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Cross-correlation of independent, equipartitioned wavefields is a well-established method to esti-

mate the elastic Green’s function, commonly termed seismic interferometry. In this article, the sum

of a wavefield recorded at two locations in a single channel is used to estimate the Green’s function

via the autocorrelation; the result contains some predicted artefacts. The underlying theory and

hardware required to estimate the Green’s function is presented and compared to traditional seismic

interferometry. This technique is used to estimate the elastic Green’s function between two loca-

tions on an aluminum block with surface scatterers. Wavefields excited via rapid thermoelastic

expansion of the surface using a pulsed laser are detected by a dual-beam heterodyne interferome-

ter. The detector is capable of directly recording the sum of a wavefield measured at two locations

in a single channel. This method could be an effective, low cost, and non-contacting technique for

structural monitoring, particularly where ambient noise has established equipartitioned wavefields

in the structure. VC 2018 Acoustical Society of America. https://doi.org/10.1121/1.5045329

[KGS] Pages: 124–130

I. INTRODUCTION

Over the past decade, Green’s function retrieval by cross-

correlation of wavefields recorded at independent receivers

has become an important tool in seismic monitoring and non-

destructive testing.1–3 The wavefields could consist of ambient

noise4–6 or be generated from transient sources.7,8 For

Green’s function retrieval from ambient noise, time synchro-

nized signals from each receiver are cross-correlated to extract

the Green’s function.4,9 For transient sources, the Green’s

function can be estimated by summing the cross-correlation

of the response recorded between receivers if the sources are

located on a contour [in two dimensions (2D)] or a surface [in

three dimensions (3D)] that surrounds the receivers.8,10 The

direct arrival of the Green’s function can be used to estimate

the bulk elastic properties of the sample, and the coda consists

of scattered waves. Differences in the Green’s function under

the influence of external factors (time, stress, or temperature)

can therefore be used for time-lapse monitoring.11–13 Here,

we estimate the Green’s function between two receivers that

are simultaneously recorded on a single channel. In the case

of a single channel recording of two wavefields, we show that

the autocorrelation of the recording is proportional to the

Green’s function between receivers, with some additional

artefacts.

We amend the underlying theory for seismic interferom-

etry for independent receivers for the new case of two

receivers recorded in a single channel. Next, we show the

design and discuss the inner workings of a non-contacting

laser Doppler vibrometer modified to simultaneously record

the surface velocity of two locations on a sample surface. To

validate the theory and hardware we extract the Rayleigh

wave Green’s function between two locations on an alumi-

num block with surface scatterers. Elastic waves are gener-

ated via thermo-elastic expansion of the aluminum surface

due to the absorption of a high energy pulse of light.

This hardware and analysis could be used for non-

contact structural monitoring. In the case of monitoring of a

concrete bridge, for example, it has been shown that traffic-

induced vibrations detected at multiple contacting acceler-

ometers can be cross-correlated to estimate the Green’s

function.14 Over time, stress induced cracking of concrete

causes a decrease in the elastic wave speeds and an increase

in attenuation, both of which can be monitored by comparing

the Green’s function direct arrival and coda as a function of

time.15 Seismologists have used ambient noise and earth-

quake coda, which consist of many scattered events, to suc-

cessfully monitor changes in the subsurface of the Earth. An

excellent example of subsurface monitoring over time is pre-

sented by Sens-Sch€onfelder and Wegler,6 who compare the

estimated Green’s function for each day to a reference

recording to monitor changes in the subsurface near Merapi

Volcano, Indonesia. Variations in the Green’s function esti-

mated by passive seismic interferometry strongly agreed

with results found in an independent active coda-wave inter-

ferometry experiment.16

II. THEORY OF SEISMIC INTERFEROMETRY

Weaver and Lobkis17 showed that for a finite body the

cross-correlation of an equipartitioned wavefield at two

receivers provides the Green’s function. Because equiparti-

tioned wavefields are difficult to produce in a laboratory

setting, we consider the case of many transient sources

located on a contour that surrounds a pair of receivers. For aa)Electronic mail: sam.hitchman@auckland.ac.nz
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transient source located at x the observed wavefield recorded

by a receiver located at xA is given by

UðxA; x;xÞ ¼ GðxA; x;xÞsðxÞ; (1)

where GðxA; x;xÞ is the impulse response and s(x) is the

Fourier transform of the source-time function. According to

Eq. (80) of Wapenaar and Fokkema,10 the velocity Green’s

function between two receivers, GðxA; xB;xÞ, can be approx-

imated by the cross-correlation of the velocity wavefields

UðxA; x;xÞ and UðxB; x;xÞ, which are surrounded by uncor-

related sources on a surface dD,

2< G xA; xB;xð Þ
� �

S xð Þ

� 2

qc

þ
dD

U� xA; x;xð ÞU xB; x;xð Þd2x; (2)

where < represents the real part, U* is the complex conju-

gate of U and S(x)¼ s*(x)s(x) is the power spectrum of the

source wavelet. q and c represent the density and elastic

wave speed of the medium, respectively. In practice Eq. (2)

implies that in the time-domain Green’s function retrieval

from transient sources requires many excitation locations

and two independently recorded receivers. In situations

where there are constraints on time and/or a limited number

of receivers/sources are available, Green’s function retrieval

may be inaccurate. We propose to record the sum of

UðxA; x;xÞ and UðxB; x;xÞ in a single channel to estimate

GðxA; xB;xÞ. Recording the sum of a wavefield measured at

two locations halves the data size and hardware required for

Green’s function retrieval. The single channel, two location

recorded wavefield UAB(x) is defined by

UABðx;xÞ ¼ UðxA; x;xÞ þ UðxB; x;xÞ: (3)

Because the sum of the waves at both receivers is

recorded on a single channel for each source location, we use

the autocorrelation function instead of the cross-correlation.

The autocorrelation of UAB(x) when integrated over source

locations can, with Eq. (2), be written as

4< G xA; xB;xð Þ
� �

S xð Þ þ 2< G xA; xA;xð Þ
� �

S xð Þ
þ 2< G xB; xB;xð Þ

� �
S xð Þ

� 2

qc

þ
dD

U�AB x;xð ÞUAB x;xð Þd2x; (4)

where GðxA; xA;xÞSðxÞ and GðxB; xB;xÞSðxÞ are the

response of coinciding source/receiver, with power density

spectra S(x), located at xA and xB, respectively.

III. A DUAL-BEAM VIBROMETER

We present a dual-beam laser Doppler vibrometer (DB-

LDV) designed to simultaneously record the particle velocity

at two locations on a single channel. To validate the DB-LDV

and the use of the autocorrelation to approximate GðxA; xB;xÞ,
we excite elastic waves in an aluminum block with surface

scatterers. This experiment is reciprocal to that presented by

Mikesell et al.8 They showed that the autocorrelation of

recorded wavefields can be used to locate scatterers in a het-

erogeneous sample, and the cross-correlation of wavefields at

two source locations is an accurate estimate of the direct and

scattered waves. First, we describe the operation of tradi-

tional laser Doppler vibrometers (LDVs) and the modifica-

tions required to record two channels simultaneously. LDVs

are optical devices that measure the surface particle velocity

of a sample using a reflected laser beam.18,19 LDVs have

been used to characterize the elastic response of fruit,20,21

rocks,22 structures,23,24 and soft tissue phantoms.25 Typically,

LDVs generate a beam of light that has a modulated intensity

pattern, I(t). The frequency of the oscillation contains infor-

mation about the surface vibration of the sample. The design

and operation of a home-built single-beam LDV has been

presented by Hitchman et al.18 The LDV splits light into a

reference beam, which has a known path length and fre-

quency, and a sample beam, which is reflected by the sample.

When the sample surface is in motion, the sample beam fre-

quency is Doppler shifted. In the time domain the Doppler

shift of the sample beam, fDxA
is related to the surface particle

velocity uðxA; x; tÞ by

fDxA
¼ 2u xA; x; tð Þ

k
cos h� pð Þ; (5)

where k is the wavelength of the laser used and h is the angle

between the direction of the surface motion and the laser

beam. Equation (5) shows that when the surface of the sam-

ple moves away from the laser, that is h¼ p¼ 180�, the sam-

ple beam is red-shifted and decreases in frequency. When the

sample moves toward the laser beam blue-shift occurs. In this

article, we only consider normal incidence to the sample sur-

face. For lasers that operate in the visible spectrum, the fre-

quency of the emitted photons is on the order of 1015 Hz.

Changes to the nominal frequency due to sample motion

therefore cannot be detected using current electronic devices.

To measure fDxA
and extract uðxA; x; tÞ the sample beam is

added to a frequency-shifted reference beam resulting in a

detected intensity pattern, I(t), which beats at a frequency

equal to the magnitude of difference between the photon fre-

quency of the reference beam and the sample beam

I tð Þ ¼ A cos 2p

���� c

k
þ fref

� �
� c

k
þ fDxA

tð Þ
� �����t

" #

¼ A cos 2p jfref � fDxA
tð Þj

� �
t

� �
; (6)

where fref is the frequency deviation of the reference beam

and A is the amplitude of the intensity pattern, determined pri-

marily by the amount of light reflected by the sample. The

reference beam is frequency shifted using an acousto-optic

modulator (AOM) in order to avoid directional ambiguity of

the sample motion due to the absolute value in Eq. (6).18 The

c/k term is the nominal frequency of the laser, where c is the

speed of light and k is the laser wavelength. The c/k terms

cancel when interfering with the reference and sample beams,

as shown in Eq. (6). We modify the LDV presented by

Hitchman et al.18 to form a DB-LDV capable of detecting the

sum of the surface vibrations at two locations. Figure 1 shows
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the design of the dual-beam interferometer. The sample beam

is split into two orthogonally polarized beams using a polariz-

ing beam splitter (PBS) and focused on to the sample surface.

Light, which is backscattered off the surface at two different

locations, is collected by the focusing lenses and the beams

are recombined at the PBS. These beams do not interfere with

one another due to their orthogonal polarizations. Separating

beams by polarization rather than spatial positioning is often

termed polarization-division multiplexing, a technique com-

monly used in fiber-optic communication where light is con-

fined to the optical fiber core.26 The recombined beams are

mixed with the reference beam set to 45� relative to both sam-

ple beams using a 50:50 beam splitter (BS). The interference

pattern, Idual(t), at the detector is given by

IdualðtÞ ¼ A cos 2pðjfref � fDxA
ðtÞjÞt

� �
þ B cos 2pðjfref � fDxB

ðtÞjÞt
� �

; (7)

where fref is the frequency shift of the reference beam and

fDxA
ðtÞ and fDxB

ðtÞ are the Doppler shifts due to wavefields

uðxA; x; tÞ and uðxB; x; tÞ, respectively. Setting amplitudes A
and B to 1 results in an interference pattern given by

Idual tð Þ ¼ 2 cos 2p fref �
jfDxA

tð Þ þ fDxB
tð Þj

2

� �
t

	 


þ cos 2p
jfDxA

tð Þ � fDxB
tð Þj

2

� �
t

	 

: (8)

Equation (8) shows that the interference pattern of the dual-

beam laser Doppler vibrometer is a frequency modulated (FM)

signal, similar to an FM radio signal. Here, the instantaneous

frequency of Idual(t) is fref � jfDxA
ðtÞ þ fDxB

ðtÞj=2. There is also

a time-variant envelope of cos ½2pðjfDxA
ðtÞ � fDxB

ðtÞjÞt=2�. The

instantaneous frequency of Idual(t), which contains information

about surface motion, can be extracted using IQ demodula-

tion.27 IQ demodulation extracts the instantaneous frequency

using the detected FM signal, typically termed I, and a

90� phase shifted version of I termed Q. The instantaneous

frequency of Idual(t) can be calculated using the following

expression:

fref �
jfDxA

tð Þ þ fDxB
tð Þj

2
¼

Idual tð Þ dQ

dt
þ Q tð Þ dIdual

dt

Idual tð Þ2 þ Q tð Þ2
: (9)

Equation (5) can be rearranged to relate uðxA; x; tÞ þ uðxB;
x; tÞ to the frequency of Idual(t),

uðxA; x; tÞ þ uðxB; x; tÞ ¼ 2 fDxA
ðtÞ þ fDB

ðtÞ
� �

k� fref ;

(10)

where k is the wavelength of the laser used and fref is given by

the driven frequency of the AOM (Fig. 1). In practice, the sig-

nal is recorded and digitized by a computer and a peripheral

component interconnect express (PCIE) based data acquisition

card (PCIE-DAQ), where the discrete form of Eq. (9) can be

implemented. Note that the signal-to-noise ratio (SNR) of

Idual(t) is increased by a factor of 4 relative to the single-beam

interference pattern I(t) in Eq. (6). This is due to (1) splitting

of the sample beam and (2) reduced interference due to refer-

ence beam polarization. The setup of the dual-beam interfer-

ometer is drawn in Fig. 1. The sample arm (red) is split into

two subsequent sample beams (green, blue), which are

focused on to the surface of a sample. The spacing between

sample beams at the surface of the aluminum block can be

varied using an adjustable mirror. Backscattered light from

the sample is Doppler shifted if the surface is vibrating,

encoding the surface motion into the oscillation frequency of

the sample beams. Because the sample beams are orthogo-

nally polarized they do not interfere with each other, simplify-

ing the final intensity pattern. A reference beam (purple) is

frequency shifted using an AOM and the polarization is set to

45� relative to both sample arms. Both sample beams and the

reference beam are combined using a BS. The resulting inter-

ference pattern, Idual(t), is an oscillation where the instanta-

neous frequency is equal to the combination of the Doppler

shifts: fref � jfDxA
ðtÞ þfDxB

ðtÞj=2. The legend shows the polari-

zation orientation of each beam at different stages of the inter-

ferometer. The circular arrow depicts circular polarization,

and the straight arrows depict linearly polarized light at differ-

ent orientation angles. The polarization is controlled using k/4

and k/2 waveplates.

IV. APPLICATION: SURFACE WAVE SCATTERING
IN AN ALUMINUM BLOCK

An aluminum block (280 mm� 230 mm� 215 mm)

with cylindrical holes of 1 mm diameter and 3 cm in depth

has previously been used to estimate the Rayleigh wave

Green’s function between two surface locations.8 In the

FIG. 1. (Color online) A schematic of the dual-beam interferometer used for

single channel acquisition of a wavefield measured at two locations. The

sample arm (red) is split using a polarizing beam splitter (PBS), causing the

light for the two subsequent sample beams (green and blue) to be orthogo-

nally polarized. Light reflected from the sample is Doppler shifted due to

the surface motion of the sample. The sample beams are recombined at the

PBS but do not interfere with each other due to the polarization of each

beam. A reference beam (purple) is also shifted using an AOM and the

polarization is set to 45� relative to each sample arm. The reference beam

and sample beams are combined using a 50:50 beam splitter (BS). The

resulting interference pattern, I(t), is an oscillation where the instantaneous

frequency is equal to the mean of the Doppler shifted sample beams and

plus the reference arm frequency shift.
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same block, we excite elastic waves with a pulsed Nd:YAG

1064-nm laser focused to a 1 mm beam diameter on the

block surface (Fig. 2). Localized heating of the block due to

laser-light absorption causes thermoelastic expansion and

generates broadband ultrasonic waves.19 A scanning mirror

system is used to move the source location in a circle sur-

rounding the holes. The dual-beam interferometer described

in Sec. III records ultrasonic waves at locations xA and xB. A

depiction of the setup is presented in Fig. 2. Our experiment

is similar and reciprocal to that presented by Mikesell et al.,8

where the receiver was translated in a series of line scans to

encompass a fixed source. Automation of our translation and

data acquisition is controlled with PLACE, a python-based

laboratory automation toolkit.28 Figure 3 shows the record-

ing of uðxB; x; tÞ, the wavefield measured at xB for each

source location x as the source is translated in a circle encir-

cling the receivers. The total wavefield can be written as the

sum of the direct wave u0 and the waves ui that are radiated

by each scatterer i. Note that ui is dominated by the single-

scattered waves, but it also contains contributions from mul-

tiple scattering interactions with other scatterers. The wave-

field is then given by

u ¼ u0 þ
XN

i¼1

ui; (11)

where N is the total number of scatterers. Recording of

uðxB; x; tÞ is done by blocking the vibrometer sample beam

that would detect uðxA; x; tÞ, the wavefield at xA. The x coor-

dinates are presented as a function of source azimuth

(0�< h< 360�) with respect to the center of the aluminum

block, where h¼ 0� corresponds to the bottommost point of

the circle. Figure 3 is dominated by a direct Rayleigh wave,

the first term in Eq. (11), which travels from the source to the

receiver at a velocity of 2900 ms–1 in the aluminum block.

In the greyscale image, whiter and darker shades represent

particle motion away from and toward the vibrometer,

respectively. As the source is translated in a circle around the

center of the aluminum block the arrival time of the direct

wave varies sinusoidally as xB is positioned 2.5 cm away

from the center of the circle with sources. Waves scattered by

the holes in the aluminum block, represented by ui in Eq.

(11), show up in the recorded wavefield at times greater than

the direct arrival and at lower amplitudes. Multiply scattered

waves do not show up above the noise floor of our data and

we ignore these in our analysis.

Next, we repeat our translation with both vibrometer

sample beams incident on the aluminum block. Figure 4

shows the recording of uðxA; x; tÞ þ uðxB; x; tÞ for each

source location. As the wavefield for each shot is the sum of

two receiver locations, two large amplitude direct Rayleigh

waves show up as sinusoids in Fig. 4. Smaller amplitude

vibrations due to scattering of waves from holes in the sur-

face of the aluminum block are also present in the recorded

wavefield sum.

V. RESULTS: ESTIMATING THE GREEN’S FUNCTION
WITH AUTOCORRELATIONS

Equation (11) describes a wavefield comprised of a

direct wave and many waves radiated by scatterers. The

autocorrelation of this wavefield is, in the frequency domain,

given by

juj2 ¼ ju0j2 þ
XN

i¼1

juij2 þ
XN

i¼1

ðuiu
�
0 þ u�i u0Þ þ

X
i 6¼j

uiu
�
j :

(12)

FIG. 2. (Color online) In an aluminum block with 15 holes, xA and xB mark

the locations where the wavefield is recorded with a dual-beam interferome-

ter. The elastic wave source is moved in a circle around the scatterers and

the recording locations. The position of the source is recorded as a function

of the angle h, where h¼ 0 is defined by the bottom most point of the circle.

Hole 1 is located 52.5 mm and 15.5 mm from xA and xB, respectively. Hole

2 is located 72 mm and 32 mm from xA and xB, respectively.

FIG. 3. Elastic wavefields recorded by the interferometer with only the xB

sample beam incident on the block, presented as a function of the excitation

angle. The greyscale image shows the surface particle motion of the alumi-

num block where white and black shades represent motion into and out of the

surface, respectively. The dominant feature is the direct Rayleigh wave arrival

from source to receiver. Rayleigh waves scattered by holes in the surface of

the aluminum block are detected at lower amplitudes and later arrival times.
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The first two terms are the autocorrelation of a wave with

itself, which peaks at t¼ 0. The terms uiu
�
0 is the cross-

correlation of the direct wave with the wave radiated by scat-

terer i; this term gives an arrival at the difference of the

arrival time of ui relative to the direct waves. The term u�i u0

is the same but at the opposite arrival times. Finally, the

cross terms uiu
�
j for i 6¼j are of higher order in the scattered

waves and are, in general, small compared to the cross terms

uiu
�
0 and u�i u0. When we ignore products of scattered waves,

Eq. (12) reduces to

juj2 � ju0j2 þ
XN

i¼1

ðuiu
�
0 þ u�i u0Þ : (13)

Figure 5 shows the autocorrelation of each shot of uðxB; x; tÞ
shown in Fig. 3. The sum of these autocorrelations approxi-

mates GðxB; xB;xÞSðxÞ in Eq. (4), where GðxB; xB;xÞ is the

Green’s function for a coinciding source and receiver located

at xB.8 In this case the “direct” Rayleigh wave is instanta-

neous and arrives at t¼ 0. In the autocorrelation, the delay

time of scattered waves is the difference in arrival time

between the direct wave and scattered wave for each wave-

field in Fig. 3. The delay time for scattered waves varies

smoothly as a function of the source position h. Extrema in

the delay time for a given scattered wave defines the station-

ary phase point, indicating the position where the source,

receiver, and scatterer are aligned.8 The dashed line in Fig. 5

follows the delay time of a scattered wave, relative to the

direct wave, with an extrema of t�þ10.7 ls. Because the

autocorrelation is symmetric in time, as shown in Eq. (12),

there is an identical stationary-phase point at t��10.7 ls.

Using the aluminum Rayleigh wave speed, the distance

between xB and the scatterer is calculated to be r¼ 15.5 mm,

which corresponds to hole 1 in Fig. 2. For two receivers

recorded in a single channel, Eq. (4) indicates the autocorre-

lation of the sum of a wavefield recorded at two locations

can be used to approximate the Green’s function between

the two locations, GðxA; xB;xÞSðxÞ. Figure 6 displays the

autocorrelation of each wavefield presented in Fig. 4. The

autocorrelation function is dominated by large amplitudes

near t¼ 0, corresponding to the GðxA; xA;xÞSðxÞ and

GðxB; xB;xÞSðxÞ terms in Eq. (4). The direct wave between

receivers shows up as sinusoids in the autocorrelation also,

corresponding to the GðxA; xB;xÞSðxÞ term in Eq. (4). To

extract the Green’s function, we sum the wavefields in Fig. 6

over the source position. The time-reversed anti-causal

recording (t< 0) is then summed with the causal recording

to improve the SNR. Figure 7 shows the extracted Green’s

function using the autocorrelation method, compared to the

Green’s function extracted by standard seismic interferome-

try from individual recordings of wavefields uðxA; x; tÞ and

uðxB; x; tÞ. The arrows indicate where scattered waves are

expected to arrive based on the distances from each scatterer

to the receivers.

VI. DISCUSSION

We used transient sources to generate an equipartitioned

wavefield of which the autocorrelation function can be

applied to extract the Green’s function. Equation (4) shows

that the autocorrelation is comprised of the Green’s function

between receivers and the Green’s function for coinciding

source and receivers located at xA and xB. The coinciding

source and receiver terms cause artefacts to occur throughout

FIG. 4. Elastic wavefields at xA and xB recorded by the interferometer

recordings are presented as a function of the excitation angle. The direct

Rayleigh wave for each receiver can be identified as large amplitude sinus-

oids. Waves scattered by holes in the surface of the aluminum block can be

observed after the direct wave arrival at lower amplitudes.

FIG. 5. Autocorrelation of the wavefield recorded at xB for each source posi-

tion, h. The autocorrelation of the recorded wavefield is dominated by strong

oscillations near t� 0, which corresponds to the “direct” Rayleigh wave

from xB to xB. Waves scattered by holes are present in the coda of the auto-

correlation and vary smoothly in time as a function of h. The dashed line fol-

lows the correlation of the direct wave and a scattered wave for each source

location. This scattered wave has an maximum arrival time of t � �10.7 ls

at h � 200�, which corresponds to hole 1 in Fig. 2.
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the autocorrelation. Near t¼ 0 artefacts are due to the direct

Rayleigh wave at both xA and xB, and later artefacts are

caused by waves that have been backscattered by holes

to and from the same location. Because of these terms,

we expect a single hole to produce three scattered waves in

the autocorrelation, one for each component of Eq. (4):

GðxA; xB;xÞSðxÞ; GðxA; xA;xÞSðxÞ and GðxB; xB;xÞSðxÞ.
In Fig. 7, the upper arrows indicate the expected scattered

wave arrival times for the 2<½GðxA; xB;xÞ�SðxÞ component,

and the lower arrows indicate where artefacts occur due to

GðxA; xA;xÞSðxÞ and GðxB; xB;xÞSðxÞ. For example, three

peaks in the autocorrelation are labeled 1, which correspond

to waves scattered by the hole 1 in Fig. 2. The first of these

peaks occurs at t� 10.7 ls and is due to the wave that travels

from xB to 1 and is backscattered to xB. This wave arrives

before the direct wave because two-way travel distance to

the hole is shorter than the distance of 50 mm between xA

and xB. The next peak occurs at t� 23.4 ls, corresponding to

a wave that has been emitted at either xA or xB, scattered off

the hole, and then detected at the opposing receiver. The

scattered wave is also present in the cross-correlation. The

third peak occurs at t� 36 ls, corresponding to the wave that

makes a round trip from xA to the hole. This scattered wave

coincides with the wave that is scattered by hole 2 in the

cross-correlation. For the direct wave between receivers,

which has an arrival time of t� 17 ls, there is a good agree-

ment between the autocorrelation of the wavefield sum and

the cross-correlation of the individual wavefields. At times

before the direct wave arrival, the autocorrelation has arte-

facts corresponding to events that are backscattered from a

coinciding source and receiver and the instantaneous direct

wave arrival, as shown in Figs. 5 and 6. From 17< t< 27 ls

few artefacts occur and again there is good agreement

between the Green’s function and autocorrelation. For

t< 27 ls, many artefacts occur in the autocorrelation and

agreement with the Green’s function is diminished. Without

prior knowledge of the location of scatterers it is not possible

to differentiate between artefacts and scattered waves in the

Green’s function, other than those that occur before the

direct wave arrival between receivers. The terms GðxA; xA;
xÞSðxÞ and GðxB; xB;xÞSðxÞ in Eq. (4), which are the cause

of artefacts in the autocorrelation of the wavefield sum, can

be subtracted from the resultant Green’s function to remove

the artefacts if they have been recorded separately. In prac-

tice, to completely remove the artefacts both uðxA; x; tÞ and

uðxB; x; tÞ would need to be recorded and their autocorrela-

tions subtracted from the wavefield sum autocorrelation.

Furthermore, with uðxA; x; tÞ and uðxB; x; tÞ recorded individ-

ually GðxA; xB;xÞSðxÞ can be estimated via the cross-

correlation of these wavefields, making the autocorrelation

of the wavefield sum redundant. For in situ structural health

monitoring, we propose not to use active sources but long

recordings of the ambient background elastic wavefield. In

this case, artefacts that are present in the autocorrelation of

the wavefield recorded at two locations may not be detrimen-

tal to monitoring changes in a material. Artefacts occur

because of scatterers in the material, therefore, the arrival

time of artefacts are indicative of changes in the Green’s

function between receivers and could be used for monitor-

ing. Changes in Green’s function could be estimated by

monitoring changes in the autocorrelation over time, similar

FIG. 6. Autocorrelation of the dual wavefield as a function of the source

angle h. As in Fig. 5, the autocorrelation is dominated by strong oscillations

near t � 0, which correspond to the direct Rayleigh wave from xA to xA and

from xB to xB. The direct wave that travels between xA and xB shows up as

large amplitude sinusoids that oscillate about t¼ 0 with extrema of t � 17 ls.

FIG. 7. (Color online) The sum of the autocorrelated wavefields (dashed) is

compared to the Green’s function extracted using standard seismic interfer-

ometry (solid). The direct wave has an arrival time of t � 17 ls and a good

agreement is found between the autocorrelation and the Green’s function.

The autocorrelation is dominated by a direct wave artefact, which occurs at

t¼ 0 ls. Arrows show when waves scattered by the holes are expected to

arrive and are calculated using the co-ordinates of the holes and xA and xB.

Upper arrows indicate the arrival times of waves that are emitted from one

receiver, scattered by holes in the aluminum, and then detected by the

opposing receiver. These waves are present in both the cross-correlation and

the autocorrelation. Lower arrows indicate the arrival times of waves that

are emitted and detected by the same receiver after being backscattered

from the holes. Arrows labeled 1 show where waves scattered by hole 1 are

expected to occur in the cross- and autocorrelations.

J. Acoust. Soc. Am. 144 (1), July 2018 Hitchman et al. 129



to standard monitoring techniques.6 The cost of laser

Doppler vibrometers plays a major role in the prevalence of

contacting transducers for non-destructive testing. This

becomes an even greater problem when two locations are

required to be sampled simultaneously. Our LDV design

does not require a large number of additional components,

reducing the costs. Furthermore, because the interferometer

records the sum of two wavefields in a single channel, the

number of acquisition channels and data size do not increase

compared to a traditional laser Doppler vibrometer.

VII. CONCLUSION

We present underlying theory and hardware required to

estimate the Green’s function between two locations using

the autocorrelation of the sum of equipartitioned wavefields.

This technique is an adaption from standard seismic interfer-

ometry where the correlation function is applied to indepen-

dent receivers. Furthermore, a dual-beam laser interferometer

capable of recording the sum of a wavefield measured at two

locations is presented in detail. Such a device and technique

could provide a low-cost, non-contact method of characteriz-

ing in situ material properties. As a proof of concept, we

approximate the direct Rayleigh-wave Green’s function and

scattered coda between two locations on an aluminum block

with surface scatterers using the autocorrelation. The Green’s

function is compared to that estimated by traditional seismic

interferometry, highlighting large artefacts that occur near

t¼ 0. Our technique requires few modifications to traditional

seismic and laser interferometry and could be applied to pas-

sive structural monitoring.
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