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ABSTRACT

Distributed acoustic sensing has been limited in its use for sur-
face-seismic reflection measurements due to the fiber’s decreased
broadside sensitivity when the fiber is deployed horizontally.
Deploying the fiber in a helically wound fashion has the promise
of being more sensitive to broadside waves (e.g., P-wave reflec-
tions) and less sensitive to surface waves than a straight fiber (SF).
We examine such claims and compare the responses of SFs and
helically wound fibers (HWFs) with different wrapping angles,
using standard and engineered fibers. These fibers have been
buried in a 2 m deep trench in a farmland in the province of Gro-
ningen in The Netherlands, where we performed an active-source
survey. We observe in our field data that using HWF has a

destructive effect on the surface-wave amplitudes. Our data con-
firms the effect of the wrapping angle on the polarity of the sur-
face-wave arrival and the dampening effect of the helical winding,
behaving in quite a predictable fashion. Apart from the effect of
the wrapping angle, the different design choices, e.g., cable filling
and material type, do not show a significant effect on the ampli-
tude of the signals. As for P-wave reflections, we observe that
engineered SF and HWF provide reflection images comparable
with those obtained from simultaneously deployed geophones
at the surface despite the SF’s decreased broadside sensitivity.
A polarity reversal and an amplitude difference between the SF
and HWFs are observed. Finally, we demonstrate that the com-
bined use of SF and HWF proved to be useful because SF showed
better sensitivity in the shallower part and HWF in the deeper part.

INTRODUCTION

Distributed acoustic sensing (DAS), sometimes called distributed
vibration sensing, has been widely adopted for a diverse number of
applications. For borehole monitoring, DAS provides dense spatially
sampled data. An equivalent dense spatial sampling using geophones
will be very costly. One can install optical fiber for the entire length of
the borehole and use it for continuous monitoring of either repetitive
active-source seismic measurements (i.e., time-lapse seismic) or for
passive monitoring, similar to hydraulic fracturing (Bakku, 2015;
Becker et al., 2017; Karrenbach et al., 2019). A major benefit of using
DAS over geophones in such settings is that it is not disruptive during
the production process. As for active seismic monitoring, early adop-
tions of the technology have been mostly in borehole seismic settings,

so for vertical seismic profiling (VSP) (Mestayer et al., 2011;
Barberan et al., 2012; Daley et al., 2013; Frignet and Hartog,
2014; Mateeva et al., 2014). The implementations of DAS in surface
seismic monitoring have been limited mostly to the estimation of
near-surface S-wave velocities from surface-wave signals with either
active or passive sources. Examples of the use of DAS with passive
sources using interferometric techniques for S-wave velocity inver-
sion are shown in Dou et al. (2017), Ajo-Franklin et al. (2019),
and Tribaldos et al. (2021). As for active-source implementations,
examples include Cole et al. (2018) and Song et al. (2018).
For reflection seismic monitoring in surface deployment, field tests

have been very limited due to the low sensitivity of the fiber to broad-
side waves (Kuvshinov, 2016). An indirect approach for obtaining
surface recordings of seismic data with DAS was implemented by

Manuscript received by the Editor 22 December 2022; revised manuscript received 6 July 2023; published ahead of production 17 August 2023.
1Delft University of Technology, Department of Geoscience and Engineering, Delft, The Netherlands. E-mail: musab.alhasani@hotmail.com (corresponding

author); g.g.drijkoningen@tudelft.nl.
© 2023 Society of Exploration Geophysicists. All rights reserved.

1

2

1

GEOPHYSICS, VOL. 88, NO. 6 (NOVEMBER-DECEMBER 2023); P. 1–14, 17 FIGS., 1 TABLE.
10.1190/GEO2022-0769.1



Bakulin et al. (2017); their approach involved obtaining reflection
data by using multiple shallow upholes. A more direct way to obtain
reflection data is to install helically wound fibers (HWFs) near the
surface and in a horizontal borehole (Hornman, 2017; Urosevic
et al., 2018; Spikes et al., 2019). A more recent approach to enhance
the broadside sensitivity is discussed in the work of White et al.
(2022), for which multiple fiber configurations and arrangements
are used. For multicomponent DAS measurements, theoretical mod-
els are proposed for the use of multihelix configurations to retrieve
the strain-tensor components (Innanen, 2017; Ning and Sava, 2018).
In this paper, we discuss a field experiment in which we examine

the combined use of straight fiber (SF) and HWF for land seismic
measurements. Our focus is on the analysis of multimode information
obtained from the combined use of SF and HWFs as well as assessing
the usefulness of their combined use for reflection seismic moni-
toring.
The paper is structured as follows. In the “Introduction,” we will

describe the principles of DAS, how it relates to geophone data, and
how it can be modeled. This is followed by describing the field experi-
ment with the set-up and fiber configurations. The obtained results are
shown and compared with each other, compared with geophone data,
and our interpretations are supported by modeling. Some open points
are then discussed and finally the conclusions are given.

DAS: What does it measure?

A DAS system consists of an interrogation unit, also called an
interrogator, and an optical fiber, one of its ends being connected
to the interrogator. It is based on the principle of optical time do-
main reflectometry (OTDR) for which the sensing fiber is injected
with a light pulse/signal. Because the light propagates and is guided
through the fiber, it encounters randomly distributed inhomogene-
ities infused in the fiber material, and it is scattered via the Ray-
leigh-scattering mechanism, which is an elastic scattering
process meaning that the frequency of the incident light and the
scattered light is the same. Only back-scattered light is then cap-
tured by a photodetector in the interrogator, and the phase informa-
tion of the light is obtained (see Figure 1).
That relative change of distance, i.e., εxx ¼ ðxþ δxÞ=x due to the

elastic deformation of the fiber, is proportional to the phase differ-
enceΔΦ of the back-scattered signal with the following relationship
(Lindsey et al., 2020):

ΔΦðt; xiÞ ¼
4πnLgξ

λ

�
xþ δx

x

�
; (1)

where n is the refractive index of the fiber material, Lg is the length
over which the strain is determined, the so-called gauge length, ξ is
a scalar factor accommodating the changes in the index of refraction
due to stress, and λ is the wavelength of the source. Here, ξ values
vary between 0.79 for pure silica (Schroeder, 1980) and 0.735 for
GeO2-doped fibers (Bertholds and Dandliker, 1988). A typical value
for n is 1.45 for a wavelength λ of 1550 nm (Lindsey et al., 2020).
Most DAS systems extract the temporal change of the phase,

i.e., ∂tðΔΦÞ, and therefore the output of the DAS system will be
the strain rate instead of strain where ∂tðεxxÞ ∝ ∂tðΔΦÞ. Several
methods are used to retrieve ΔΦ, or its time-derivative; these
include interferometric approaches using a single pulse (Posey
et al., 2000; Farhadiroushan, 2010; Masoudi and Newson, 2017),
a dual-pulse approach (Dakin and Lamb, 1990), and heterodyne ap-
proach (Hartog and Kader, 2012). More recent advances in DAS
include the use of a chirp pulse as a source to allow long-range
measurements of up to 171 km (Waagaard et al., 2021).

Gauge length, noise floor, and pulse repetition frequency

Several factors should be taken into consideration to measure the
desirable seismic response. Here, we consider the most relevant fac-
tors that affect the DAS measurement. The first and most important
one is the gauge length Lg. Here, Lg is the length over which the
strain εxx is calculated, as shown in equation 1. Therefore, εxx is an
average strain along Lg. Two factors determine a suitable gauge
length (Dean et al., 2017), namely sampling the seismic wavefield
densely and having a sufficient signal-to-noise ratio (S/N). For DAS
measurement, there is a trade-off between choosing a small gauge
length to sample the wavefield densely and decreasing the S/N. The
choice is therefore a compromise. Another factor affecting the qual-
ity of the DAS measurement is the pulse repetition frequency (PRF)
of the light source. To minimize the noise/error coming from the
phase-unwrapping process, hence decreasing the noise floor, the
PRF should be as high as possible but up to a certain maximum
PRFmax to avoid overlapping with subsequent pulses (Fernández-
Ruiz et al., 2019). The limit PRFmax can be expressed as

PRFmax ¼
c

2ngL
; (2)

where c is the speed of light in vacuum, ng is the
group refractive index, and L is the total length of
the fiber in meters. The amount of self-noise in
the system coming from the system components
is another factor affecting the S/N.

Sensitivity of SFs and HWFs

An intrinsic issue with DAS is that it is based
on the elongation and contraction in the direction
of the optical fiber. When a strain is applied at
an angle θ to that fiber, a strain sensor shows
a cos2 θ-amplitude dependency, as shown by
Benioff (1935). Therefore, also in response to
a P wave propagating with angle θ to the fiber,
such a dependency is present. This means that

Figure 1. Illustration of DAS principle containing main components of a DAS system:
an optical source sending a pulse into the fiber and back-scattered light to be captured
and processed.
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there is a decreased sensitivity to broadside waves. This is espe-
cially relevant in the context of surface seismic monitoring if the
aim is to measure reflections; this decreased sensitivity may make
it difficult to record them on horizontally surface-deployed fiber-
optic cables. This is unlike DAS in borehole applications similar
to VSP, for which the reflected upgoing P wavefield will have a
propagation angle almost parallel to the fiber’s axis (i.e., θ → 0).
To enhance the broadside sensitivity for surface-deployed cables,

fiber shaping to a helix was introduced (Den Boer et al., 2012;
Kuvshinov, 2016; Hornman, 2017), commonly known as HWF.
An illustration of the HWF is shown in Figure 2 with two wrapping
angles α of 60° and 30°, which are used in this study. Theoretically,
Kuvshinov (2016) shows how the wrapping angle α affects the re-
sponse to P waves, S waves, and surface waves. One outcome was
that shaping the fiber into a helix will decrease its sensitivity to sur-
face waves and enhance the fiber’s sensitivity to broadside P-wave
reflections.

Modeling HWF

To model the HWF response, we first start by explaining how
DAS measurements are related to geophone responses (i.e., par-
ticle-velocity measurements). The DAS measurements can be
equivalently represented as an estimate of the strain rate,
i.e., _εxx ¼ ∂tð∂xuxÞ, where ux is the displacement, or as the spatial
derivative in x of the x-component of the particle velocity,
i.e., ∂xð∂tuxÞ ¼ ∂xVx. We use the latter representation for our mod-
eling. A 2D elastic finite-difference modeling program (Thorbecke
and Draganov, 2011) will be used to estimate the velocity compo-
nents and their spatial derivatives.
In the modeling, only the wrapping angle

effect of the fiber is taken into account, and
the mechanical properties of the fiber and
the embedding cables are not included, thereby
assuming the fiber and the embedding cable have
the same properties as the surrounding soils/
rocks. To calculate the response of HWF, we
adapted the approach from Baird (2020) but used
the spatial derivative of the velocity as the strain
rate. Therefore, for a single helix with a wrapping
angle of α, the measured response will be

ε̇HWF ¼ ∂xVx sin
2 αþ 0.5∂yVy cos

2 α

þ 0.5∂zVz cos
2 α: (3)

Because we are using a 2D elastic finite-differ-
ence scheme, expression 3 is adapted to be

ε̇HWF ¼ ∂xVx sin
2 αþ ∂zVz cos

2 α: (4)

We can see from this equation that for an
SF α ¼ 90° and the measured strain will become
the one of an SF, i.e., _εSF ¼ ∂xVx. We can com-
bine the measurements of SF and HWF as�

ε̇SF
ε̇HWF

�
¼
�

1 0

sin2α cos2α

��
ε̇xx
ε̇zz

�
: (5)

In this study, we will be using this approach to
compute the responses.

FIELD SET-UP

A field experiment was planned and carried out with the aim to
see whether reflections could be recorded on surface-deployed fi-
ber-optic cables and to see whether a combination of HWF and SF
measurements would provide extra information, such as type of mo-
tion and type of waves. The field experiment took place on farmland
in the province of Groningen, in the north of The Netherlands. A
schematic representation showing the shooting line, geophone line,
and buried fiber cables is shown in Figure 3a. The different optical
fibers are connected via fusion splicing into two long fibers, as will
be described subsequently. The interrogators were located in the
farmer’s shed and connected to the buried cables via a standard sin-

Figure 2. Illustration of the HWF: (a) a helical fiber wrapped be-
tween points A and B, (b) unwrapped fiber with two wrapping an-
gles (i.e., α ¼ 60° and α ¼ 30°). Adapted from Kuvshinov (2016).

Figure 3. Field experiment set-up and components: (a) field map with the position of
fiber cables (surface and buried), geophone line and vibration line, i.e., shot positions
(survey location: 53°9′16.12″N, 6°50′53.99″E), (b) connection box with terminations
and splices of cables, (c) electrically driven seismic vibrator, based on linear motor tech-
nology, and (d) trenching and burying fiber-optic cables.
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gle-mode (SM) fiber surface cable of 1 km. Figure 3b shows the
fiber’s connection box that is used to check and resolve issues re-
lated to connections of the fibers (e.g., bad splices) and tap testing.
The topsoil is mostly composed of clays, peat, and some thin sand

layers. A shallow borehole next to the buried cablewas drilled, and P-
wave and S-wave logging tools were used to measure the compres-
sional (VP) and shear (VS) velocities down to around 80 m depth.
These logs are shown in Figure 4. It can be observed in the figure
that the near-surface down to 80 m varies for the most part around
1600–1800 m/s for VP and 300–400 m/s for VS except the layer be-
tween 10 m and 20 m where velocities drop to around 1500 m/s and
160 m/s for VP and VS, respectively. Simplified velocity models
based on the logs are plotted as dashed lines in Figure 4, which will
subsequently be used for modeling synthetic seismograms.
The cables are intended for continuous-passive and active time-

lapse measurements and were buried 2 m deep, most of the year
being below the water table. The cables were laid down by a trench-
ing machine, commonly used for laying out drainage pipes but in
this case adapted for our cables, as shown in Figure 3d. At the time
of trenching, we could see that around 2 m depth the soil was quite
sandy compared to the clayey/peaty topsoil, which should give us
good coupling. After the cables were laid down in the trench, they
were directly covered with the extracted soil by the same machine
and afterward well compacted by a separate excavator.

The source used is an electrically driven seismic vibrator, based on
the technology of linear synchronous motors (Noorlandt et al., 2015);
it is shown in Figure 3c. As source sweep, an upsweep of 2–180 Hz
with a duration of 12 s was used, with an extra listening time of 3 s.
As for source position, we shot every 2 m for a 750 m shooting line
(see Figure 3a). We opted for such a dense spatial source sampling
with the aim to satisfy the spatial Nyquist sampling criterion in
common-receiver gathers (CRG) and to create a high-fold image.
A number of two shots per position was used for vertical stacking.

Interrogator systems and fiber-optic cables

In this field experiment, we have used two DAS interrogators,
namely FEBUS A1-R and iDAS™ v3. We will denote the FEBUS
A1-R system as DAS standard and the iDAS v3 system as DAS-
engineered for the rest of the paper. DAS standard is connected to
the conventional SM fiber, and DAS engineered is connected to the
engineered (i.e., Constellation™) fiber. It is important to note here
that comparing the different DAS units is not the intent of this study;
therefore, no direct comparison on the performance of the systems
is presented. On DAS-standard, the buried cables contain the fol-
lowing fibers (see Figure 5a): SF-1, HWF-1 (30°), SF-2, and HWF-
2 (60°). The SF-1 and HWF-1 are in separate cables, whereas SF-2
and HWF-2 are contained in the same cable. The order of fibers as
shown in Figure 5a is chosen in a way to minimize optical reflec-
tions caused by splices between fibers with different core radii. As
for DAS-engineered, they are connected to Constellation™ fibers
SF-3 and HWF-3 (60°). Note that fibers SF-2, HWF-2, SF-3,
and HWF-3 are all contained in the same cable.

DAS recording configuration

A DAS recording is a more elaborate process to configure than a
geophone recording because it depends on the length of the fiber
and the amount of optical loss in the fiber. Each DAS unit was con-
figured separately to have the desired data quality. Information
about the acquisition parameters used for DAS is contained in Ta-
ble 1. The most important parameter to note here is the gauge length
Lg, which was chosen to be 2 m for both systems. Note that even
though larger gauge lengths, e.g., 10 m, are expected to give a better
S/N (Dean et al., 2017), our interest was to have proper (Nyquist)
sampling of the surface waves to avoid spatial aliasing of the total
wavefield recordings.

Multicomponent geophones

A portion of the fiber-optic receiver line also was covered with
surface-deployed 3C geophones over a length of 80 m with a spac-
ing of 2 m. We used the horizontal in-line and the vertical compo-
nents of the geophones for our comparisons because the former is
linked to the strain direction of the SFs and the combination of these
two components to the signal measured by HWFs. While deploying
the geophones, we made sure that they were correctly oriented and
properly coupled to the ground.

DATA PROCESSING

A raw measurement included the entire length of the fiber, so
different fiber configurations were looped in one long stretch.
The raw DAS-standard and DAS-engineered data are first down-

Figure 4. P-wave and S-wave velocity logs (the solid lines) of the
near surface and models (the dashed lines) used for synthetics.
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sampled from 10 kHz and 16 kHz, corresponding to their PRF, re-
spectively, to a sampling frequency of 500 Hz. Then, the data are
correlated with the ground force of the seismic vibrator estimated
from several shots. An example of a single correlated shot record is
shown in Figure 6. The beginning of the trench where the fiber gets
buried is taken as position 0 m, and the fiber before that position
corresponds to the surface (extension) cable. The
different cables are easily identifiable on the rec-
ord, as marked with the different colored rectan-
gles below the seismograms, for which the white
color rectangles correspond to extra fibers used
for connecting the different fibers via fusion
splicing. Figure 6 also shows the spectral content
of the shot record. Via red arrows, we mark some
notable noise sources showing some common-
frequency modes.
Before the survey took place, the fibers were

checked with an OTDR device that shows the
losses and possible faults along the line. Combin-
ing these measurements with the raw data them-
selves, we were able to separate the different
parts of the cables into different data sets with
minimal uncertainty in the positions. It is diffi-
cult to exactly calibrate the distance along the
fiber because the spatial resolution is limited by
the spatial sampling and the gauge length of
choice. With our data, the uncertainty in position
is estimated at ±1 m.
Next, processing took place for each data set

and the steps are described in the following. We
kept the processing quite minimal on purpose be-
cause we wanted to minimize processing arti-
facts. The entire processing flow is shown in
Figure 7. The geometry is set, and vertical stack-
ing is done via a diversity stack. Several noise-
removal methods were applied to the data such as
a trapezoid band-pass filter with corner frequen-
cies 30/40 Hz and 100/120 Hz, f-k filter and bot-
tom muting to remove the ground roll as well as
some random noise. The data are then sorted into
common-midpoint (CMP) gathers and corrected
for normal moveout (NMO) with a constant
velocity of 1700 m/s, which was determined
via the vertical-component geophone data
that showed clear P-wave reflections. Finally, a
CMP stack is constructed using root-mean
square (rms) normalization of each trace before
stacking.

RESULTS

In this section, we analyze the prestack data,
via common-shot gathers (CSG) and CRG,
and poststack data, via CMP stacks. In the pre-
stack domain, amplitude and polarity effects in
the SFs and HWFs are studied, together with re-
flections observable in these prestack data. In the
post-stack domain, the results of imaged reflec-
tions are discussed.

Analysis of prestack data

Horizontal component of geophone versus SF DAS

Here, we discuss the comparison in the surface-wave signal be-
tween the horizontal-component geophone (H1) and the SF data us-
ing a CRG at 400 m and compared with synthetic shots. The

Figure 5. The DAS systems and fiber configurations: (a) DAS-standard system con-
nected to conventional fibers and (b) DAS-engineered system connected to engineered
fiber.

Table 1. The DAS systems and fiber configurations.

DAS standard DAS engineered

Gauge length (m) 2 2

Output spatial sampling (m) 1 1

Fiber type Conventional single mode Engineered single mode

Total length (m) 3300 2000

Trenched length (m) 2080 970

PRF (kHz) 10 16

Fiber segments SF-1, HWF-1, SF-2, and HWF-2 SF-3 and HWF-3
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synthetic data are modeled using a vertical-force source shot at posi-
tion 400 m with a 1.5D medium based on the velocity models shown
in Figure 4. The density is assumed to be constant with a value of
2000 kg/m3. The source wavelet is a Ricker wavelet with a dominant
frequency of 8 Hz. All gathers are filtered with a trapezoid band-pass
filter with corner frequencies of 2/4 Hz and 8/10 Hz.
As shown in Figure 8a and 8b, we can see that the SF data are not

sensitive to the direction of motion, unlike the horizontal geo-
phones, for which the polarity is reversed going from the negative
to the positive offsets. This is expected based on the synthetic ex-
amples of the modeled Vx and ∂xVx (see Figures 8c and 8d), which
agree with recorded geophone and SF data, respectively.

Response to different fiber geometry

First, we consider the amplitude differences between the different
cables for one receiver position, in this case, 400 m, for all shots, as
shown in Figure 9. When considering the rms values at that receiver
position: even with SF-1 being in a separate (steel-armored) cable
and SF-2 being part of a cable that includes SFs and HWFs, the
difference in amplitude is minute. This indicates that the cable con-
figuration and its material do not play a significant role in the case
of SF. When the properties of the cable are similar to the ones of the
ground around it (Kuvshinov, 2016; Baird, 2020), this can be ex-
pected, but it can here be observed that the cable design also does
not affect the results. However, when we compare the amplitudes
between SFs and HWFs, the difference is significant because there
is an increase of 10–12 dB in favor of the SF as shown in Figure 9.
When looking at the spectra for the different fiber configurations,

as shown in Figure 10, it can be observed that the main differences
between SF and HWF occur in the frequency band of some 2–
55 Hz, being highlighted in that figure. For data from the area under

consideration, this is typically the frequency band of the surface
waves and S waves. Baird (2020) notes that an HWF configuration
is destructive for S waves, and therefore also for that component of
the surface waves, and here this is confirmed by our observations.
The helical shape acts as a (damping) filter for the surface waves
and S waves. In the band above some 55 Hz, in which the infor-
mation is mainly of P-wave nature (e.g., reflections and head
waves), the amplitudes are comparable between the SF and HWF,
suggesting that geometries preserve P-wave information, with a
note that these amplitudes are not enhanced by the HWF configu-
ration, although this would be expected for P-wave reflections.
Another type of observation that can be made on the CRG is the

change in phase that can be observed in the surface-wave cone. Fig-
ure 11 shows the same CRG for the different fibers. We can see that
the SF-1 and SF-2 give comparable results, as expected. However, a
change in the polarity of the main surface-wave event around 0.4 s
can be observed in the HWF-1 and HWF-2 configurations. This can
be attributed to the difference in the wrapping angle. We can see that
for HWF-1 (α ¼ 30°), the polarity is flipped when compared to the
SF signal but with lower amplitude, whereas the polarity is the same
for the HWF-2 (α ¼ 60°) as marked with the dashed red line in
Figure 11b.
To explain this difference in amplitude and polarity between the

SFs and HWFs, we model their response based on equation 5 with a
simple model shown in Figure 4. The responses are shown in
Figure 12a. Similar to what was shown in the measured data, we
can see an agreement in the changes in polarity and amplitude. The
polarity of SF (i.e., Figure 12b) is the same as HWF-2 (α ¼ 60°),
and it is flipped in HWF-1 (α ¼ 30°) as observed in the measured
data. This can be explained by equation 4 where a larger value of
α ¼ 60° will increase the contribution of ∂xVx and will decrease the
contribution of ∂zVz. As shown in Figure 12c, we can see that there

is a difference of approximately 8–10 dB be-
tween the SFs and HWFs, which is close to
the measured difference of 10–12 dB as shown
in Figure 9. Therefore, we attribute the difference
in amplitude to the higher sensitivity of the SF to
the horizontal component and the lower sensitiv-
ity of the vertical component of the surface waves
and possible S waves.

Reflections in engineered-fiber recordings

Reflections in prestack data

Here, we analyze the data collected by the
DAS-engineered unit connected to the engi-
neered fiber because those data were the best
for this purpose. Figure 13a and 13b shows three
CSG of each fiber type at source positions (Sx)
0 m, 10 m, and 20 m. For display purposes, the
gathers are rms normalized and displayed using
the same colormap range.
The first thing we can observe is that the am-

plitude is higher in SF-3 than in HWF-3. In Fig-
ure 13c, we look at the rms values for the time
before 0.1 s (marked with the dashed red line in
Figure 13a and 13b). We see that SF-3 has a
higher amplitude overall, and higher amplitude
variation around the mean rms value, compared

Figure 6. Correlated single raw shot of DAS-standard system in time-distance (top) and
frequency-distance domain (bottom). Portions of fiber colored in red, blue, green, and
pink correspond to fibers SF-2, HWF-2, SF-1, and HWF-1, respectively; white portions
are splices.
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to HWF-3. Despite SF-3 having a higher amplitude in the early
noisy arrivals, we can see the reflections (between the dashed yel-
low line) more clearly in the SF-3 data. Another observation in the
HWF data are the horizontal events/stripes across the entire records
that might be attributed to interrogator noise because the signal level
picked by HWF is considerably lower than SF.
Now we look at the reflections in a CRG in which the reflections

seem to be more coherent. Figure 14a and 14b shows a CRG at 173 m
for the SF and HWF, respectively. As for reflections, we can see three
major reflection packages highlighted by the red, yellow, and green
boxes. When considering the shallow reflections as highlighted by the
red box, they are better discernible in the SF-3 than in the HWF-3
data. This is somewhat strange because it was expected that an SF
should be less sensitive to a broadside reflection than the HWF fol-
lowing Kuvshinov (2016). The model described therein does not seem
to match with what we observe in the field data. When following one
reflection tracked by the dashed red line in Figure 14a and 14b, we can
see via Figure 14c that the absolute amplitude in SF-3 is roughly twice
as high as the one in HWF-3. However, we also can see that deeper
events, as highlighted with the yellow box, are better discernible in
HWF-3 despite the lower amplitude. Finally, the events highlighted
by the green box can be seen equally well in fiber configurations,
though we see some differences in the time domain and the frequency
content. Due to the steeper shape of the latter moveout indicating a
lower rms velocity, we interpret this event as a PS reflection. Again,
also these findings do not seem to be completely in agreement with
the model of Kuvshinov (2016), whereas the model showed that the
normalized strains should be higher in HWF for broadside reflections
compared with SF for all propagation angles, but we see that we get
higher amplitudes for SF in our measurements.

Modeling SF and HWF response to reflection

To model the reflections, we have adapted the near-surface veloc-
ity model in Figure 4 but added a reflector at 270 m, where the VP

Figure 7. Processing flow to produce a CMP stack.
Figure 8. The CRG at 400 m: (a) recorded geophone H1, (b) re-
corded SF-2, (c) modeled Vx, and (d) modeled ∂xVx.
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and VS below it are 2500 m/s and 1200 m/s, re-
spectively. The source used for modeling the syn-
thetic data is a vertical force, and the source
wavelet is a Ricker wavelet with a dominant fre-
quency of 20 Hz. The shots for the SF and HWF
are modeled using equation 5 and are shown in
Figure 15a and 15b. We can see that the shot for
the SF configuration shows a lower sensitivity to
reflections because it mainly contains the hori-
zontal component of the strain-rate tensor.
To analyze this further, we look at the reflec-

tions separately as shown in Figure 15a and 15b
and calculate the rms amplitude for every trace at
each offset, for which windows of 40 ms around
the reflection are highlighted by the dashed lines

in the figures. We can see that the HWF (α ¼ 60°) shows a higher
rms amplitude for the reflection. We can see that for smaller offsets,
for which the reflected wave is almost vertical, the difference in
amplitude is much larger, and for longer offsets, the differences
get smaller (see Figure 15c).
This modeling exercise agrees with the model discussed by

Kuvshinov (2016) in terms of HWF having a higher sensitivity
to broadside waves, in this case, reflections. However, it is safe
to say that this model does not explain the difference in rms am-
plitude between SF and HWF observed for the reflections in the
measured DAS data (see Figure 14).

Reflections in CMP stack

We not only analyzed CRG for the reflectivity information but
also CMP stacks because they would show the quality of images
that can be expected. With stacking of NMO-corrected CMP gath-
ers, the S/N is improved substantially, especially because of the rel-
atively high fold due to the small source and receiver spacings.
Here, we present the CMP stacks derived from the SF-3 and
HWF-3 data because they gave the best-quality results.
First, we consider the images produced by SF-3 and HWF-3 as

shown in Figure 16 using the entire fiber length as aperture. Again,
it was expected that HWF-3 would produce the highest quality

Figure 9. The rms amplitudes of CRG at 400 m of four different fiber sections con-
nected to the DAS-standard system.

Figure 10. Power spectra of portion inside the surface-wave cone of
CRG at 400 m (shot positions: 328–336 m) for different fiber con-
figurations. Band 2–55 Hz is highlighted to indicate the main
differences between HWF and SF amplitudes.

Figure 11. (a) Recorded CRG at 400 m of fibers:
SF-1, HWF-1, HWF-2, and SF-2 and (b) traces at
shot position 298 m (marked with the red line in
[a]) showing a comparison of signals from the
same offset for the different fiber configurations.

25

8 Al Hasani and Drijkoningen



result due to the broadside sensitivity, but this was not the case. For
the shallow part, as highlighted by the red box, we can even see that
SF-3 provides better continuity in the main reflection marked with
the red arrow. Still, deeper events, as marked with the yellow arrow,
are discernible in the HWF-3 result, unlike in the SF-3 one.
Another way to compare the stacks is to look at the differences

using correlation. Traces of CMP numbers 165 to 580 from each
stack are windowed, tapered, and cross-correlated with each other.
Then, an average cross-correlation is calculated, as shown in Fig-
ure 16c. We can see that we have a minimum around t = 0, indicat-
ing that the stacks are out of phase, so they have opposite polarities.
Second, we examine the continuity and presence of reflections in

the SF-3 data using a comparable fold of coverage as the geophone
data. Here, only a portion of the fiber is used to create the stack
because the same section as the geophone line was taken for com-
parisons. Next to that, the DAS-receiver line was decimated spa-
tially to the same receiver spacing as for the 3C-geophone line. As
for the HWF-3 stack using the same decimated receiver line, the
results did not show the reflections, unlike with what we saw with
the full-fold data shown in Figure 16. This comparison between
SF-3 and geophone data is shown in Figure 17.
Looking at the reference images obtained from the in-line hori-

zontal and vertical components, V3 gives a significantly better re-
flection image (see Figure 17a and 17b), as expected because most
of the reflected energy is nearly vertical. The horizontal geophones

gave a worse reflection image because it is mainly sensitive to
large(r) propagation angles of reflection. The V3 image is taken
as the reference image.
To compare the geophone data with our DAS measurements, we

calculate the horizontal spatial derivatives of the horizontal-compo-
nent geophone data (H1) and vertical-component geophone data V3

for every position using the expression

∂xG ¼ ΔG
ΔxG

¼ Giþ1 − Gi

ΔxG
; (6)

where G stands for geophone, the index i stands for the spatial po-
sition, and it is noted that for our case ΔxG is equal to the gauge
length Lg, i.e., 2 m.
The derived strain-rate responses are shown in Figure 17c and

17d next to the SF-3 shown in Figure 17e. We can see that despite
the decreased broadside sensitivity of SF-3, a reflection image can
be obtained even though it is not as good as the one from the vertical
geophones. For example, if we look at the reflection at 0.34 s, we
can see that the reflection is flatter and more continuous in the ∂xV3

than in the SF-3. However, the same reflection is better retrieved by
the SF-3 than by the horizontal in-line (H1) geophone data in terms
of its continuity. Also, shallow reflections are better shown in SF-3
data compared with the H1 data, even though they are supposed to
be mainly sensitive to the horizontal component.

Figure 12. (a) Modeled surface wave responses of
SFs and HWFs with angles, (b) traces at receiver
300 m (highlighted by the red line in [a]) showing
a comparison between the signals of fibers with
different wrapping angles, and (c) rms amplitude
of SF and HWF with angles.
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DISCUSSION

Although, we have shown via our field data that reflections are
better discernible in SF than HWF data in the shallow part, the DAS
measurements are still lacking coherency compared with the geo-
phone data. The reflectivity in this area is pretty good, also because
the water table is very near the surface, which helped in detecting
reflections. Good-quality systems similar to the iDAS-v3 system
together with the engineered fiber are definitely needed, but systems
with a better S/N would be even better.
Our data show that higher amplitudes are observed in the SF. For

surface waves, this is expected and can be modeled as we have
shown. However, for P-wave reflections, the models of Kuvshinov
(2016) and Baird (2020) are not in agreement with our measure-
ments, for which we saw that higher amplitudes in SF are observed
in the reflection signal. We do not have a definite answer on why it
is the case; however, we suspect that this might be related to the
coupling of the fiber cable to the surrounding soil. The surrounding
soil is very muddy and clayey with a low shear velocity of around
240–300 m/s and a P-wave velocity of around 1500–1600 m/s. As-
suming this order of magnitude, our Poisson’s ratio is quite high

(>0.45). This is good news for SF because it transfers the strain
into the horizontal fiber, but at the same time it negatively affects
the HWF signal because for an impinging broadside wave, i.e., a
reflection, the HWF is shortened in the vertical direction and length-
ened in the horizontal direction, decreasing its overall sensitivity.
Although it is not exactly the same setting, a similar observation
has been recently discussed by Hendi et al. (2023), for which they
modeled different scenarios of surrounding rocks and cementing
conditions. They show that HWF embedded in a soft formation/ce-
ment would give a decreased strain sensitivity compared to a hard
formation/cement.
Another issue is that we used HWFs, but it was already suggested

by Den Boer et al. (2012) that sinusoidally shaped fibers could be
used to enhance directivity in a certain broadside direction even
more, but this still poses challenges (Al Hasani et al., 2020). At
the time of our field experiment, we were not able to have sinus-
oidally shaped fibers available for the measurements.
Furthermore, our results show that the combined use of HWF and

SF could provide useful insight into the wavefield components. For
reflection imaging, we saw that SF-3 showed better reflection con-
tinuity than HWF-3, whereas for deeper intervals, reflections are

Figure 13. (a) The CSG at positions21 0 m, 10 m,
and 20 m for SF-3, (b) HWF-3, and (c) rms am-
plitude calculated before 0.1 s.22 † Cable length ≠
fiber length.
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Figure 14. The CRG at 173 m of (a) SF-3 and
(b) HWF-3; (c) shows normalized rms amplitude
as a function of time, calculated outside the sur-
face-wave cone, as highlighted by the dark gray
polygon and (d) rms values calculated along the
reflection traced by the dashed red line within a
20 ms window. Normalized rms amplitude for
SF-3 and HWF-3 calculated as: rmsðSF − 3Þ=
maxðrms½jSF − 3j�Þ and rmsðHWF − 3Þ=
maxðrms½jSF − 3j�Þ, respectively.

Figure 15. Modeled reflection responses and their
rms amplitudes: (a) shots for SF, (b) HWF with
wrapping angle of 60°, and (c) the dashed red lines
highlight analysis windows of 40 ms to calculate
rms amplitudes as a function of offset for the re-
flection.

DAS with combined SF and HWF 11



(better) discernible in the HWF-3 section. This observation could be
exploited in a smart combination of these two data sets.

CONCLUSION

In this paper, we examined the combined use of SFs and HWFs
for land surface experiments. We conducted a field experiment in
the Groningen area in The Netherlands and showed the behavior
of SF and HWFs with different wrapping angles. We analyzed a

typical CRG on its amplitude and some of its phase behavior.
We observed higher amplitudes for surface-wave arrivals in SF data,
in the typical frequency band of those waves, indicating and con-
firming that the HWF configuration is destructive to surface- and S-
wave motion. It also was observed that the geometry of the cable
design, such as cables with a separate (straight or helically wound)
fiber or in an integrated fashion (with both SFs and HWFs in one
cable), had little effect on the amplitude behavior. We also con-
firmed, via analyzing our field data and a modeling exercise, that

Figure 16. The CMP-stack comparison between
(a) SF-3 and (b) HWF-3, and (c) correlation func-
tion between SF-3 and HWF-3. The correlation
trace in (c) is calculated from the tapered window
of 0.2–0.45 s over the CMP range of 165–580.

Figure 17. The CMP-stack sections for (a) geo-
phone H1, (b) geophone V3, (c) (strain rate) ∂xH1,
(d) (strain rate) ∂xV3, and (e) SF-3. All images are
rms normalized and displayed using the same col-
ormap limits.
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the wrapping angle can be such that the surface-wave arrival flips in
its polarity. And also, helical winding dampened that signal, as
would be expected from modeling.
We saw on the field data that for reflection imaging of the en-

gineered fiber data, the SF and the HWF data gave similar results.
The prestack SF data showed reflection amplitudes of some factor
two higher than the ones from the HWF, something that was not
expected based on the theoretical models currently in use. In the
CMP-stacked data, the SF section showed more coherent and con-
tinuous reflections in the shallow part, despite its decreased broad-
side sensitivity, whereas for the deeper reflected events, the HWF
showed slightly better results but still with lower amplitudes. It also
was found that the stacked SF and HWF data showed opposite
polarities for the main reflections. Still, overall, the reflection im-
ages were comparable, in terms of capturing the main reflection
events but with lower quality, to the one obtained from the horizon-
tal derivative of the vertical-component geophone data.
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Queries

1. As per SEG style guidelines, phrases such as "we propose" in the abstract should be reworded to focus on the material rather
than the paper. Please check highlighted areas.

2. Rather than "so for," do you mean "such as" or "including"? Please clarify.

3. Edited as per SEG style guidelines to avoid incorrect use of "where." Please check that the original meaning of the sentence
has been preserved.

4. Edited as per SEG style guidelines to avoid incorrect use of "where." Please check that the original meaning of the sentence
has been preserved.

5. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

6. Edited according to SEG style guidelines to avoid incorrect use of "where." Please check that the original meaning of the
sentence has been preserved.

7. Edited according to SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the
sentence has been preserved.

8. Added as per SEG style guidelines. Please check that the original meaning of the sentence has been preserved.

9. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

10. Edited as per SEG style guidelines to avoid incorrect use of "where." Please check that the original meaning of the sentence
has been preserved.

11. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

12. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

13. Added as per SEG style guidelines. Please check that the original meaning of the sentence has been preserved.

14. Added for grammar accuracy. Please check that the original meaning of the sentence has been preserved.

15. Added as per SEG style guidelines. Please check that the original meaning of the sentence has been preserved.

16. Added as per SEG style guidelines to avoid incorrect use of "where." Please check that the original meaning of the sentence
has been preserved.

17. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.
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18. By "some" do you mean "approximately"? Please clarify.

19. Edits made for clarity. Please check that the original meaning of the sentence has been preserved.

20. By "some" do you mean "approximately"? Please clarify.

21. Edits made as per SEG style guidelines. Please check that the original meaning of the sentence has been preserved.

22. Was this intended to be a separate note on the caption? If so, this should be converted to text within the caption. Please revise.

23. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

24. Edited as per SEG style guidelines to avoid incorrect use of "where." Please check that the original meaning of the sentence
has been preserved.

25. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

26. Missing word added. Please check that the original meaning of the sentence has been preserved.

27. Edited as per SEG style guidelines to avoid incorrect use of "as." Please check that the original meaning of the sentence has
been preserved.

28. Edited as per SEG style guidelines to avoid incorrect use of "while." Please check that the original meaning of the sentence
has been preserved.

29. Edited for clarity. Please check that the original meaning of the sentence has been preserved.

30. As with previous queries, please clarify your use of "some" here.

31. Edited as per SEG style guidelines to avoid incorrect use of "while." Please check that the original meaning of the sentence
has been preserved.

32. Please provide complete details for the reference Den Boer et al., 2012.

Funding Information

The following agencies have been identified as providing funding for your article. Please review the information carefully. If any changes are
required, please submit those along with your other corrections to this article.
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• H2020 European Research Council (FundRef Registry ID: http://dx.doi.org/10.13039/100010663)
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