. The temporal focus achieved
using TR only had 41% of the total energy within this window while DC’s temporal focus
had 80% of the total energy within this window. Thus, DC is able to generate a significantly
better temporal focus than TR. Our source function used wasn’t a Dirac delta function but
deconvolution still improved the focus significantly as it improved the reconstruction of our
source function. Once we had shown that deconvolution was able to improve the focus at
a point in both space and time, we continued our experimental studies to investigate the

robust nature of deconvolution.
4.5 Regularizing the Deconvolution

The purpose of this experiment was to study the robust nature of DC by changing the
location of the receiver and investigating the effect of regularizing the deconvolution through
the parameter € used in equation 4.5. This experiment started the same way as our previous
single source experiment. We first propagated a defined 60 kHz source function from the
embedded source towards the external receiver. For this experiment, the receiver’s direction
of measurement was parallel to the direction of source emission. The recorded signal was
then deconvolved using various values of v which was the constant scalar number used to
characterize the regularization term e defined in equation 4.6. These calculated deconvolved
signals were propagated back into the medium from the receiver location and recorded at

the source transducer.
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Theoretically, we would expect the focused wavefield to contain significant amount of
noise at low v values. As v increases, the temporal focus is expected to improve because
we reduce the effect of noise and force our signal to generate a better approximate Dirac
delta function focus. However, if v becomes too large, one approaches the temporal focus
achieved using TR. This can be seen as follows: For time reversal, g(t) = R(—t), therefore,
g(w) = R*(w). If v is large, € becomes large in the sense that € >> |R(w)|?, and equation 4.5

reduces to

g(w) ~

o | =

G S(w) = TR'(w),

which implies that our deconvolved signal is just a scaled version of the time reversed signal.

Figure 4.3 shows the normalized focused wavefield at the source location for TR and DC
for different values of . For this experiment, we quantified the temporal focus the same
way as the previous experiment with the identical window size of .02 ms used. The optimal
DC’s temporal focus was 79% (for a gamma value of 0.9) while TR had a temporal focus
of 47%. We would not expect to see the exact same temporal focusing numbers as in our
single source experiment because we changed the direction of displacement we record and
the distance between the source and receiver.

Figure 4.4 highlights the effect of gamma by showing the temporal focus as a function of
~. If v becomes small, the temporal focus achieved decreases. However, as v becomes large,
the temporal focus approaches TR’s temporal focus of 47%. The experiment showed that
the optimal value to be v = 0.9. However, even for different v values, one still achieves some

form of a temporal focus as shown in Figure 4.3.
4.6 Multi Source Experiment

The purpose of this experiment was to study the effect of multiple sources when using
deconvolution. We began by emitting the same 60kHz source function from different source

transducers within the concrete block at different onset times. The experiment was repeated
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three times to record each source wavefield separately which normalized the recorded signals
independently. The employed normalization caused our signals for all three sources to vary
between amplitudes of —1 and 1. The three recorded wavefields due to the three sources were
then superimposed before TR or DC was applied. Figure 4.5 shows the superimposed wave-
field. Note the complexity of the wavefield due to scattering within the concrete sample. Due
to the complicated nature of the recorded signal, one can assume that the cross-correlation

of each source wave field is negligible:
GG =0 for i # j (4.8)

where G; for i = 1,2, 3 is the Green’s function characterizing the source wavefield for source
1, 2, or 3. Equation 4.8 is crucial in explaining why deconvolution is stable for multiple
sources.

We apply time reversal and deconvolution to the superimposed signal consisting of the
three source wavefields to generate our TR and DC signals shown in Figure 4.6. Deconvo-
lution’s signal differs from time reversal signal in its acausal nature, due to our pre-trigger
time, where DC adds information past 8 ms while TR has zero amplitude after 8 ms. Addi-
tionally, the three different source wavefields are still clearly visible in the DC signal. Below,
we demonstrate why deconvolution is able to focus the wavefield due to multiple source at
each source location.

If there are three sources, the recorded signal in the frequency domain is given by

R(w) = G151 + G253 + G353,

where R(w) is the recorded signal in the frequency domain, and the subscripts indicate the

source transducer used. The inverse signal obtained by deconvolution is given by

1 1 (G151 + G252 + G353)*

Di(w) = - .
() = S TGS £ CoSs  (Ch51 T oS + Go%s) (CrS1 + oS+ GSs)"
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We simplify the above solution and add the regulation term ¢ = v mean(|R(w)|?) to get,

B (G151 + GoSy + G3Ss)*
N |G181’2 + ‘GQSQ|2 + ’0353‘2 + Crosstalk + 6’

where Crosstalk= G1.51G555 +G1.51G555 + G2.5:G1 5T + G25:G555 + G5 S3G1 ST + G3.53G5.55,

Dy(w) (4.9)

and D;(w) represents the deconvolved signal when the recorded signal contains three source
wavefields.

If we recorded each sources’ wavefield separate and applied deconvolution first before the
superposition of the wavefields, we would get:

(G151)" (G25:)" (G353)"

Ds - )
(w> |G131|2+61 |G252|2+€2 |G353|2 +€3

(4.10)

where D,(w) represents the deconvolved signal when deconvolution is applied before super-
position. One might expect that for a real scenario, where multiple sources are present,
deconvolution would break down due to the influence of crosstalk. Because the recorded
wavefields generated by each source are extremely complex, as shown in Figure 4.5, terms
such as G;G5 are small (equation 4.8). Therefore, the influence of the crosstalk terms is
minimal and we can assume it vanishes. This provides us with the following solution that

relates Dy(w) to Dy(w),

D (W) — (GISI>* (G252)* (G3S3)* ~ 3 (G151 —+ GQSQ —+ GgSg)*
3 |G181‘2+€1 ‘G252|2+€2 |G353’2+63 ‘G151|2+ ’G252|2+ ‘G353|2+€

= 3Di(w),
(4.11)
where we assume |G1.51| & |G2S:| = |G3S5].

Figure 4.7 shows that the approximation (4.11) holds. Figure 4.7 shows that after nor-
malizing Ds(t) and Dy(t), one can note that there does not seem to be a obvious difference
between D(t) and D,(t). Thus, the crosstalk term may be ignored and deconvolution is
stable and able to focus the wavefield due to multiple sources at each source location. We

were able to do this calculation because we recorded each source wavefield separately.
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Figure 4.7: Comparison of deconvolution signal calculation. Top panel shows the DC signal
after applying deconvolution to the superposition of the three recorded wavefields Dy(t).
Bottom panel shows the DC signal after applying deconvolution to the three recorded signals
before adding them to each other Dg(t). All signals are normalized.

In order to keep the experiment realistic, we back propagated the DC signal which was
calculated after the superposition of the three separate wavefields. Figure 4.6 shows the
wavefields calculated using TR and DC which are propagated back into the medium from
the receiver location. We then used the transducers within the concrete block as our receivers.
Figure 4.8 shows the focused wavefields at each of the three sources for TR, shown in the
top panels, versus DC, shown in the bottom panels. For sources 1 and 2, deconvolution
compresses the sidelobes substantially better than TR. However, for source 3, deconvolution
does not significantly improve the focus compared to time reversal.

The orientation of our sources is an important factor. Source 1 and 2 were oriented
perpendicular to Source 3, and as a result the recorded waves excited by Source 3 are
stronger than those excited by Source 1 and 2. However, as previously stated, we ran each

source wavefield propagation separately which normalized the recorded signals independently
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Figure 4.8: Temporal focus measured at the three embedded source location using (top
panels) Time Reversal’s signal, and (bottom panels) Deconvolution’s D;(t) signal and back
propagating it from the transducer on the surface of the concrete sample.

causing the amplitudes of each recorded source wavefield to vary between amplitudes of —1
and 1. Thus, our superimposed signal shown in Figure 4.5 does not show a higher amplitude
for the source 3 wavefield. However, when we back propagate our TR and DC wavefield,
due to reciprocity, the source 3 wavefield focus will have a higher amplitude. This causes

the crosstalk terms to be negligible for the source 3 focus because,
|G3(w)] >> |G1(w)| and |G3(w)| >> |Ga(w)]. (4.12)

Under these conditions, eqn. 4.9 reduces to,

Dy(w) = (Gs55)"

378 4.13
|G353|2 + € ( )

which is what we had before.
Figure 4.8 shows that equation 4.12 holds because, for source 3, the focus has significantly
higher relative amplitude than the crosstalk terms. For source 1 and 2, the maximum

amplitude of the crosstalk is closer to the maximum amplitude of its focus.
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In conclusion, for multiple sources, deconvolution is able to focus the energy at the source
location at the correct time. It is arguable whether time reversal or deconvolution is better
in generating a focus. However, the experiment does prove the robust nature of DC in that

it will not fail under the condition of multiple sources.
4.7 Conclusion

We have introduced in an experimental study a simple though robust method for de-
termining the optimal signal for backpropagation such that one gets an improved temporal
focus at the source location. Deconvolution was shown to have an optimal regularization
parameter, 7, for improved temporal focusing. If one increases 7, the temporal focus ap-
proaches that of TR; if one decreases «, one increases the effect of noise and the temporal
focus decreases dramatically. However, Figure 4.3shows that one still attains a focus even
for different values of 7. Additionally, deconvolution does not break down when there are
multiple source wavefields being propagated. This is due to the influence of the crosstalk
terms being minimal. Thus, deconvolution has a robust nature comparable to that of time
reversal while having the potential to dramatically improve the focus. In conclusion, the
simple and robust nature of deconvolution allows it to be implement as a preprocessing step

in order to improve focusing at the source location.
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CHAPTER 5
LOCATING A MICROSEISMIC EVENT USING DECONVOLUTION

We demonstrate a technique to enhance the ability of imaging the location of a micro-
seismic event by improving both spatial and temporal focusing. The technique improves
locating a microseismic event in a velocity model for which the interface boundaries are
approximate but where it has the correct mean slowness. Our method designs a signal to
be rebroadcasted from the receivers, using only the waves recorded at each receiver, such
that the wave field has an optimal temporal focus at the source location. Additionally, this
procedure leads to an improved spatial focus of the wave field. The numerical test shown
include additive noise. This proposed technique only involves a simple preprocessing step to
the recorded data and its cost is hence negligible compared to the total cost of microseismic

imaging.
5.1 Introduction

Microseismic events occur naturally or as a result of production or hydraulic stimulation
[5, 6]. Clusters of microseismic events delineate faults and the formation of fractures and
can indicate new or reactivating regions of failure. As hydraulic fracturing is becoming
increasingly widespread, operators are aiming to monitor the induced events in order to
characterize a reservoir. This has led to a need from the industry to develop more accurate
ways of locating and monitoring microseismic events [7].

A standard processing method is based on picking arrival times of P and S waves. This
process is, however, difficult when significant noise is present in the data and thus can require
extensive user interaction [34-38]. An alternative approach to locate events is by imaging
the time reversed signal to focus microseismic signal at the source position [39-42]. The

advantage of imaging the time reversed signal is that it does not require picking of arrival
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times, this is of particular importance for noisy data. In the imaging approach, one usually
uses time reversal to focus the recorded waves at the source location in space and time [39].

If one time reverses the waves at every point in space, the wavefield will focus onto the
original source location. If, however, the wavefield is sampled at only a limited number
of locations, then it is not obvious that time reversal is the optimal way to focus energy
on the original source. Much research has been carried out on focusing sparsely sampled
wavefields [2, 4, 816, 43]. In this letter, we explore a simple extension to time reversal,
based on deconvolution, as previously derived by [28], to improve our imaging for locating a
microseismic event. This method is a robust, though simplified, version of the inverse filter
8, 9, 12]. It calculates a signal to be rebroadcast from the receiver such that the output at
the focal location becomes an approximate delta function 6(¢) and uses only the recorded
signals at each receiver.

As with all imaging methods, reverse time imaging is unable to locate the microseismic
event to a point location when the velocity model isn’t the true velocity model or the aperture
is poor; it causes the spatial image to defocus. We propagate the deconvolved waveforms
through a smoothed version of the true slowness model. The local average of the slowness

for this incorrect velocity model is equal to local average slowness of the true velocity model.
5.2 Theory-Deconvolution

Time reversal states that for a given recorded impulse response, a simple reversal in time
of that signal followed by rebroadcasting the reversed signal from the receivers focuses an

impulsive function 6(¢) at the source location,

F() = 3 r(t) wri—t) ~ 5(1) (5.1)

%

where x denotes a convolution operator, 7;(t) is the recorded impulse response at receiver i,
and r;(—t) its time reversed counterpart. Equation (5.1) states that the autocorrelation of
the recorded signal is ideally equal to a delta function. In practice, however, time reversal

(TR) experiments are unable to recreate a true delta function focus as one or more condi-
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tions necessary to satisfy equation (5.1) are typically violated. For example, if attenuation is
present in the medium, time reversal (TR) can not create a true delta function focus. Addi-
tionally, if the aperture is finite, TR experiments can not create a true delta function focus.
Given these limitations, we introduce deconvolution to achieve a more impulsive focusing in
time.

Let us assume that time reversal is not able to create a Dirac delta focus after rebroad-
casting the time reversed impulse response. We aim to find a signal such that after rebroad-
casting we get a temporal focus that is approximately equal to a Dirac delta function. Thus,

we change equation (5.1) to

F&) = rit) * gi(t) = 8(t) | (5.2)

%

where f(t) is the back propagated signal at the source, 7;(t) is the recorded impulse response
at receiver 7, and g¢;(t) is the signal that is back propagated to the source from receiver 1.
We determine the backpropogated signal ¢;(¢) from the requirement that the right hand side
of the equation (5.2) approximates a delta function as well as possible. In the frequency

domain, this corresponds to the requirement,

Zﬁ(‘*’)gi(w) ~1. (5.3)

This condition defines the signal that optimizes the temporal focus at the source location.
Equation (5.3), applied to each receiver states that

L ri(w)

A ~ L s 5.4
(1) riw) (W) + e o0
where r(w)r*(w) = |r(w)[®>. We introduce a regularization parameter € to stabilize the
deconvolution that satisfies

e = x mean(|r;(w)[*) . (5.5)

where 7 is a constant, which is sometimes referred to as the waterlevel parameter [24], and
the mean is calculated for each receiver over the frequencies for which the power spectrum

differs significantly from zero. For small values of 7, the deconvolution may be sensitive to
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additive noise, whereas for larger values of v the deconvolution reduces to time reversal. We
choose the value of v by maximizing the energy in a 80m by 80m region around the source.
This process is similar to the time-domain procedure developed by [24]. We used a value
of v = 0.272 in all experiments shown. An inverse Fourier transform takes g(w) back into
the time domain. One can then directly rebroadcast g(¢) and does not have to apply a time

reversal operation on g(t).
5.3 Microseismic event locating

The purpose of this study is to optimize microseismic event location using deconvolu-
tion. We use the velocity model shown in the top panel of Figure 5.1 to propagate the
source wavefield to the receivers. The model consists of horizontally continuous layers whose
velocities range from approximately 5 km/s to 6.6 km/s. In practice, one does not know
the true velocity model. For this reason, we used the smoothed velocity model, shown in
the bottom panel of Figure 5.1, for the back propagation. The velocity model is smoothed
by using a two-dimensional triangle smoothing with a smoothing radius of .185 km in the
z, and x direction [44]. This smoothed velocity model has the same mean slowness as the
correct velocity model.

The location of the source is at (z,2z) = (0.51 km, 2.68 km). The source wavelet is a
Ricker wavelet with dominant frequency of 150 Hz. We use 56 receivers distributed over 2
vertical boreholes in our model. The x-locations of the receiver boreholes are 0.74 km and
0.88 km. The receivers range from a depth of 2.36 km to 2.86 km with a spacing of 18.5 m.

We find the focus time without knowing the triggering time. We do so by rebroadcasting
our calculated inverse signal, producing an image every time step, and then calculate the
energy of the spatial focus in a region around the source location until it reaches a maximum.
In order to make the numerical simulation more realistic, we added noise to our recorded
data at the receivers before running the time reversal or deconvolution process. Thus, both
processes deal with the same noise. The additive noise only contains frequencies within

the bandwidth of the data. The energy ratio of the signal to noise, defined as the ratio
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Figure 5.1: Velocity models of the numerical experiment. Top panel indicates the correct
velocity model and represents the velocity model used to propagate the source wavefield
through the medium. Bottom panel indicates the smoothed velocity model with correct
mean slowness. This model is used for back propagation of the time reversed signal and
optimized inverse signal. The plus symbols represent the receivers, the circular dot represents
the source.
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of the sum of the absolute values of the signal and noise squared, is equal to 0.89. The

noise-contaminated data thus produced are shown in Figure 5.2.
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Figure 5.2: Wavefield excited by the source in Figure 5.1 after propagation through the true
velocity model (top panel of Figure 5.1). Bandlimited noise is added to the data, the signal
to noise ratio is .89.

As shown in Figure 5.3, deconvolution produces better spatial focusing than does time
reversal. This allows one to find the location of the microseismic event with higher accuracy.
This is possible because deconvolution suppresses the temporal sidelobes of the refocused
signal and thus compresses more of the wave energy into the focus at the event time (¢t = 0).
In order to compare the spatial focusing of each method, we show in Figure 5.4(c) and (d)
horizontal slices of the spatial image at the depth of the source at the time of the focus (¢ = 0).
Figure 5.4(d) illustrates that deconvolution improves spatial focusing compared to simple
time reversal (Figure 5.4(c)). We quantify this improved spatial focusing by computing
the ratio of the energy near the focus and the total energy. Using a window centered at
the source location with a width of 20 m, we calculated the energy of the focus. Dividing

the energy of the focus by the total energy gives us the spatial energy ratio of the focus.
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Figure 5.3: Wavefield p(x,t = 0) for deconvolution (top panel) and time reversal (bottom
panel). The plus symbols represent the receivers, the circular dot represents the source.
These images were created by back propagating the time reversed and inverse optimized
signal through the incorrect velocity model (bottom panel of Figure 5.1).
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Deconvolution yields a spatial energy ratio of 48% while time reversal has a spatial energy

ratio of only 31%, which indicates quantitatively that deconvolution improves the spatial

focus of a microseismic event.
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Figure 5.4: Temporal and spatial focused images produced by back propagating the calcu-
lated time reversed signals using time reversal and deconvolution for vertical borehole array.
(a) Temporal focus at the source location obtained for time reversal, (b) Temporal focus
at the source location obtained for deconvolution, (c¢) Horizontal cross section through the
source depth at ¢ = 0 obtained for time reversal, (d) Horizontal cross section through the
source depth at t = 0 obtained for deconvolution.

We next consider temporal focusing. Figure 5.4(a) and (b) show improved temporal

focusing for the deconvolution method compared to time reversal. We quantify the temporal

focusing by computing the ratio of the energy near focus and the total energy. Using a

window centered at t = Os with width of .003s, we calculated the energy of the temporal
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focus. Dividing this focused energy by the total energy gives us the temporal energy ratio
of the focus. Deconvolution has a temporal energy ratio of 49% while time reversal has a
temporal energy ratio of 40%. Thus, deconvolution improves temporal focusing.

In conclusion, deconvolution improves both temporal and spatial focusing for our model.
This allows one to locate microseismic events with greater accuracy, even when the velocity
model is not the true model and additive noise is present. Deconvolution improves spatial
focusing even though the method we introduced is designed to improve temporal focus. It was
shown by [28] that improved temporal focusing improves spatial focusing for the spherically

symmetric part of the focused wave field..
5.4 Improved temporal focusing leads to improved spatial focusing

In this section, we show that better temporal focusing implies better spatial focusing
for the spherical average of the focus. We begin by first considering the wave field near its
focal spot at r = 0 and consider the medium to be locally homogeneous in that region. The

solution of the Helmholtz equation in an acoustic, homogeneous medium can be written as

oo m=l

p(r, 0, p,w Z Z a1 (kr)Yim (0, ) | (5.6)

=0 m=—1

see Table 8.2 of [27]. In this expression j; denotes the spherical Bessel function, Y}, the
spherical harmonics, and k = w/c, where ¢ is the wave speed. According to expressions
(11.144) and (11.148) of [27], 5;(0) = 0 for [ > 1 and jy(0) = 1. This means that at the focal
point 7 = 0 only the terms [ = m = 0 contribute. Using Yyo = 1/v/4m (Table 12.3 of [27]),

this means that at the focal point

p(r=0,0,p,w) = \C/L% : (5.7)

The properties of the wave field at the focal point thus only depend on the coefficient agg.

Since the [ = m = 0 component of the spherical harmonics expansion gives the spherically
symmetric component of the wave field, the properties of the wave field at the focal point

can only bear a relation to the spherically symmetric component of the wave field. The
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properties of temporal focusing can thus be related to the spherically symmetric component
of the spatial focusing only.

Because of this, we restrict ourselves to the spherically symmetric component (I = m = 0)
of the wave field at the focal point. Using that jo(kr) = sin(kr)/kr, the spherically symmetric
component of Eq. (5.6) is given by

efzkr - ezkr

p(r,w) =py —— (5.8)

,
with po = —ago/(2tkv/4m). The coeflicient py depends on frequency. Using the Fourier
convention f(t) = [ po(w)e 'dw, and using that k = w/c, Eq. (5.8) corresponds, in the

time domain, to

p(r 1) = fle+r/e) = flt—r/c) (5.9)

r

In this equation, f(t+1/c) denotes the wave that is incident on the focus, and f(t —r/c) the
outgoing wave once it has passed through the focus.The field at the focus follows by Taylor

expanding f(t +r/c) in r/c and taking the limit » — 0, this gives

pr=0,) =2 1'0). (5.10)

In this expression and the following, the prime denotes the time derivative. Equation (5.10)
states that the wave field at the focus is the time derivative of the incoming wave field and
provides the temporal properties of the focus.

In order to get the spatial properties, we consider the wavefield near the focal point at

time ¢t = 0. Setting ¢ = 0 in Eq. (5.9), gives

st ) Tl = prie) _

r

Equation (5.11) states that the wave field at the time of focus is the difference between the
incoming and outgoing wave and gives the spatial properties of the focus.

A improved temporal focus implies that f’(t) is only nonzero for values of ¢ close to t = 0.
It follows from Eq. (5.11) that if that is the case, then p(r,t = 0) is localized near r = 0.

Note that if a constant was added to f when going from f’(t) to f(¢), our conclusion would
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not change because the constant would be subtracted and cancelled out in Eq. (5.11).
5.5 Conclusion

We have introduced a method that improves temporal focusing of a microseismic event.
The method can be beneficial for locating a microseismic event because it also improves
spatial focusing compared to the standard time reversal method. We have shown how this
techniques improves the locating for a microseismic event using synthetic data contaminated
with additive noise. The simplicity and robust nature of this method allows for a simple
incorporation into existing reverse-time imaging methods. The cost of the deconvolution
is minimal compared to running the finite difference model. Thus, it can be added as a
preprocessing step without significant additional cost. Further research is being completed
by us on extending this method to elastic waves excited by a double couple and point force

sources.
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CHAPTER 6
FOCUSING OF ELASTIC WAVES FOR MICROSEISMIC IMAGING

Microseismic events generate compressive waves and shear waves which can be recorded
at receivers. We present a theory that shows how elastic P and S waves separately back-
propagate to the original source location. These refocused P and S wavefields are free of
singularities. We also demonstrate a technique that enhances the ability to image the spa-
tial focus for each wave type using elastic waves. The improved spatial focus obtained is
achieved in a velocity model for which the interface boundaries are approximate but where
the mean slowness is correct. Deconvolution designs a signal to be rebroadcasted from the
receivers, using only the waves recorded at each receiver, such that the wavefield has an
optimal temporal focus at the source location. We demonstrate theoretically and numer-
ically that improved temporal focusing of elastic waves leads to improved spatial focusing
for each wave type. This proposed technique only involves a simple preprocessing step to
the recorded data and its cost is hence negligible compared to the total cost of microseismic

imaging.

6.1 Introduction

Due to hydraulic fracturing becoming a common practice for unconventional gas and oil
fields, there has been an increased interest into the study of microseismic events. Clusters of
microseismic events delineate faults and the formation of fractures, and can indicate new or
reactivating regions of failure. These microseismic events can be generated naturally or as a
result of hydraulic stimulation [5, 6]. Therefore, the petroleum industry desires to develop
more accurate ways of locating, and monitoring microseismic events to potentially improve

their relationship to production and completion data [7].
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A common processing method to locate microseismic events or earthquakes is based on
picking arrival times of the acoustic and shear waves. This process, however, is difficult to
do accurately when significant noise is present in the data [34-38]. An alternative approach,
which requires less user interaction and allows for more accuracy, is using time reversal to
image the focus of the microseismic events or earthquakes at the source location [4, 39—
42, 45, 46]. In this imaging approach, one uses time reversal to focus the recorded signal at
the source location in both time and space. The advantage of time reversal is that it does
not require picking of arrival times which is important when dealing with noisy data.

If one would time reverse the waves at every point in space, the wavefield will focus
onto the original source location. If, however, the wavefield is sampled at only a limited
number of locations, then it is not obvious that time reversal is the optimal way to focus
energy on the original source. Much research has been carried out on focusing sparsely
sampled wavefields [2, 4, 8-16, 43]. In this paper, we explore a simple extension to time
reversal, based on deconvolution, as previously derived by [28]. We have shown earlier that
deconvolution improves the locating of microseismic events in an acoustic medium [47]. We
now demonstrate deconvolution’s ability to improve the imaging of a microseismic event in
an elastic medium. This method is a robust, though simplified, version of the inverse filter
8, 9, 12]. It calculates a signal to be rebroadcast from the receiver such that the output at
the focal location becomes an approximate delta function §(¢) and uses only the recorded
signals at each receiver.

As with all imaging methods, reverse time imaging is unable to locate the microseismic
event to a point location when the velocity model used for the backpropagation differs from
the true velocity model, or when the aperture is limited; it causes the spatial image to
defocus. In the numerical example used for this paper, the aperture used is not perfect,
thus, the wavefield is not known at every point in both time and space. Additionally, we
complicate our model by back-propagating our wavefields not through the correct velocity

model but through a smoothed version of the velocity model.
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In this paper, we first derive a relationship between the temporal focus and the incoming
wave for an elastic medium. The theory is used to show that improved temporal focusing
leads to improved spatial focusing for each wave type due to different sources (explosive,
point force, and double couple). We then show a numerical example in which a horizontal

point force excites elastic waves.
6.2 Theory

In this section, we show that improved temporal focusing leads to improved spatial fo-
cusing for both P- and S- waves. We first consider a homogeneous elastic medium where
either P, SV, or SH waves are incident on a focal point. According to expression (8.13) of

[48], the elastic wavefield can be expressed as

u(r,0,¢) = Y (Ui(r)R{"(0,¢) + Vi(r)S7(0, ) + Wi(r)T7 (0, ¢)) - (6.1)

lm

The vector spherical harmonics in equation 6.1 are given by

R (0,¢) = Yin(0,p)r (P — waves) , (6.2)
vy L (Min09), 1 OVin(b.) )
S (0, ¢) = T < 20 0+ g 90 % (SV — waves) , (6.3)
m _ 1 1 8}/2771(97%0) N aYim(9>S0) ~ .
T (0, ¢) = T (sin@ 0 6 50 P (SH — waves) , (6.4)

where Y},,(6, ¢) denote the spherical harmonics. The radial functions Uj(r), Vi(r) and W;(r)
are spherical Bessel functions or spherical Hankel functions which satisfy equation (8.6) of
48].

We consider the case of an incoming wave that, at a large distance from the focal point
7 =0, is given by fi(t +r/c)/r. We study the properties of this incoming wave at the focus
for every angular degree [ separately. For a perfect aperture, the angular degree [ describes
an explosive source when [ = 0, a point force when [ = 1, and a double-couple source when

[ = 2. Since there is no source at the location ¥ = 0, the solution is finite and is therefore
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given by spherical Hankel functions j; :
U(r) < ji(kr) where k=w/a, (6.5)
with « representing the P-wave velocity, and
Vi(r) and Wi (r) < ji(kr) with k=w/5, (6.6)

where 3 the S-wave velocity. Thus, the radial variation of the wavefield is proportional to
Ji(kr), with k the wavenumber of the wave type under consideration. In the following, we

study wavefields with radial dependence j;(kr) and denote the wavenumber as
k=w/c, (6.7)

where ¢ is the appropriate wave velocity (a or 5 depending on the wave type). It is under-
stood that the total wavefield follows by multiplying with the appropriate vector spherical
harmonic as given in expressions (6.2)-(6.4). The radial dependence of the wavefield in the

frequency domain, therefore, is given by
Uil w) = Adw)ilhkr) (6.8)

where A;(w) is a Fourier coefficient.
Using the Fourier convention f(t) = [ F(w)e ™“!dw, the wavefield in the time domain is

given by

w(r,t) = /Al(w)jl(k‘r)e_i“’tdw : (6.9)

The waves impinging on the focus are determined by the incoming waves. For large radius

r, the incoming waves can be written as

i”c(r, t) _ fl(t + T/C)

u; . as 1 — 00. (6.10)

We show in the appendix that the total wavefield is given for all values of r by,

w(r,t) = (i) 2 / (—iw) Fy(w)juler)e“tdes | (6.11)

C

where Fj(w) is the temporal Fourier transform of f(t).
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Because our derivation involves repeated differentiations and integrations, we employ the

following notation:

d"fi(t)
den

() (6.12)

For negative values of n, this notation implies integrating f;(¢) n-times. In the frequency
domain, the notation (6.12) translates into

F"(w) = (—iw)"F(w) . (6.13)

Next, we relate the total wavefield wu;(r,t) to the spherical Bessel function of order 0

which makes it possible to evaluate the Fourier integral in equation (6.11) analytically. This

derivation, found in the appendix, gives:

! (1) Dy e
ul(r,t)zclrl(1i> (fl (ttr/e) = f (¢ /)>. (6.14)

rdr r

This expression shows an explicit relationship between the total wavefield w,(r,t) for all
values of r, and the incident wave, fi(t+r/c)/r at a great distance r — oco. Note that using
the notation of equations (6.12)-(6.13), the incoming wave is integrated [ times in the factor
fl(fl)(t +r/c), and that the differential operator (1/r)(d/dr) acts [ times as well. The term
fl(_l)(t + r/c) is the wave that converges on the focal point, while fl(_l) (t —r/c) gives the
outgoing wave that radiates from the focus after the incoming waves has passed through that
point. The incident wave f;(t 4+ r/c) and the outgoing wave f;(t — r/c) have opposite sign
because the focus is a caustic in two angular directions, hence the Maslow index increases
by two, which corresponds to a sign change [49].

We now demonstrate how we can use the expression for the wavefield near the focal point
to demonstrate that improved temporal focusing leads to improved spatial focusing. The
spatial focus R;(r) is defined as the wavefield at time ¢ = 0. It follows from expression (6.14)

that the spatial focus is given by:

! /ey — £ (= /e
Ri(r) = w(r,t = 0) = cr'! <1i) (fl (rfe) = fi /)> . (6.15)

rdr r
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This expression gives the spatial focus in terms of the incoming wave.

One might be tempted to define the temporal focus as u;(r = 0,t). This field, according
to expression (6.9), is proportional to j;(kr) in the frequency domain. The zeroth order
Bessel function jo(kr) is nonzero for r = 0, but j;(kr = 0) = 0 for [ > 1 [27]. This means
that for [ > 1, the wavefield vanishes at the focal point. Physically, this is due to the fact
that for [ > 1, the focal point (r = 0) is located at the intersection of nodal lines. Since
U(r = 0,t) vanishes at » = 0 for [ > 1, this quantity is not a useful diagnostic of the
temporal focus. To remedy this, we define the temporal focus instead as

dl

Ti(t) = ﬁul

(r=0,t). (6.16)

As shown in the appendix, the [-th derivative of j;(kr) is finite and nonzero for r = 0. We

derive in the appendix the following relation between the temporal focus and the incoming

waves,
2b
Ti(t) = Cl—ﬁlfz(l“)(t) , (6.17)
where 0; is given by
2(11)?
b= ———. 1
= it 1) (6.18)

Specifically,

b():l y 1)1:1/3, b222/15

According to equation (6.17), the temporal focus thus is proportional to the (I 4 1)-th time
derivative of the incoming wave. Of these (I 4 1) derivatives, given by equation (6.17), [ are
due to the derivatives in definition (6.16). One time derivate is due to the fact that (6.14)
contains the combination (f;(t +r/c) — fi(t — r/c)) /r. Using a Taylor expansion and taking
the limit r — 0, gives

lim fl(t —+ T/C) - fl(t - T/C) — hmw = gfl/@).

r—0 r r—0 r C
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This explains an additional time derivative in expression (6.17).
6.3 Spatial and temporal focus for each angular component

The spatial and temporal focus defined by expressions (6.15) and (6.17) both relate to

the incoming waves and can be combined to explicitly relate the spatial and temporal focus:

Q2041 l (=2=1) g0y _ (=21
Rir) = ZCE>(E (r/e) = T.>Y( m)_ (619

2b; " rdr r

Equation (6.19) is the main result of the theory. Although the relation (6.19) between the
spatial and temporal focus is complicated, it does show that good temporal focusing implies
good spatial focusing. Good temporal focusing implies that Tj(¢) is strongly peaked near
t = 0, i.e. that Tj(¢t) only differs appreciably from zero for a small range of time values
—ty <t < ty, where t; is the half width of the temporal focus. Expression (6.19) implies
that the spatial focus differs appreciably from zero for values of r that satisfy 0 < r < ct;
(radius is always positive). A good temporal focus (small ¢;) thus implies a good spatial
focus.

The spatial and temporal focus, and their relationship defined by equations (6.15), (6.17),
and (6.19) all depend on the order [. In this section, we show the explicit forms of these
expressions for the case [ = 0, [ = 1, and [ = 2. These cases are relevant for an explosive
source (I = 0), point force (I = 1) and double-couple source (I = 2) if the aperture would be

perfect. For [ = 0, equations (6.15), (6.17), and (6.19) become respectively,

GRECOIR 620

Rutr) = (

To(t) = %fé”(t) ) (6.21)
c Dipre)y = TV (—r /e
%m:§<% (/);5( /»' (622

Equations (6.20),(6.21), and (6.22) are the same as shown in the previous derivation of [28]
which dealt with an explosive source in an acoustic medium where the temporal focus is the

time derivative of the incoming wave.
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We now continue the derivation for R(r) due to a point force (I = 1) and double-couple

(I =2). For I =1, equations (6.15), (6.17), and (6.19) become respectively,
Ra(r) = - (/) + fr/e) = 5 (A0 /)~ F0r/0) . (629

i) = — 720, (6.24)

2271

Ri(r) = 22 (10900 + T2 (/) = 20 % (19 = T4 (1)) . (629

It may appear that equation (6.23) is singular at » = 0. Even though each of the two terms
in this expression diverge as r — 0, the singularities cancel. This can be verified by writing
fi(r/c) = ag + O(r). Integrating this once gives f " (r/c) = ao(r/c) + O(r?). Inserting this

into equation (6.23) gives
Ri(r) = (200 + O(r)) — 5 (2a0(r/c) + O()) (6.26)

The terms proportional to ag, which caused each of the individual terms in expression (6.23)
to be singular, cancel out. The remainder of equation (6.26) is finite as r — 0.

For [ = 2, equations (6.15), (6.17), and (6.19) become respectively,

Rar) = 2 (1) = Falmr )= (7000) + 157 )25 (1720 /) = 1572 (=r/0))

(6.27)
To(t) = o 500). (6.25)
Ror) = 2L (190 0) = T (=) = B2 L (10 ) + T )

AL (e~ 1D (=r/0)) - (6:29)

The wavefields computed are finite at the focal point » = 0 when one refocuses either P or S-
waves. In contrast, when P and S-waves are excited by a point force, the P-wave component

and the S-wave component behave as 1/r% as r — 0, hence the P-wave and S-wave separately
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have a non-integrable singularity at » = 0, while their sum has an 1/r singularity [50], which
is integrable. The refocused wavefields don’t display this behavior because these fields are
source-free at r = 0, and therefore the wavefield is finite. Therefore, the P and S-waves
can be refocused separately without causing singularities, and the treatment given here is
applicable to P, SV, and SH waves separately.

The expressions above must be multiplied with the appropriate vector spherical harmonic
(6.2)-(6.4) to obtain the full focused wavefield. For each wave type, a different spherical
harmonic must be multiplied to characterize the wavefield. Additionally, in equations (6.2)-
(6.4), the vector spherical harmonics are summed over the angular order ! and degree m
which captures the imprint of the source properties on each wave type. Therefore, each wave
has its own dependence on the angles and on space and time.

If one were to use one component of the motion, such as the z-component, the source
properties for the different wave types are superposed on each other. Since for a fixed source
mechanism the radiation pattern of P and S waves are different, the focused wavefields do
not provide clear information about the source mechanism. In order to avoid mixing of P-
and S- radiated waves, one must decompose the wavefield using the divergence and curl in
order to investigate the focus of each wave type (P and S) separately.

If one does not have a perfect aperture, a blurred focus will occur, and the focus can not
be characterized by one angular degree [ but by the superposition of different angular degrees

[. This is important to describe the spatial focus achieved in our numerical modeling.
6.4 Numerical Example

We illustrate the theory with a numerical example. We use the velocity model shown in
the top panel of Figure 6.1 to propagate the source wavefield to the receivers. The model
consists of horizontally continuous layers whose P-wave velocities range from approximately
4.7 km/s to 5.9 km/s and S-wave velocities range from approximately 2.3 km/s to 2.9 km/s.
In practice, one does not know the true velocity model. For this reason, we used the smoothed

velocity model, shown in the bottom panel of Figure 6.1, for the back-propagation. The
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velocity model is smoothed by using a two-dimensional triangle smoothing of the slowness
with a smoothing radius of .185 km in the x and z directions [44]. This smoothed velocity
model has the same mean slowness as the correct velocity model.

We use a horizontal point force located at (z,z) = (0.51 km, 2.68 km). The source is
characterized by Ricker wavelet with dominant frequency of 100 Hz. There are 56 receivers
distributed over 2 vertical boreholes in our model. The z-locations of the receiver boreholes
are 0.74 km and 0.88 km respectively. The receivers range from a depth of 2.36 km to 2.86

km with a spacing of 18.5 m.
6.5 Horizontal Point Force

This section describes the numerical modeling that demonstrates that improved temporal
focusing leads to improved spatial focusing for each wave type. We first model the wavefield
due to a horizontal point force excitation at the source location. The horizontal and vertical
displacements of the wavefield are then recorded at each receiver. Afterwards, we apply either
time reversal or deconvolution to the recorded signals to generate the wavefields which are
back-propagated.

We use the time reversed or deconvolved signals to excite waves that backpropagate
through the smoothed velocity model, using the following forces acting at each of the receiver

locations,

ﬁTimeReverse = (Uz(_t)a Uz(_t)))7 (630)

ﬁDecmw — (Ul{nverse(t)’ U;'n'uerse<t)) ) (631)

Here, ﬁTimeRevme and F Deconw @€ the source functions for time reversal and deconvolution
respectively, and U, (t) and U,(t) are the recorded signals. The inverse signal of a time series

g(t) is defined as,

gmerse(t) x g(t) = §(t). (6.32)
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Figure 6.1: P-wave velocity models of the numerical experiment with units of km/s. Top
panel indicates the correct velocity model and represents the velocity model used to propa-
gate the source wavefield through the medium. Bottom panel indicates the smoothed velocity
model with correct mean slowness. This model is used for back-propagation of the time re-
versed signal and optimized inverse signal. The plus symbols represent the receivers, the
circular dot represents the source. The S-wave velocity was the same but had velocities
values equal to half of the P-wave velocity.
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where x denotes convolution. In order to solve for ¢"*"*¢(t) and avoid instability for
g"™verse(w) when g(w) = 0, we have apply a water level regularization. Thus,

1 g*(w)
0@ Jg@Pte

inverse(

g w) = (6.33)

The derivation and explanation of these two methods are discussed in more detail by [47].

After backpropagation, the wavefield is decomposed into P and S components for a crucial
reason. We demonstrated in the theory section that improved temporal focusing leads to
improved spatial focusing for each wave type. We do not consider the focus for the vertical
or horizontal displacements. Rather, we use the displacement components to calculate the
P and S wavefields using divergence and curl, respectively. This allows us to retrieve the P
and S waves that have backpropagated from the sources. For each wave type, our theory
predicts that an improved temporal focusing leads to improved spatial focusing.

We first model the wavefield due to a horizontal point force excitation at the source
location. The top panel of Figure 6.2 and Figure 6.3 show the P and S wavefields’ radiation
pattern just after the horizontal point force is emitted and represent a pure angular degree
I = 1. In perfect source imaging, we would reconstruct these radiation patterns. However,
our aperature is not perfect and we backpropagate through a smoother version of the velocity
model. Thus, we do not expect to be able to reconstruct these radiation patterns perfectly.

In order to show that deconvolution generates an improved spatial focus, we first demon-
strate that deconvolution enhances the temporal focus. Thus, we calculate the temporal
focusing for the P and S component as a result of deconvolution (equation (6.31)) compared
with time reversal (equation (6.30)). We defined the temporal focusing in equation (6.16) as
the [-th derivative of the incoming wavefield. This is necessary because the wavefield is zero
at our source location due to nodal lines. In order to demonstrate improved temporal focus-
ing for a horizontal point force, we take the derivative of the P wavefield in the z-direction
and the derivative of the S-wavefield in the z-direction because these derivatives are the ra-

dial derivatives perpendicular to the nodal lines for each wave type. We change the direction
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Figure 6.2: Decomposed P wavefield at time of focus due to horizontal point force. Top
panel is P-wave just after the horizontal point force is emitted. Middle panel indicates the
result of injecting the time reversed signal back into the smoothed velocity model from the
receiver locations. Bottom panel shows result of injecting the inverse signal calculated using
deconvolution back into the smoothed velocity model from the receiver locations.
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Figure 6.3: Decomposed S wavefield at time of focus due to horizontal point force. Top
panel is S-wave just after the horizontal point force is emitted. Middle panel indicates the
result of injecting the time reversed signal back into the smoothed velocity model from the
receiver locations. Bottom panel shows result of injecting the inverse signal calculated using
deconvolution back into the smoothed velocity model from the receiver locations.
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of the derivative because the radiation pattern of the P-wave due to a horizontal point force
is a dipole in the z-direction while the S-wave radiation has a dipole pattern oriented in the
z-direction [48]. This is visible in the top panel of Figure 6.2 and Figure 6.3, which show the
radiation patterns of the P and S wavefields just after the source has acted. We calculate
the derivatives as defined above to show the temporal focus for the P and S wave at the
source location. Comparing Figure 6.4(a) to (b), one can clearly note that deconvolution
has significantly improved the temporal focusing compared to time reversal for the P-wave.
In contrast, Figure 6.4(c) and (d) show that both time reversal and deconvolution produce
a similar temporal focus for the S wave. Because improved temporal focusing implies better
spatial focusing, see equation (6.26), one would expect to see an improved spatial focus im-
proved for the P-wave using deconvolution compared to using time reversal. Additionally, we
don’t expect the S-wave’s spatial focus to improve using deconvolution because the temporal
focus did not improve.

After having demonstrated that deconvolution improved the temporal focusing for the P
wave, we compare the spatial focus generated by deconvolution and time reversal for each
wave type. The backpropagated wavefields at ¢ = 0 for the two methods are shown in
the middle and bottom panels of Figure 6.2 and Figure 6.3. The middle panel of Figure 6.2
represents the spatial focus of the P wave using time reversal whereas the bottom panel shows
the spatial focus of the P wave using time-reversal. Figure 6.2 shows that deconvolution
drastically improves the spatial focus compared to deconvolution. Figure 6.3 does not show a
clear improvement of spatial focusing between time reversal (middle panel) and deconvolution
(bottom panel) for the S component. This was expected due to deconvolution and time
reversal producing similar temporal focuses for the S- wave.

The aperture, over which we record the data that we back-propagate, is not perfect.
This causes the spatial focuses, created using time reversal and deconvolution shown in
Figure 6.2 and Figure 6.3, to not be confined to one angular degree [ because the spatial

focuses are blurred in the z-direction. A perfect spatial focus would consist of only the
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Figure 6.4: Temporal focused images due to a horizontal point force produced by back-
propagating the calculated time reversed signals using time reversal and deconvolution for
vertical borehole array. Part (a) and (b) are temporal focus of the P wave due to time
reversal and deconvolution respectively. Part (c¢) and (d) are temporal focus of the S wave
due to time reversal and deconvolution respectively.
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Figure 6.5: Spatial focused images due to a horizontal point force produced by back-
propagating the calculated time reversed signals using time reversal and deconvolution. Part
(a) and (b) are 1D slices of Figure 6.2 through depth 2.68 km. Part (c) and (d) are 1D slices
of Figure 6.3 through x location .51km. Note the different scales used for the cross-section
in the x and z direction.

76



[ = 1 component. Figure 6.5(a)-(b) and (c)-(d) shows cross sections of the backpropagated
wavefields in Figure 6.2 and Figure 6.3 in the x and z directions, respectively, so that it
is easier to asses the improvements and comparisons between the two methods. Note that
the scales of the horizontal axis for Figure 6.5(a)-(b) are different from Figure 6.5(c)-(d).
Figure 6.5(a) demonstrates that time reversal is not able to create a well defined dipole focus
in the z-direction which represents the radiation pattern of a P wave due to a horizontal
point force. Figure 6.5(b) shows that deconvolution is able to reconstruct the dipole radiation
pattern of the P wave due to a horizontal point force. Figure 6.5(c) and (d) demonstrate
that there seems to be no significant difference between time reversal (c) and deconvolution
(d) to reconstruct the S wave’s focus.

Our numerical results have shown that deconvolution was able to improve the temporal
focus for the P wave which led to an improved reconstruction of the P-wavefield’s radiation
pattern. However, deconvolution was not able to improve the temporal focus for the S-wave,
due to a horizontal point force, which led to it also not improving the reconstruction of the
S-wavefield’s radiation pattern. This can be attributed to the fact that a nodal line for the
S-wavefield’s radiation pattern intersects the receiver array. Deconvolution will then apply a
larger weight to the receivers near the nodal line in order to increase a weak recorded signal.
This is unphysical because there is no information to be gained in these weak recorded
waveforms near the nodal lines. These receivers are supposed to record no information
about the source and should, therefore, not propagate any information back. However, it
simultaneously demonstrates the robust nature of deconvolution. For the radiation pattern
which has a nodal line intersecting the receiver array, deconvolution does not generate an
inaccurate but rather a comparable reconstruction of the radiation pattern as time reversal.

We conclude that, for an elastic media without a perfect aperture and true velocity
model, improved temporal focusing leads to improved spatial focusing. We have shown this
both theoretically and numerically to be the case. Because deconvolution has the ability to

improve the temporal focusing, one can improve the spatial focusing.
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6.6 Conclusion

We have introduced deconvolution which improves the temporal focusing of microseismic
events. We demonstrated theoretically and numerically that this improved temporal focusing
leads to improved spatial focusing for each wave type in an elastic medium. This improved
spatial focusing is beneficial for enhancing the focus of the elastic waves. The simplicity
and robust nature of this method allows for a simple incorporation into existing reverse-time
imaging methods. Additionally, the cost of deconvolution is minimal compared to running
the finite difference modeling. Therefore, it can be added as a preprocessing step without

significant additive cost.
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CHAPTER 7
CONCLUSION

We have introduced a simple and robust method for determining the optimal signal for
backpropagation such that one achieves an improved temporal focus at the source location.
In Chapter 2, we show DC being used in a TR experiment in order to maximally compress
the focus into an approximate delta function (with limited bandwidth) in both time and
space or for optimal signal reconstruction. We explained theoretically why improved tem-
poral focusing would lead to improved spatial focusing for an acoustic case. However, our
experimental study comparing DC to TR also showed that, while temporal and spatial focus-
ing have been enhanced with DC, there is a cost of a reduced maximum achieved amplitude.
One might imagine the DC signal as a signal comprised of two components: one component
allows for the focus of energy at the appropriate time and place, and another component
simultaneously cancels noise at all other times and locations. Therefore, the focus generated
using DC is cleaner and more impulse-like but not as strong because some of the energy is
used to suppress the sidelobes.

Our previous experiments placed the source and receiver on the surface of our object.
We wanted to do another experiment with the source within the specimen. The experiment
was designed to recreate a scenario where a source event might occur within your object.
We showed in Chapter 3 that for an experimental set up which had a receiver on the surface
of the object and the sources embedded, one would still get a dramatically improved focus
using DC. Due to the simplicity, low cost, and robust nature of this method, one could
easily implement this technique into pre-existing workflows. This method may then be used
to characterize the medium through use of virtual sources, repeated backpropagation or

backpropagating with different source-function foci.
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One of the main benefits of TR is its robust character. Therefore, we wanted to test the
robust nature of DC in chapter 4 by studying the effect of of changing the stabilization con-
stant v used in the deconvolution and the impact multiple sources has upon deconvolutions’
focusing abilities. This experiment used the same specimen as in our Chapter 3 study. How-
ever, this time we emitted all three embedded sources within the specimen. Additionally,
we repeated our back propagation multiple times in order to record the focus for different
deconvolved signals using a varying v. We showed with this study that deconvolution was
indeed robust, as one would still get a focus even with different ~ values. Additionally, we
also showed theoretically and experimentally why deconvolution would still work for multiple
sources and may even have a significant improvement over time reversal.

Once the experimental studies were complete, we considered how the DC method might
improve the ability to locate microseismic events. In Chapter 5, we compared DC to TR
for an acoustic scenario where the wavefield is sampled sparsely, noise is present, and the
velocity model is a smoothed version of the correct model. We demonstrated that DC is able
to improve the spatial focus at the event location by improving the temporal focus. Due to
the minimal cost of deconvolution compared to running the finite difference model, DC can
be added as a pre-processing step without significant additional cost.

We were challenged by our reviewers to investigate the results of locating a microseismic
event for an elastic case. This led us to Chapter 6 where we demonstrated theoretically and
numerically that improved temporal focusing leads to improved spatial focusing for each
wave type (P and S) in an elastic medium. It is important to note that one would not get
an improved spatial focus if one looked at the vertical and horizontal displacement. One has
to decompose the wavefield into P and S components in order for the theory of improved
temporal focusing leading to improved spatial focusing to hold. We demonstrated this by
showing the significant improvement achieved in reconstructing the radiation pattern due to

a horizontal point force using DC instead of TR.
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For future work, it would be beneficial to get a real data set of a microseismic survey,
preferably both P and S data, and compare TR to DC. As stated previously, TR is already
used in reverse time imaging to locate microseismic events. It would be worthwhile to apply

DC to a pre-existing code, which processes real data, in order to compare the two methods.
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APPENDIX - IMPROVED TEMPORAL FOCUSING LEADS TO IMPROVED SPATIAL
FOCUSING FOR AN ELASTIC MEDIUM

In this appendix, we derive an equation representing the spatial focusing in an elastic
medium and demonstrate that has improved temporal focusing implies improved spatial
focusing for each wave type.

We assume that the incoming wave f;(t) at angular degree [ of expression (6.10) is given
and first show how this function constrains the Fourier coefficient A;(w) in equation (6.9).
The incoming wave is, in the frequency domain, given by
o

wr/c
Fw), (A1)

r

filt+1/c) e—iwr/e
r

U/™(r,w) = o / e /fl(t)e’“’tdt =

r 2w
where the replacement ¢ — t — r/c is used in the second identity, and Fj(w) is the incoming
wave in the frequency domain. Because expressions (6.10) and (A.1) only hold in the limit
r — oo, we proceed by analyzing equation (6.9) in the same limit where, according to

equation (11.158) of [27], the spherical Bessel functions are given by

= (—0)""! ikr 44t ﬂ as T — 00. (A.2)
2kr 2kr

sin(kr — Im/2)
kr

jl(k’T) =

The last term gives the incoming wave. Therefore, the incoming wave component of the
spherical Bessel function at large distances r is given by ji"(kr) = i"*le=*" /2kr (r — o0).

Using this in expression (6.8) and equating it with equation (A.1) gives:

——A(w) as r—o0. (A.3)

The r-dependence is the same on the left hand side and the right hand side of this equa-
tion. Equation (A.3) can be solved to give A;(w) = (—i)""(2w/c)Fj(w). Inserting this into
expression (6.9) leads to equation (6.11). This expression relates the total wavefield to the
Fourier transform of the incoming wavefield. Note that this expression is valid for all values

of r. The limit » — oo was only used to relate A;(w) to the incoming wave.
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The factor (—iw) corresponds in the time domain to differentiation. In the following, we
will apply repeated differentiations and integrations. For this reason we employ the notation
shown in equations (6.12) and (6.13). Note that a negative value of n corresponds to an

integration. With this notation, expression (6.11) can be written as

2 ,
w(r,t) = (i) = / FY (w)ji(kr)e ™" duw | (A.4)
c
The total wavefield (A.4) can also be related to the incoming wave in the time domain.
In order to derive this, we use expression (11.165) of [27] to express the spherical Bessel
1dY\
function of order [ into the spherical Bessel function of order 0: j;(z) = (—x) <_d_) Jo(x),
x dx
hence

i) = (1) (14) o). (A5)

Using equation (A.4) and the relation k = w/c in equation (A.5) gives

i (ld l Fz(l)(w). —iwt
w(r,t) = 2r'c (;%> / i) Jo(kr)e " dw . (A.6)

Because of definition (6.13), Fl(fl)(w)/(—iw)l = FZ(PZ) (w), and we can simplify equation

(A.6) to

!

w(r,t) = 2rld! (-d—) / F D (w)jo(kr)e ™ dw . (A.7)
rdr

The reason we relate u;(r,t) to the spherical Bessel function of order 0 is that this allows

us to carry out the Fourier transform analytically. In order to do this, we use expression

(11.148) of [27]

, sin kr c iwor /e
jolhr) = S = E (o

_—iwr/c
kr 2iwr ‘ ) (4.8)

where we use k = w/c in the last identity. Using this result, the integral in equation (A.7)

becomes

fF‘l(lfl) (w)jo(kr)e_iwtdw - _ i fF’l(*l) (w) (e—iw(t—r/c) _ e—iw(t+r/c)) dw
Cc

= (0 +r/o =0t =r/0) .

(A.9)
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where expression (A.8) was used in the first identity. Inserting equation (A.9) into equation
(A.7) gives equation (6.14). This expression gives an explicit relation between the total
wavefield for all values of  and the incident wave at great distance.

In order to determine the temporal focus (6.16), we need to evaluate d'j;(kr)/dr'. Ac-

cording to equation (11.144) of [27],

21!
gi(x) = mxl +0@™?) as 0. (A.10)
Using that (d/dr)ir! = 1!, we get
I
: . gl ]
l% ﬁ]l(kr) =bk =bw'/c, (A.11)

where b; is given by equation (6.18). Combining equations (6.16), (A.4), and (A.11) gives

the following expression for the temporal focus

2b; , i
1) = 2 / (i) ED (w)e s (A.12)
With the definition (6.11), this can be rewritten as
() = 22 / F D (w)e ™t dw (A.13)
N = et ! : :

Therefore, after taking the Fourier integral, we found a relationship between the temporal

focus and the incoming wavefield.
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