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7 Abstract: This paper presents a novel algorithm to reduce noise in signals obtained from swept-
8  frequency sources by removing out-of-band external noise sources and distortion caused from
9  unwanted harmonics. The algorithm is designed to condition non-stationary signals for which
10 traditional frequency-domain methods for removing noise are less effective. The Source
11 Synchronous Filter (SSF) is a time-varying narrow-band filter, which is synchronized with the
12 frequency of the source signal at all times. Because the bandwidth of the filter needs to account
13 for the source to receiver propagation delay and the sweep rate, SSF works best with slow
14  sweep rates and move out adjusted waveforms to compensate for source-receiver delays. The
15  SSF algorithm was applied to data collected during a field test at the University of California
16 ~ Santa Barbara’s Garner Valley Downhole Array site in southern California. At the site a 45-kN
17 shaker was mounted on top of a 1-story structure and swept from 0 to 10 Hz and back over 60
18  seconds (producing useful seismic waves above 1.6 Hz). The seismic data were captured with

19  small accelerometer and geophone arrays and with a Distributed Acoustic Sensing (DAS) array,
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which is a fiber-optic based technique for the monitoring of elastic waves. The result of the
application of SSF on the field data is a set of undistorted and uncorrelated traces that can be
used in different applications, such as measuring phase velocities of surface waves or applying
convolution operations with the encoder source function to obtain travel times. The results from
the SSF were used with a visual Phase Alignment Tool (PAT) to facilitate developing dispersion
curves, and as a pre-filter to improve the interpretation of the data.

Keywords: filtering, signal processing, surface waves, Vibroseis.

Introduction

Vibroseis and other swept-frequency seismic sources are used widely in subsurface
exploration. A standard practice is to cross correlate the source signal with the received signals.
One problem is that a significant source of noise is caused by the distortion from upper
harmonics generated by seismic vibrators. These harmonic distortions decrease signal-to-noise
ratio and have been addressed both during data acquisition as well as in processing (Abd El-
Aal, 2010). In addition, noise from sources such as traffic vibration can be a problem particularly
in the low frequency range. For those types of noise traditional frequency domain filters are
difficult to apply, in particular for dispersed waves where the frequency content and statics
change with time at the receiver. More sophisticated methods of spectral decomposition have
been tried, such as filtering in F-T space (Okaya et al., 1992) or Short Time Fourier Transform
(STFT), or sliding-window analyses (Chakraborty and Okaya, 1995); however these techniques
can be ad hoc and are not always successful. This paper takes advantage of the data in the

uncorrelated domain to filter and remove noise from harmonics and traffic.
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The purpose of this paper is to describe a novel SSF which rejects unselected harmonics and
other out-of-band noise in the received signal. The SSF assumes that the frequency of the
receiver trace at any time is within a narrow frequency band centered on the frequency of the
swept-frequency source. The SSF is a time-varying filter that produces a receiver trace that is
free of source harmonics and other noise sources outside of the narrow band filter centered on
the source frequency. The resulting, undistorted, uncorrelated trace can then be used in
different applications, such as for surface-wave dispersion analysis by following a particular
phase across a receiver array or for travel-time analysis by convolving the receiver trace with
the encoder source function.

The details of the SSF and its applications are described in the context of a field test carried
out over several days in September 2013 at the University of California-Santa Barbara’s Garner
Valley Downhole Array (GVDA) site (nees@UCSB, 2014) in the San Jacinto Mountains in
southern California. At the site, we collected Distributed Acoustic Sensing (DAS) data, a fiber-
optic technique that senses seismic waves on the direction of the fiber at one-meter intervals.
These data provide a much higher density of sensors than can typically be obtained in near-
surface geophysical studies and therefore it requires a novel tool for the rapid and efficient
signal processing of the data.

The SSF method was applied to traces collected from a variety of sensors in which the
University of California-Los Angeles’s AFB Model 4600A semi-custom 45-kN eccentric mass
shaker (nees@UCLA, 2014) mounted on the concrete slab of the top floor of the Garner Valley’s
one-story “Mini-Me” structure was used as a seismic source. The sensors included 762 m of

Distributed Acoustic Sensing (DAS) cable, a 48-channel seismometer array, several
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accelerometers, and GVDA borehole seismometers. The shear shaker was programmed to
provide a linear frequency sweep from 0 to 10 Hz and back to 0 over a 60-second period. Energy
is 0 at 0 Hz, increases with frequency to the structure resonant frequency (5.5 Hz), and then is
flat to the maximum frequency (10 Hz). Useful seismic energy is produced at 1.6 Hz and above.
As with Vibroseis trucks, the shaker mounted on the “Mini-Me” structure generated several
harmonics, which contaminated the received traces (Bagaini, 2010).

This paper first introduces the time-varying SSF methodology, describes the field setup, the
DAS array and data acquisition methodology, and then presents the implementation of the
time-varying SSF methodology to the data collected by the DAS array at Garner Valley site.
Although the ground motion data were much stronger for arrivals associated with the primary
source frequency, SSF filtering permitted the analysis of not only the fundamental frequencies
but also of several harmonics to extend the frequency range of the phase velocity dispersion
curve of the Rayleigh wave. The higher-quality filtered traces also allowed the development of
a Phase Alignment Tool (PAT), which provides the user with a visual means to align a
particular phase. The filtered traces also improved results when applying techniques such as
Moving Window Cross Correlation (MWCC - Sun et al., 2009) and Multichannel Analysis of

Surface Waves (MASW -Park et al., 1999).

Single-Sideband SSF Algorithm

The SSF algorithm applies to ground-motion sensors that are responding to a sinusoidal
source whose time-varying frequency is known. The algorithm is designed to reject noise in the
received signal at a time t. The rejected noise is outside of a narrow frequency band centered on

4
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the source frequency at the same time t. This frequency band is user defined but should
accommodate the change in source frequency that occurs as a result of the propagation time
between source and receiver, that is, the change in frequency source is the product of the lag
time and the sweep rate of the source. Consequently, the method works best for slow sweep
rates and for move out adjusted waveforms. The SSF has characteristics of a multiple filter
technique in which a narrow-band filter is applied to individual receiver traces at a sequence of

center frequencies (Gabriels et al., 1987; Dziewonski and Hales, 1972). However, a key concept
of the SSF is that the narrow-band filter is centered at a fixed frequency, fNBF, rather than using
a bank of filters. Having a single center frequency is achieved using Single Sideband

modulation to shift the receiver signal to the fixed narrow-band filter frequency, fNBF. Using the

analogy of single sideband radio, fNBF plays the role of the intermediate frequency and fLO plays

the role of the carrier frequency. The SSF algorithm is continuously ‘tuning’ the fio to the
changing source frequency and shifting the frequency to the upper sideband frequency, fnzr.
The frequency fnsr can be chosen somewhat arbitrarily but must be outside the range of
information. The single sideband modulation requires a local oscillator that is multiplied (also
known as heterodyned or mixed) with the receiver signal, i.e., the sensor signal is multiplied by
the local oscillator.

2-sin(27- fgpe - t)-sin(2m- £y o - t) = cos|2m- (fspe — 1.0 )- t] - cos|2m- (fspe + fro)- ] (1)
where fsrcis the frequency of the source at time t. The trigonometric identity on the right hand

side of Eq. 1 shows that mixing two frequencies produces a beat frequency and a sum

frequency, which are known as the lower and upper sidebands, respectively. The lower
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sideband can be removed by phase shifting both the receiver signal and the local oscillator by
90° and subtracting their product from Eq. 1. This is the upper sideband modulator. A Hilbert
transform is used to shift the receiver signal by 90°. Similarly the upper sideband can be
removed by phase shifting both the receiver signal and the local oscillator by 90° and adding

their product to Eq. 1. This is the upper sideband demodulator. The upper sideband frequency
is targeted to be fNBF. The local oscillator is chosen to shift the source frequency to fNBF and to be

phase-locked with the swept-frequency source. These constraints are implemented in the

algorithm by calculating the phase of the local oscillator at time ¢ by

eLo = 6NBF - 6SRC (2)

t
where ONBF =21t fNFB-f and Ogpc = IZn -f(t)-dt, that is, 65RC is computed by integrating 2m times
0

the sweep frequency from zero to time . The result of the upper sideband modulator is to

shift the signal frequency at time f to the upper sideband frequency, fNBF, where a high-order,

zero-phase, narrow band filter is applied and an upper sideband demodulator shifts the signal
back down to the original source frequency. The SSF is an example of a time-frequency filter
because it affects the signal in frequency-time space. The flow diagram is presented in Fig. 1,
which shows the core of the SSF routine. Of special note is that the process is performed in the
time domain (with the exception of the Hilbert transform which uses the Fourier transform and

its inverse to efficiently compute the 90° phase shift).
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GVDA Field Layout

The University of California — Santa Barbara’s site at Garner Valley was developed to
improve the understanding of the effects of surface geology on strong ground motion. The site
includes surface and borehole accelerometers, and pore pressure transducers to record strong
ground motions, excess pore pressure generation, and liquefaction response of subsurface soils.
The site also includes two one-story tall structures used to evaluate soil-foundation-structure
interaction effects for Geotechnical and Structural Earthquake Engineering studies. The site is
located in a seismically active region between the San Jacinto Fault 7 km to the west and the San
Andreas Fault 35 km to the east in a narrow valley within the Peninsular Ranges Batholith in
California. The near-surface soil-to-bedrock structure is well characterized (nees@UCSB, 2014).
Alluvial, silty and sandy soils extend to about 16-m depth. They overlie weathered bedrock
down to unweathered granodiorite at a depth of 88 m.

The main sensor array used in this study is formed by a fiber optic cable that is interrogated
with a laser pulse. The backscattered light from the laser signal is interpreted to sense the
dynamic strain rate along the axis of the cable (Parker et al., 2013; Castongia et al., 2015). The
DAS array senses the strain rate caused by a propagating wave by dynamically monitoring the
relative displacement of scattered in the fiber optic cables along a section of the cable (i.e., gauge
length — Daley et al. 2015). DAS displays the strain rate responses in sensor channel separated
by 1 m and sampled at 1 kHz. DAS sensors have strong directivity, it senses strain rates only in
the direction of the fiber cable (Mateeva et al., 2014).

A linear length of 762 m of fiber cable, deployed in a trench varying in depth from about

0.15 to 0.46 m, formed the DAS array layout (Fig. 2). The trench was backfilled and compacted
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to provide coupling between the fiber-optic cable and surface soil. The sensor distance was
doubled to 1524 m because two internal strands within a single jacket were spliced together at
the end of the cable. To complement the DAS array, seven tri-axial accelerometers and a 48-
channel seismometer array from the Portable Array Seismic Studies of the Continental
Lithosphere (PASSCAL) instrument pool were deployed on the source and along segments of
the two subdiagonals. The equipment included 7 Kinemetrics EpiSensor tri-axial
accelerometers, two Kinemetrics Granite digitizers, two Geometrics GEODE 24-channel
seismographs and 18 triaxial 4.5 Hz L-28-3D geophones.

We use the data collected at Garner Valley to test the SSF. The DAS data presented for the
SSF analysis utilized the University of California — Los Angeles’” eccentric mass shaker placed on
the top floor of the “Mini-Me” structure (Fig. 3a). We selected this source because it was well
characterized, it provided a strong shear wave, and it was available for academic research at a
site well-suited to a field trial of DAS. The mass shaker could generate significant amplitude
surface waves in the direction of the main orientation of the DAS array in the low frequency
range. Accelerometers on the top of the “Mini-Me” slab recorded the source signal. The
vibration of the shaker on the “Mini-Me” structure generated a vertically-polarized shear wave
that concentrated radiated energy in an approximately west-to-east direction. External
triggering and GPS timing between the shaker, DAS, and the PASSCAL Geode seismograph
were used to synchronize clocks between the different systems. The shaker was swept from its
at-rest position to 10 Hz and back to the at-rest position over 60 seconds (Fig. 3b). Fig. 4 presents
the time and frequency domains responses of the shaker, the DAS response, and the horizontal

components of the PASSCAL geophone rotated into the direction parallel to the adjacent DAS

Page 8 of 28



Page 9 of 28

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

Geophysics Manuscript, Accepted Pending: For Review Not Production

tiber-optic cable. It should be noted that geophones and DAS channels sense different physical
quantities. Geophones measure particle velocities, while DAS channels sense strain rates along
gauge length (i.e., 10 m in the case of this dataset - Daley et al., 2015). Furthermore, DAS has
very strong strain rate directivity (maximum in the direction of the fiber and zero in the
direction perpendicular to the fiber -Mateeva et al., 2014). The geophone and DAS waveforms
are from receivers 175 m from the mini-me source and contain both surface wave and reflected
and refracted P-waves arrivals which travel at different velocities and interfere with each other.
Both different sensing mechanisms and the presence of different modes of propagation explain
in part the difference in the geophone and DAS responses presented in Fig. 4b and 4c.
Additionally conversion of DAS strain rate to particle velocity by integrating records in time

and space yield similar responses to geophones as reported by Daley et al. (2016).

Application of Single-Sideband SSF Algorithm in Seismic Data

The step-by-step application of the Single Sideband - SSF algorithm is illustrated in Fig. 5
for the shaker on the “Mini-Me” structure source and DAS sensor channel whose time series is
shown in Fig. 4c. In the case of the shaker on the “Mini-Me” structure, the mass shaker sweeps
up from the at-rest position to 10 Hz over 30 seconds and back to the at-rest position over the
next 30 seconds. If the maximum travel time is one second, then the maximum frequency by
which the received signal lags the source signal is 0.33 Hz on the upsweep and leads the source
signal by the same 0.33 Hz on the downsweep. Therefore, the minimum Narrow Band Filter

bandwidth is 0.66 Hz.
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The left figure in each pane is the spectrogram for the frequency range from 0 to 500 Hz

whereas the right figure in each pane presents the magnification of a 50 Hz band within the full

spectrogram.

The spectrogram of the unfiltered DAS time series shows the sweep signal, which goes
from the at-rest position to 10 Hz and back to the at-rest position, and its harmonics.
Vehicle noise appears near 10 seconds and again near 57 seconds with energy between
about 6 and 50 Hz. Upwards of a dozen harmonics of the fundamental frequency appear
in the full spectrogram in the left pane of each figure set with an expanded view of the first
five harmonics shown in the right pane.

A broad zero-phase band-pass filter is applied to the received waveform which passes the
entire frequency range of interest while removing signals near the fixed narrow band filter
frequency. This initial band pass was chosen to be between 0.4 and 30 Hz. The zero-phase
filter is implemented by applying a Butterworth filter twice: first in the forward time
direction and then in the time reverse direction. The first and second harmonics are still
strongly present.

The source signal and the local oscillator are used with an upper sideband modulator to

shift the signal to the upper sideband frequency, which was chosen to be the center of the

narrow band filter, fNBF = 350 Hz. Because the local oscillator frequency is adjusted to the

fundamental source frequency to sum to 350 Hz, the signal is centered on the fundamental

frequency of 350 Hz. The first and second harmonics are still strongly present.

10
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d. A high-order, zero-phase, narrow-band filter, whose bandwidth is 1 Hz, is applied to the
upper sideband frequency signal. Note that the harmonics and other noise outside the 1-
Hz band of the source frequency are all removed.

e. The same local oscillator used for upper sideband modulation is now used with an upper
sideband demodulator to frequency shift the filtered result back to the baseband. The
harmonics and other noise are removed and only the response associated with the

fundamental source frequency remains.

Band-Pass Filtering vs. SSF

The example presented on the DAS data compares the results in the time domain of a Band
Pass Filter versus the SSF. Fig. 6a shows 10 seconds of raw data recorded by the entire DAS
array for the swept-frequency source described previously. The slowly varying wave arrivals
come from the shaker source. The incoherent, parabolically-shaped arrivals correspond to
arrivals on the array from a passing vehicle. The trace presented on the right in Fig. 6a is the
same 10 seconds showing the waveform from a single sensor channel (i.e., channel 575). This
trace clearly shows the high-frequency noise from the passing vehicle. Fig. 6b shows the same
plot after the raw data have been filtered with a simple 0.4-to-12-Hz band-pass filter, where the
0.4 Hz cut-off was chosen to remove the very low frequency components and the 12 Hz cut-off
was chosen to be far enough away from the 10-Hz maximum frequency of the source. The
band-pass filter has clearly removed the very low frequencies in the records (vertical stripes in
the left pane of Fig. 6a), and a majority of the energy from the passing vehicle (12 Hz and
higher) but the in-band (~6 Hz to 12 Hz) frequencies still remain. Both the fundamental

11
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frequency and its first harmonic are visible in the waveform. As the collected surface waves are
dispersive, the frequency-dependent travel times distort the wave shape of the received signal.
Fig. 6¢c again shows the same plot but after the raw data have been filtered using the SSF. This
tigure also has clearly removed the very low frequency components (vertical stripes in the left
pane of Figure 6a), and much more of the energy from the passing vehicle. The SSF passes only
the fundamental frequency of the swept-frequency source, except at a sweep frequency of 1 Hz
when both the fundamental and the first harmonic are in the pass band of the narrow band
filter. The SSF allows higher order harmonics of the swept source to be filtered separately by
using integer multiples of the source phase angle as the source signal and adjusting the
bandwidth of the narrow band filter. The reduction of noise from a filter bandwidth of 11.6 Hz
(0.4-to-12 Hz) using only a Band Pass Filter to a filter bandwidth of 1 Hz in the SSF corresponds
to an increase in signal-to-noise ratio of the square root of the ratio 11.6 Hz/1 Hz, or a factor of
3.4. As shown in the wiggle trace in Fig. 6c, the ability of the SSF to separate the swept-source
fundamental frequency from higher order harmonics and other noise leads to a clean,
uncorrelated time series for the received waveform. The application of the proposed algorithm
is extended to geophone responses. Fig. 7 shows how the SSF is able to remove not only the
high frequency noise but also the traffic noise that was captured by the PASSCAL vertical
geophone closest to the DAS channel 575 shown in Fig. 6. The waveform treated with the SSF
(Fig. 7c) shows a much higher signal to noise ratio than bandpass filtered waveform (Fig. 7b) as

the traffic noise is almost completely removed.

12
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254  Velocity Dispersion Analysis

255 A major motivation for developing the SSF algorithm was to determine phase-velocity

256  dispersion curves of surface waves along the DAS and seismometer arrays at Garner Valley

257  Downhole Array site using methods such as MASW or MWCC (Park et al., 1999; Sun et al.,

258  2009; Baldwin et al., 2014). The undistorted waveforms following application of the SSF

259  algorithm make it relatively easy to follow visually a particular phase of a waveform over many
260  sensor channels. Further, the separation of source harmonics in the received waveforms allows
261  for the determination of the velocity dispersion by extending the range of frequencies to higher
262 order harmonics.

263 Figure 8_are the Mini-Me shaker source accelerometer cross correlated with the DAS

264  receiver channels along the long line and along the nearest sub-diagonal line after whitening
265  both the source and received waveforms. In the long line parallel (and furthest) to the road

266  there are two arrivals: A strong surface wave with an apparent velocity of 180 m/s and a weaker
267  arrival with an apparent velocity of 500 m/s. Both have linear move out which is consistent with
268  asurface wave, a direct arrival, or a refractor with shallow depth. In the near sub-diagonal line
269  the arrivals are more complicated. The fastest arrival has a linear move out velocity of 350 m/s.
270  The strongest arrival has an apparent velocity of 215 m/s but increases to 350 m/s at about 65 m
271  from the start of the line. There does seem to multiple waves interfering with each other. Along
272 the diagonal line, the DAS cable is sensitive to both the radial component of the Rayleigh wave
273  and the transverse Love wave.

274 Special care needs to be taken with using the velocity dispersion analysis for uncorrelated
275  data in the presence of such interfering surface wave modes. The method will follow the phase

13
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change between channels for the highest amplitude surface-wave at that particular frequency,
but it can easily skip between modes. For this reason, it is recommended that the method only
be used for low frequencies and for short offsets. At longer offsets and at higher frequencies,
higher-order modes can dominate the amplitude spectra, and the phase alignment will record a
mixture of the different modes. Good quality control is required. In our case, we compare the
results to those obtained with traditional surface-wave analysis previous spectral analysis of
surface wave (SASW) results by Stokoe et al. (2004) and Baldwin et al. (2014).

An interactive, Phase Analysis Tool (PAT) was developed to allow the user to find visually
the best-fit phase velocity at different source frequencies by choosing the time interval for
waveform analysis across a number of sensors. The tool is shown in Fig. 9 for a DAS profile
that is 190-meters long and radially oriented with respect to the shaker source. A one-second
time interval is centered at 10 seconds. The source frequency versus time can be calculated
using either the mass wheel encoder or using the accelerometer signal. Using the mass wheel
encoder data, the source frequency at 10 seconds is 3.24 Hz. The user of the PAT obtains the
apparent velocity of a particular phase of the surface wave by adjusting the velocity control so
that the waveforms appear flat at the grey cursor line (line at 10 seconds). In Fig. 8a, only a 0.4 -
12 Hz bandpeass filter has been applied to the waveforms. Noise and harmonics from the swept-
frequency source make it difficult to evaluate which velocity best fits the data. In Fig. 8b, the
SSF algorithm has been applied. The band-pass filtered traces are significantly improved. Then
the best-fit phase velocity of 418 m/s can be chosen. By repeating the process at different arrival
times, corresponding to several source frequencies, the surface wave apparent velocity vs.
period curve can be obtained. The dispersion-curve results for the DAS profile collected at the

14
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Garner Valley Downhole Array site are shown in Fig. 10. Rayleigh wave velocities increase
significantly at lower frequencies and, hence, longer wavelengths, because S-wave velocity
increases with depth in the unconsolidated alluvial deposits at Garner Valley. This curve is
extended to the higher frequency range by using higher harmonics. The dispersion curve
obtained with the DAS array and reduced with the proposed SSF algorithm compare well with
previous spectral analysis of surface wave (SASW) results by Stokoe et al. (2004) and Baldwin et
al. (2014). While the low frequency (< 10 Hz) results are not a perfect match at the low frequency
range (datasets were collected along different lines where depths to the weathered bedrock are
likely to be different), the high frequencies results show a good match. High-frequency surface
waves sense shallower uniform alluvial deposits and the phase velocity is very similar

regardless of the location of the arrays.

Summary and Conclusions

This paper presents the SSF algorithm. This novel algorithm was developed for the
reduction and interpretation of signals obtained from swept-frequency sources, which contain
significant noise from upper source harmonics and environmental noise. The algorithm is
designed to reject noise in the received signal throughout its trace outside a narrow frequency
band centered on the source frequency at each time. The method works best for slow sweep
rates and for move out adjusted waveforms. The proposed technique was applied to data
collected at the University of California Santa Barbara’s Garner Valley Downhole Array site
where ground-motion sensors captured signals from a shaker with a known time-varying
frequency function. Results show how the SSF algorithm successfully removed traffic noise and

15
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upper harmonics generated by the shaker source. Furthermore, the proposed algorithm can be
applied for the interpretation of dispersion of surface wave propagation. The application of the
algorithm yields undistorted waveforms that allow visually following particular phases of a
waveform over many DAS sensor channels. Furthermore, the separation of source harmonics
in the received waveforms helps in the determination of phase velocity dispersion curves by

extending the range of frequencies to higher values.
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Fig. 1. Block flow diagram for the SSF algorithm.
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Fig. 2. Location of the Garner Valley Downhole Array testing site and surveyed layout of about 762-m of
cable that forms the DAS array. Satellite image from Google Earth. The dots on the DAS cable indicate
separations of 20 m. The lines labeled ‘Highway’ and Parking’ correspond to SASW surveys ran by Stokoe et
al. (2004).
338x190mm (300 x 300 DPI)
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Fig. 3. (@) A University of California Los Angeles 45 kN (10,000 Ib. force) shear shaker mounted on the
“Mini-Me"” structure and its excitation spectrum. The “Mini-Me"” structure is a one-story concrete structure
composed of a rectangular slab supported by four steel columns. The overall structure is supported by a
shallow foundation system The height of the structure is 2.38 m with a concrete base 4.26 m long by 3.13

m wide and 0.61 m thick (Givens 2013) . (b) The source created a vertically polarized shear wave by
rocking the “Mini-Me” structure back and forth along the main horizontal axis. The generated shear waves
are strongly directed in the EW direction. The ‘kinks’ in the spectrum at around 5 Hz are caused by structure
resonance affecting the loading on the drive motor.
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Fig. 4. Time and frequency domain responses of the (a) 45 kN shaker, (b) horizontal geophone, and (c) DAS
cable. The geophone and fiber-optic cable were about 1 m apart and about 175 m from the shaker (Wang
et al., 2014).
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Fig. 5. Frequency-Time spectrograms of the DAS waveforms for the shaker on the Mini-Me structure being
swept from rest to 10 Hz and back to test over 60 seconds. The left figure in each pane shows the full
frequency range from 0 to 500 Hz while the right figure shows a magnified 50 Hz window of the full
spectrum. Each step shows the implementation of the SSF algorithm: (a) the spectrogram of the raw,
unfiltered waveform; (b) the spectrogram after a 0.4-to-30 Hz bandpass filter. (c) the spectrogram after
Upper Sideband Modulation, (d) Application of the 1-Hz Narrow Band Filter centered at 350 Hz, and (e) the
final spectrogram of the filtered DAS response after SSB demodulation.
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Fig. 6. The left color-intensity plots show the DAS waveforms between 5 and 15 seconds after the start of
the sweep over the entire array. The right plots show the time series of the single DAS sensor channel
575. (a) Raw, unfiltered waveforms, (b) Band-pass (0.4 - 12 Hz) filtered waveforms, (c) SSF waveforms.
The separation between sensor channels is 1 m.
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Fig. 7. Example of the application of the proposed SSF algorithm on the vertical PASSCAL geophone closest
to the single DAS sensor channel 575. Figures show the geophone waveforms between 5 and 15 seconds
after the start of the sweep. (a) Raw, unfiltered waveforms, (b) Band-pass (0.4 - 12 Hz) filtered waveforms,
(c) SSFed waveforms.
338x190mm (300 x 300 DPI)
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Fig. 8. Mini-Me shaker source accelerometer cross correlated with the DAS receiver channels along both (a)
the long line and along (b) the near sub-diagonal line. Whitening was applied to both the source and

received waveforms. The separation between sensor channels is 1 m.
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Fig. 9. The PAT allows visual alignment of individual wave phases across a spatial array of receivers. Input
parameters include the arrival-time interval and stations selected, the initial Band-Pass Filter and the
parameters of the SSF. The phase velocity is determined by adjusting the linear move out velocity until the
arrival at the cursor line is horizontal. (a) Simple band-pass (0.4 - 12 Hz) filtered waveforms, (b) SSF
filtered waveforms. The separation between sensors is 1 m.
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Fig. 10. Surface-wave dispersion curve obtained using the 45 kN swept-frequency shear shaker and the
indicated section of the DAS array. Velocities at frequencies above the maximum 10 Hz of the source sweep
were obtained using the first and second harmonic generated by the source.
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