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Abstract Distributed Acoustic Sensing (DAS) can record acoustic wavefields at high sampling rates and Careth Funni
are unning

with dense spatial resolution difficult to achieve with seismometers. Using optical scatteringinduced by cable Handling Editor:
deformation, DAS can record strain fields with spatial resolution of a few meters. However, many experiments Bradiey ﬁipovéky
utilizing DAS have relied on unused, dark telecommunication fibers. As a result, the geophysical community Copy & Layout Editor:
has not fully explored DAS survey parameters to characterize the ideal array design. This limits our under- Tara Nye
standing of guiding principles in array design to deploy DAS effectively and efficiently in the field. A better
quantitative understanding of DAS array behavior can improve the quality of the data recorded by guiding the
DAS array design. Here we use steered response functions, which account for DAS fiber’s directional sensi-
tivity, as well as beamforming and back-projection results from forward modelling calculations to assess the
performance of varying DAS array geometries to record regional and local sources. A regular heptagon DAS
array demonstrated improved capabilities for recording regional sources over other polygonal arrays, with
potential improvements in recording and locating local sources. These results help reveal DAS array perfor-
mance as a function of geometry and can guide future DAS deployments.
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Non-technical su mmary Distributed Acoustic Sensing (DAS) can record vibrations travelling
through the Earth at high resolutions by repurposing fiber optic cables usually used for telecommunication.
These recordings have higher sampling in space than what can be recorded using a traditional array of seis-
mometers. However, many experiments using DAS have used pre-installed fiber optic cables, which prevents
any kind of optimization in array design. This means that the scientific community has not had the oppor-
tunity to explore what shapes work best for detecting earthquakes with DAS. In this report, we test how well
theoretical DAS shapes record simulated earthquakes. Our results show that a regular heptagon shape works
best for detecting and locating earthquakes both near and far from this theoretical DAS cable. These results
help reveal how DAS performs when the cable is buried in different shapes and which can guide scientists in
designing a future DAS experiment.

1 Introduction Seismic DAS experiments work by repurposing fiber

optic cables as multichannel arrays. An interrogator

Distributed Acoustic Sensing (DAS) is a decade old tech-
nology that can record wavefields at high spatiotempo-
ral resolution in a similar manner as traditional long-
period, large-N seismic arrays. By measuring the strain
field acting on a fiber optic cable, DAS can resolve sig-
nals with spatial resolution of a few meters (Lindsey and
Martin, 2021). Compared to typically tens of meters to
tens of kilometers spatial sampling of geophones and
broadband seismometers, respectively, DAS provides a
means to record wavefields at resolutions difficult, if
not impossible, to achieve with traditional seismic in-
struments. As the seismic community begins to adapt
to large-N deployments with the growing availability of
high-quality nodal instruments, DAS presents itself as
an endmember on this spectrum of instrument density.
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unit, installed at one end of an optical fiber, sends laser
pulses into the fiber where impurities within the fiber
result in Rayleigh backscattered light. The interroga-
tor measures the phase shifts from this backscattered
light in the time-domain in bins separated by what is
called a gauge length, defined by the user during post-
processing or set by the manufacturer during interroga-
tor production, where light is collected over a certain
amount of time. Thus, the interrogator collects data
at virtual channels which are analogous to individual
seismic stations. While DAS data is also reported at
channels with sub-meter spacing, the conservatively es-
timated spatial resolution is fixed by the gauge length
(Douetal., 2017). As aresult, the DAS array samples the
strain field acting on the fiber coupled to the Earth at
the meter scale over tens of kilometers of fiber.

DAS has been successfully used in a variety of geo-
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physical applications, with cumulative data collected
by DAS experiments over ~5 years outpacing ~30 years’
worth of archived seismic data at the IRIS DMC (Lind-
sey and Martin, 2021; IRIS Data Management Center,
2023). Many of these previous DAS experiments have
employed unused telecommunication fibers, resulting
in little to no control over the array design (e.g., Lindsey
etal., 2019; Fang et al., 2020; Wang et al., 2020; Baker and
Abbott, 2022). As a result, the geophysical community
has not fully explored DAS survey parameters to char-
acterize the ideal DAS array design given specific exper-
imental goals.

Recent work employing a custom designed and in-
stalled DAS array have demonstrated DAS’s ability in re-
gional (e.g., Wang et al., 2018) and global (e.g., Dando
et al., 2022) seismic studies. The planned Rock Valley
Direct Comparison (RV/DC) experiment (Snelson et al.,
2022), a phase of the Source Physics Experiment (SPE;
Snelson et al., 2013), aims to directly compare a shal-
low earthquake to a chemical explosion detonated at
the same hypocenter, with DAS among the geophysi-
cal instrumentation to be used for observation. A bet-
ter quantitative understanding of DAS array behavior
prior to acquisition can improve the quality of the data
recorded by guiding the DAS array design.

As the use of DAS grows in the geophysical commu-
nity, understanding these array parameters is crucial if
DASistobe used on the same level as traditional seismic
deployments. One of the most fundamental aspects to
array design is the field layout. This encapsulates the ge-
ometry of the array, defined by parameters such as array
size, length, direction, and instrument spacing. These
parameters are tuned based on the specific questions
motivating the experiment and logistical or field-based
constraints, such as required resolution, noise condi-
tions, and land-access permitting.

While array design parameters are well understood
for traditional seismic deployments (e.g., Liner, 2016),
this is not the case for DAS. Before DAS arrays are de-
ployed in the field, it is prudent to first synthetically test
their performance using established simulation meth-
ods to understand their theoretical sensitivity once de-
ployed in the field. The goal of this paper is to investi-
gate the sensitivity and ability of synthetic DAS arrays by
testing various polygonal geometries. The performance
of DAS arrays in relocating synthetic sources, as well
as their sensitivity to noise, can guide eventual DAS de-
ployment in the field and identify ideal array designs.

2 DAS amplitude response

Amplitudes of phases recorded by a linear segment of
fiber is heavily controlled by the angle of incidence, 9,
between the source and the fiber (Lindsey et al., 2020).
For a P-wave, the amplitude of the wavefield recorded
by DAS is scaled by cos?d (Figure 1), meaning that a
phase travelling parallel to the fiber segment has an am-
plitude scaling of 1, whereas a broadside (i.e., cable-
perpendicular) arrival has a scaling of 0 (Mateeva et al.,
2014; Lindsey and Martin, 2021). This has led to the use
of winding, helical geometries for DAS measurements
(Hornman, 2017; Yavuz et al., 2019; Mellors et al., 2021)
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to increase P-wave sensitivity (Kuvshinov, 2016) at the
expense of S-wave sensitivity (Baird et al., 2020). How-
ever, these specialized fibers are rarely available and re-
quire an additional interrogator unit. Thus, we focus
our attention on how the cos?§ amplitude scaling affects
the more commonly used linear fiber arrays in record-
ing P-waves.

P-wave amplitude response for DAS
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Figure 1 Theoretical DAS amplitude response for a P-
wave arrival as a function of incidence angle.

While the cos?d scaling is typically applied to the in-
cidence angle between the DAS fiber and an upcoming
wavefront, it is more generally a 3-D scaling. As a re-
sult, it can be assumed that a source-receiver geometry
in the horizonal plane would also apply. That is, rather
than incidence angle, the DAS data would be scaled as a
function of the source-receiver backazimuth. Such be-
havior has been observed in a DAS array in a horizon-
tal surface-seismic configuration with a shallow broad-
side source (Mateeva et al., 2014) as well as previous
synthetic analysis of DAS array sensitivities (Kennett,
2022), confirming the applicability of the cos?f scaling
as a function of backazimuth to surficial DAS arrays.

For simplicity of the analysis, we focus on P-wave sen-
sitivity of various regular polygons to simulate DAS ar-
ray geometries that one may consider deploying in the
field. These polygons are a balance between the omni-
directional sensitivity of circular arrays, the linearity re-
quired for 2-D frequency-wavenumber analysis, and de-
ployment logistics. Our goals here are to (1) identify
which DAS polygons exhibit the best performing steered
response function given the cos?f amplitude scaling
and (2) test polygons performance in locating regional-
and local-scale synthetic sources. To further investi-
gate (2), the performance of a star-shaped array and a
polygonal array in beamforming and back-projection
are compared. This star-shaped array geometry is con-
ceptualized as an antenna with linear segments to op-
timize wavefront propagation along the fiber axis while
considering logistics of field deployments and minimiz-
ing doubling of the cabling.
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3 Methods

Waveform simulations were run with PyFK (Zhu and
Rivera, 2002; Xi et al., 2021) and the 1-D PREM veloc-
ity function (Dziewonski and Anderson, 1981). The re-
sulting output provided vertical, radial, and transverse
(ZRT) orientated synthetic displacement waveforms,
which were further processed with the ObsPy library
(Beyreuther et al., 2010). To convert from ZRT-oriented
synthetic seismic data to synthetic DAS data, the radial
component was rotated to be fiber parallel based on the
backazimuth between the fiber segment and the syn-
thetic source location (Figure 2). Then the fiber-parallel
component waveform amplitude was scaled by cos?6
(Figure 2) to create a synthetic DAS recording. The an-
gle between two channels on either side of a bend in the
synthetic array is taken as the straight-line distance be-
tween the two. Bends in the array affect only a small
number of channels (< 1 % of all channels), meaning
the influence on beamforming and back-projection cal-
culations are negligible. Finally, the data were trace
normalized before analysis.

The conversion from synthetic seismic to synthetic
DAS assumes that the PyFK output of displacement is
proportional to strain-rate as recorded by DAS. These
synthetic DAS timeseries were used for downstream
beamforming and back-projection calculations. The re-
lationship between a strain system (e.g., strain or strain-
rate) and a ground motion system (e.g., displacement,
velocity, acceleration) has been established by recent
studies such as Bakku (2015) and Wang et al. (2018).
Additionally, as shown in van den Ende and Ampuero
(2021), conversion from strain-rate to velocity reduces
artifacts observed when applying beamforming to DAS
data. Therefore, we consider this downstream process-
ing with ground-motion data a valid approximation.

Channel

DAS Fiber Cable

* Source

Figure2 Map-view schematic of ZRT-to-DAS rotation.

While traditional delay-and-sum array response cal-
culations are applicable to seismometers (e.g., Rost and
Thomas, 2002), the sensitivity of the DAS array to the
angle between the optical fiber and the incoming wave-
front (Lindsey et al., 2020) requires the calculation of a
steered response function (Nasholm et al., 2022; Ken-
nett, 2022) which considers this directional sensitivity.
This method also incorporates the modulation effect of
slowness to account for the angular behavior of the ar-
riving wave (Nasholm et al.,; 2022; Kennett, 2022).
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To assess each array’s performance, steered response
functions were calculated using the numerical work-
flow of Ndsholm et al. (2022). In this method, a verti-
cally incident plane wave with a uniform arrival time
across the array (i.e., a teleseismic phase traveling at
infinite apparent velocity) was used to calculate a syn-
thetic signal, with each trace scaled by the fiber-source
incident angle # using cos?§. Then, for each steering
slowness, steering delays were applied to each trace
to shift the signal. The time-shifted data are stacked,
with the output power being the temporal average of the
stack squared. The resulting 2-D steered response func-
tion can then be interpreted in a similar manner as a
classical array response function (Nasholm et al., 2022;
Kennett, 2022).

The features in the steered response function repre-
sent only the azimuthal component of the response, al-
lowing for a comparison of array designs. The presence,
amplitude, and orientation of side-lobes in steered re-
sponse functions indicate backazimuths where aliasing
may occur, as well as the apparent velocity of these
aliased arrivals (Koper et al., 2009). This provides a
high-level assessment of array performance as a func-
tion of apparent velocity and source-array geometries
and is most applicable to far-field sources.

For regional sources, beamforming was performed
using the same algorithm used to calculate steered
response functions (Nasholm et al., 2022). Synthetic
sources were used to calculate synthetic waveforms for
each receiver with PyFK such that, rather than assess
the characterization of a vertically incident plane wave,
this test simulates a real-world seismic event. Beam-
forming was performed using a 5-second window of
data which captured the first P-wave arrival across the
array. The location of the main lobe in cartesian slow-
ness space provides the backazimuth between the array
and the source (Koper et al., 2009; Nasholm et al., 2022;
Kennett, 2022).

For local sources, a 2-D back-projection was per-
formed using the synthetic waveforms (Fee et al., 2021).
Envelopes were calculated and first arrivals were iso-
lated in the synthetic waveforms using a 7-p solver
(Crotwell et al., 1999). Next, a grid of possible source
locations was used to estimate travel times using a
straight-line distance and a constant velocity of 5.8
km/s for each source-receiver pair, consistent with the
shallow-most P-wave velocity from PREM (Dziewonski
and Anderson, 1981). The envelopes are shifted by their
respective estimated travel time and stacked for each
possible source location. The node which produces
the maximum stack function is taken as the recovered
source location.

To test the performance of the DAS array in a real-
world setting, synthetic Earth noise was applied at vary-
ing amplitudes to the synthetic data using the power
spectrum of the Peterson (1993) New Low Noise Model
(NLNM). The NLNM is a composite model of spectra ob-
tained from stations deployed in a variety of settings
that represent quiet microseismic periods. This is a hy-
pothetical background noise spectrum that represents
average noise observed globally. While this spectrum
may not be observed at any specific location, for our
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purposes it simulates more realistic Earth noise con-
ditions than purely stochastic noise and is less subjec-
tive than manually constructed noise (e.g., Tibi et al.,
2022). Noise amplitude was scaled to achieve prescribed
signal-to-noise ratios (SNR) between infinity (i.e., no
noise) and 1 to simulate a variety of noise levels (Fig-
ure 3). To achieve each SNR, the synthetic noise was
scaled relative to the maximum of the synthetic P-wave
arrival, then summed with the synthetic DAS trace. At
a SNR of 1, the synthetic noise is the same amplitude as
the synthetic P-wave arrival. As a result, the noise de-
structively adds to the signal to such a degree that the
arrival is obscured.

The noise was applied with a constant phase and
small random perturbations (Porritt and Stanciu, 2023),
with each channel in the simulation having the same
SNR. The noisy synthetic data was then used to cal-
culate beamforming and back-projection results, with
the change in error recorded as a function of the SNR.
The global peak in the beamforming slowness field was
used to calculate the recovered backazimuth, which was
compared to the true backazimuth between the array
and the source to calculate the backazimuth error. The
Euclidian distance between the back-projection recov-
ered epicenter and the true epicenter was used to calcu-
late the location error. These results act as a proxy for
source magnitude and/or variations in local noise con-
ditions, providing insight into the minimum detectabil-
ity threshold for DAS arrays.

4 Results

We calculated steered response functions for various
regular polygons with a total synthetic DAS fiber length
of 1 km and a gauge length of 3 m, producing an array
with an aperture of ~250 m (Figure 4 insets). We lim-
ited the synthetic tests to DAS array shapes composed of
linear segments, which are straightforward to convert
into the frequency-wavenumber space for translation
between strain-rate and ground velocity (e.g., Bakku,
2015; Wang et al., 2018). The source was a 0.1-sec Ricker
wavelet recorded at 100 samples per second for 2 sec-
onds and given a slowness of 0 s/km. These calculations
simulate a vertically incident plane wave arriving at all
channels simultaneously (i.e., a teleseismic phase with
infinite apparent velocity).

Four examples of these calculations are shown in
Figure 4. All four examples exhibit side lobes within
the expected range of crustal velocities (4-8 km/s; red
contours in Figure 4), indicating these geometries may
record aliased arrivals exhibiting these apparent veloc-
ities. However, the pentagon and heptagon produce
noticeably smaller amplitude side lobes (Figure 4A, C).
To quantify this side lobe suppression, we calculated
the steered response amplitude ratio between the main
lobe and the maximum side lobe for each polygon. Gen-
erally, the lobe ratios are higher (i.e., better) for odd-
sided polygons than for even-sided polygons (Figure 4).
To examine this behavior further, we calculated the lobe
ratios for polygons with up to 25 sides (Figure 4E). For
polygons with N-sides < ~10, higher ratios are observed
for odd-sided polygons compared to even-sided poly-
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gons. For N-sides > ~10, this difference is diminished,
presumably because the side lengths of the polygons are
decreasing and the overall geometry of the DAS array is
beginning to approach a circle as N-sides increases. Of
the polygons examined in Figure 4A-D, the heptagon ex-
hibits the most ideal steered response and has the most
suppressed sidelobes (Koper et al., 2009). Thus, we take
the heptagon to be the ‘ideal’ geometry of the polygons
tested.

To simulate example experiment designs, two general
geometries were tested: a star shape (Figure 5A) and a
heptagon (Figure 5B). The array aperture for these ge-
ometriesisincreasedto ~500 m to simulate a small-scale
field deployment. These array designs simulate an ex-
periment where an interrogator is placed at some stand-
off distance and connected to the test array via a bridge
cable. As expected from the results shown in Figure 4,
the heptagon produces smaller side and main lobes in
the steered response function (Figure 5B). The lobe ratio
is higher for the heptagon (1.68) than for the star (1.31).
An additional benefit of the heptagon over the star ge-
ometry in this case is that the heptagon requires about
half the length of fiber as the star geometry, reducing
costs as well as field logistics.

To examine the performance of these arrays’ abil-
ity to record local to near-regional sources, we per-
form forward modelling and subsequent beamforming
of synthetic sources. A 1-second-long source time func-
tion was applied to a 60-second Green’s Function using
PREM P-wave velocities sampled at 200 samples per sec-
ond for a source ~116 km away from the center of the
array (Figure 6A). This source-array distance is arbitrar-
ily chosen to represent an array recording an event at
near-regional distance. A 5-second window taken at ~20
seconds after the origin time was used for the beam-
form calculation. These results are summarized in Fig-
ure 6. The main lobe in the star response function (Fig-
ure 6B) is relatively wide compared to the main lobe of
the heptagon (Figure 6C). However, while the star geom-
etry sidelobes fall outside the -8 dB contour in Figure 6B,
both the heptagon main lobe and sidelobes are within
the -8 dB power level. This highlights that the narrower
heptagon main lobe comes at the expense of higher am-
plitude sidelobes.

Since beamforming characterizes a passing plane
wave (i.e., a teleseismic arrival), steered responses are
not as applicable to investigating the ability of an ar-
ray to record local sources where the propagation is not
a single plane wave. Because of this, back-projection
was performed on forward modelled synthetic sources
for the star-shaped and heptagon geometries at the end
of a linear segment. These array designs simulate an
experiment where an interrogator is placed at some
stand-off distance and connected to the test array via a
bridge cable. A source with a depth of 0 km was placed
near the center of the terminal shape of both arrays
to test how well the differing geometries could recover
the epicenter and origin time. The back-projection grid
search was performed on a 50-by-50 grid (i.e., 60 m
node spacing). Recovered locations were limited to grid
nodes, whereas input source locations were randomly
dispersed. The recovery results are shown in Figure 7.
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Figure 3 Sample synthetic DAS trace with simulated Earth noise scaled to SNR values from infinity (i.e., no noise) to 1.
Synthetic arrival highlighted. All waveforms have been trace-normalized after noise application. Inset: DAS fiber and sample
channel-receiver geometry.

While both geometries were able to recover this
source location to within one grid node for some
synthetic source locations, subtle differences in the
back-projection amplitude field reveal how the source-
receiver geometry and DAS cos?f waveform ampli-
tude scaling may influence location results and asso-
ciated errors. When the heptagon sides are ~90° to
the source (e.g., Figure 7D), little amplitude informa-
tion is recorded by this portion of the DAS array, caus-
ing the linear segments to contribute more to the back-

5

projection solution. This has the added result of smear-
ing back-projection amplitudes perpendicularly to the
linear segments. In contrast, because the linear seg-
ments of the star geometry are all approximately par-
allel to the source-receiver backazimuth, they record
higher amplitudes (i.e., Figure 1) and contribute more
to the recovered location solution.

To test the sensitivity of a linear DAS array with
a terminal heptagon (i.e., Figure 3 inset) in a real-
world noise environment, relocation errors were cal-

SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Performance of synthetic DAS as a function of array geometry

A —— 5 T
0.4 7 Lobe-ratio: 1.30 0.4 7 Lobe-ratio: 1.26 0
£ 02 024, W4
>
2 001 — @ 0.0 1 - -
: “almis” § g -10
0 -0.2 1 .4 k. 0277 4 km/s.
= 4 n
0.4 -0.4- -5
, R 1 T . . I L . =2
-04 -02 00 02 04 -04 -02 00 02 04 ~
............. r20 g
C ] D P 2
047 obefatio: 1.32 047 Lobe-atio: 1.27 0
_ S0 =13 P - =25
£ o024/ 024
E g . &
> ’ ; - —30
@ 0.0 ® 0.0 1 ®
o ‘ 8 km/s _ 8 km/s
;
0 029" .4 km/s. 029" .4 km/s - =35
2 A Tedkmse” S AR Ak
-0.4 : 041 . -
....... 2 km/s..o o 2 kmls e 40
-04 -02 00 02 04 -04 -02 00 02 04
Slowness x (s/km) Slowness x (s/km)
—@—
o 1345 g \/ p e ma W S = —— "¢
=
o]
o
-§ 1.2 1 Odd-sided
-l ® Even-sided
0 5 10 15 20 25

Number of polygon sides

Figure 4 Steered responses as a function of regular polygonal geometries. A 3 m gauge length synthetic DAS array with a
fiber arranged in a (A) pentagon, (B) hexagon, (C) heptagon, (D) and octagon. Red contours show relevant crustal apparent
velocities. E provides main lobe-to-sidelobe amplitude ratios for polygons with 3 to 25 sides.

culated for a variety of SNR values (Figure 3) for back-
projection (Figure 8A) and beamforming (Figure 8B)
results. The beamforming and back-projection calcu-
lations were performed using source-array geometries
discussed previously (Figure 8 insets). For compari-
son, the SNR-sensitivity of synthetic seismometer ar-
rays with the same geometry as the synthetic DAS were
also tested (Figure 8). These included seismometer ar-
rays with instrument spacings of 100, 250, and 500 m.
The vertical component calculated using PyFK (Zhu and
Rivera, 2002; Xi et al., 2021) was used in these calcu-
lations, without the application of the in-line rotation
or cos?¢ amplitude scaling used for the synthetic DAS
records.

5 Discussion

Example DAS arrays with regular polygonal geometries
demonstrate that odd-sided polygons—that is, polygons
with no parallel sides—produce improved steered re-
sponse functions by suppressing alias side lobes (Fig-
ure 4). We suspect that this is a result of the cos?¢
amplitude scaling behavior of DAS. Because even-sided
polygons have parallel sides, these segments of the DAS
fiber constructively add their respective response func-
tions, amplifying the alias lobes generated by their lin-
earity. In contrast, odd-sided polygons do not have par-
allel sides, so this constructive interference does not oc-
cur in the steered response calculation, resulting in sup-
pression of side lobes. This suggests that, in the case

SEISMICA | volume 3.2 | 2024
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of regional- to teleseismic-scale experiments, an odd-
sided polygon is a preferrable geometry for a DAS array
(e.g., Figure 4A, C).

A heptagon significantly reduces steered response
function sidelobe size and amplitudes compared to a
star geometry (Figure 5). Yet, when performing beam-
forming of a regional source, the area of the heptagon
main lobe is reduced at the expense of higher sidelobe
amplitudes (Figure 6), suggesting that heptagon arrays
may be better suited for teleseismic studies over re-
gional studies.

7

For a smaller DAS deployment designed to investigate
local sources, there may also be added benefits by incor-
porating an odd-sided polygon with a linear array due
to the increased sensitivity of source-receiver backaz-
imuths (i.e., Figure 7). Back-projection errors of a local
source with an epicenter near the center of the termi-
nal polygon (Figure 7B, D) appears to be controlled by
the polygon’s geometry. In the case of the star shape,
multiple segments of the star are aligned well with the
source, given the DAS cos?f amplitude scaling, and the
segments contribute more to the back-projection calcu-
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Figure 7 Relocated epicenters for synthetic sources as recovered by a linear-star geometry (A-C) and by a linear-heptagon
geometry (D-F). Black circle is synthetic source epicenter and red circle is the location recovered through back-projection.

lation. This is in addition to the linear portion of the ar-
ray, which is also well aligned with the source location.
The error associated with this geometry in the back-
projection calculation is thus more uniform around the
recovered location (Figure 7). In contrast, the heptagon

geometry results in more broadside source-receiver ori-
entations, meaning the polygon contributes less to the
back-projection calculation. This leaves the linear seg-
ment of the array to contribute more to the location cal-
culation. The consequence of this is that the error is
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Figure 8 Error as a function of SNR from (A) back-
projection and (B) beamforming of a synthetic source.
Dashed red line shows baseline error calculated before the
addition of noise. The performance of synthetic seismome-
ter arrays deployed in the same geometry with 100 m (or-
ange), 250 m (green), and 500 m (red) instrument spacing
is shown for comparison. Inset map shows source-array ge-
ometries.

much more elongated and elliptical, oriented perpen-
dicular to the linear segment (Figure 7). While both ge-
ometries perform relatively well in recovering the epi-
center of the synthetic source, the difference in the lo-
cation errors should be taken into consideration when
designing an array to capture a local source.

When the source is slightly off-center inside the poly-
gon, the star array produces errors equivalent to ~2 grid
cells (Figure 7B) while the heptagon still performs well
with errors < 1 grid cell (Figure 7E). However, when
the source is placed outside the array, the heptagon er-
ror is > 2 grid cells (Figure 7F) whereas the star array
is < 1 grid cell (Figure 7C). This exemplifies the need
to carefully consider how a proposed DAS array is de-
signed around either ground zero, in the case of a chem-
ical explosion, or the general region where earthquake
sources are expected to occur.

The ability of these synthetic tests to recover the
source backazimuth appears to be more sensitive to the
SNR than back-projection location recovery (Figure 8).
Even at high SNR values (i.e., an SNR factor of 10) the
backazimuth error is no better than ~20°. This contrasts
with back-projection errors, which remain constant for
SNRvalues > 1.5. Only below an SNR of ~1.4 does the re-
covered location begin to shift due to noise-induced er-
ror, reaching an error of > 50 m at an SNR of ~1.1. Below
this SNR, the errors become greater than one kilometer.
This suggests that regional source relocation is more
sensitive to noise than local source relocation, which is
consistent with the established behavior of relocation
methods using traditional seismic records.

For comparison, as synthetic seismometer instru-

ment spacing increases, the baseline, infinite-SNR error
also increases (Figure 8). At these high SNR values, DAS
generally outperforms the seismic arrays. However, as
the SNR decreases, the noise levels appear to overcome
the relative effects of instrument spacing, with both DAS
and seismometer arrays performing poorly below SNRs
of ~1.1 for back-projection (Figure 8A) and SNR of ~5 for
beamforming (Figure 8B).

6 Conclusions

DAS provides a high-density endmember to the large-
N spectrum of seismic deployments but has mainly re-
lied on pre-installed telecommunication fibers in pre-
vious experiments, limiting our understanding of ideal
array design principles. We have presented synthetic
calculations of steered responses, beamforming, and
back-projection which have helped reveal subtle DAS ar-
ray behavior. Odd-sided polygonal DAS geometries pro-
duced improved sensitivity by suppressing steered re-
sponse side lobes, likely due to the cos?0 waveform am-
plitude response of DAS. In beamforming of regional
sources, a heptagon produces a tighter main lobe at the
expense of higher sidelobe amplitudes compared to a
star geometry while being relatively sensitive to SNR.
Near-field, local source location recovery appears to
be more complicated, with heptagons performing well
when sources are within the polygon perimeter but is
generally less sensitive to SNR. While not an exhaustive
exploration of DAS array performance, these synthetic
tests of DAS array geometries and array-source orien-
tations do highlight the importance of theoretically ex-
ploring the research problem prior to installing a DAS
array. This result also demonstrates the additional work
the geophysical community must complete to bring our
collective understanding of DAS array design principles
to the level of traditional seismic arrays.
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