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ABSTRACT

Processing seismic data from drillbit-generated vibrations
requires a reliable source signature for correlation and deconvo-
lution purposes. Recently, a land field trial has been conducted
in a desert environment. A memory-based downhole vibration
accelerometer has been used together with a more conventional
top-drive sensor to continuously record the pilot signal from 590
to 8600 ft (180–2621 m). Past results indicate that seismic-
while-drilling (SWD) data processed using the top-drive accel-
erometer exhibit good quality in the middle sections of the
well but a reduced signal-to-noise ratio for shallow and deep
sections. One of the main challenges in using the downhole pilot
is a substantial drift of the downhole clock time. To resolve it, a

novel automated time-alignment procedure using the GPS-
synchronized signal of the top-drive sensor as a reference is
applied. The downhole recording provides a source signature
of better quality. In shallow sections of the well, it helps to over-
come the intense surface-related vibrational noise, whereas, in
deeper sections, it provides a cleaner extraction of weaker sig-
nals from the polycrystalline diamond compact bits. Processing
with the downhole pilot results in better surface seismic data
quality than with a conventional top-drive sensor. Therefore, en-
abling the use of the synchronized downhole pilot signal is of
crucial importance for SWD applications. Modern cost-effective
near-bit vibrational sensors widely used for different nonseismic
applications could be an effective acquisition solution, as shown
in this study.

INTRODUCTION

The use of drillbit-generated seismic waves to retrieve subsurface
information during the drilling process is a long-standing geophysi-
cal problem. Although the appeal is clear, its actual realization faces
several technical issues. A breakthrough toward practical applica-
tions of this seismic-while-drilling (SWD) technique with a drillbit
as a source has been achieved in the 1980s and 1990s by several
academia and industry groups (Staron et al., 1988; Miller et al.,
1990; Rector and Marion, 1991; Haldorsen et al., 1995; Angeleri
et al., 1996; Miranda et al., 1996; Naville et al., 2004; Poletto
and Miranda, 2004). The main idea is to transform the continuous
chaotic drillbit-generated signals into conventional impulse seismo-
grams through correlation or deconvolution with the source signa-
ture similar to the vibroseis technique. For this purpose, most of

the developed systems use a pilot signal recorded by a vibrational
sensor mounted on a top drive of a drilling rig. The top-drive sensor
provides an acceptable estimation of the source signature. However,
such a pilot remains significantly affected by the drillstring propa-
gation effects and contaminated by strong noise of surface origin.
After a series of field applications of such systems, it has been ob-
served that, in general, SWD data quality varies significantly and
depends on several factors, such as geology and drilling conditions.
In addition, the increasingly popular polycrystalline diamond com-
pact (PDC) bits excite weaker SWD signals and with less favorable
radiation patterns than rollercone bits (see, e.g., Poletto, 2005). All
of these issues decrease the usage of the SWD technique with a
drillbit signal as a standard service in the industry.
Despite the observed variability in the data quality, the real-time

capabilities of such drillbit recordings and some of their unique
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properties continue to make the technique very attractive (Bakulin
et al., 2020a; Goertz et al., 2020, 2021; Aldawood et al., 2021;
Houbiers et al., 2021; Poletto et al., 2022). Compared with conven-
tional vertical seismic profiling (VSP) (Hardage, 2000), one of the
benefits of the SWD technique is that no downtime is required once
the system is installed prior to drilling. The recordings are done
continuously and do not interfere with drilling operations. In addi-
tion, there is no need for a seismic source at the rig site, as in the
alternative technology of acquiring seismic data while drilling with
a source at the surface and receivers in the borehole (Esmersoy et al.,
2005). The absence of an active source simplifies operations with
the potential of a fully autonomous acquisition. SWD deliverables
with a drillbit as a seismic source are similar to conventional VSP
outcomes (Poletto and Miranda, 2004; Kumar and Bettinelli, 2021)
and include full wavefields, check shot, corridor stack, and images
all obtained at or at nearly real-time while drilling. Enabled appli-
cations range from a while-drilling look-ahead prediction of forma-
tion tops with a decreased uncertainty to accurately positioning the
drillbit in seismic time or depth volumes. Such information could
facilitate different drilling decisions and aid geosteering. With a
trend in the drilling industry toward automation (de Wardt et al.,
2012), SWD data can be integrated with other subsurface informa-
tion for more accurate data-driven decisions during drilling (Sapu-
telli et al., 2003). Apart from applications in the context of drilling,
SWD data can be used in exploration or field development. Notably,
such an approach allows measurements in shallow sections typi-
cally not covered by wireline VSP surveys due to the large bore-
hole’s diameter and multiple cemented casings. As a result, critical
near-surface information is gathered for more accurate depth map-
ping of target horizons (Bakulin et al., 2020a; Aldawood et al.,
2022). Recent results obtained with large-aperture receiver arrays
show a potential usage of drillbit seismic data for look-ahead res-
ervoir imaging to provide relevant information for accurate place-
ment of infill wells (Goertz et al., 2020).
To facilitate the applications, several acquisition and processing

techniques have been proposed to improve the estimation of a drill-
bit-generated signal and arrive at more reliable SWD data. They
include signal focusing using large receiver arrays to retrieve decon-
volution operators directly from geophone data (Haldorsen et al.,
1995) and joint use of different sensor recordings to separate pilot
signals using statistical independence (Poletto et al., 2000). How-
ever, using downhole pilot sensors is usually considered the most
promising approach (Naville et al., 2004; Poletto et al., 2020). In
this case, the pilot signal is recorded by accelerometers or other sen-
sors close to the drillbit. Unlike surface pilots from top-drive sen-
sors, the downhole pilot is not significantly affected by drillstring
attenuation and propagation effects. Previous studies conducted in
some limited depth intervals of 200–400 m around a target show
that such recordings can provide a more accurate and stable repre-
sentation of the pilot signal, increasing the signal level in the data
(Miranda et al., 1999; Naville et al., 2004; Poletto and Miranda,
2004; Poletto et al., 2014). However, real-time transmission of
downhole pilots requires fast electromagnetic telemetry, which re-
mains costly and not widely available on most drilling rigs. An alter-
native solution is to use memory-based vibration sensors. Recently,
several cost-effective tools to continuously record high-frequency tri-
axial accelerations directly behind the bit have become readily avail-
able. The devices are widely used for drilling dysfunction analysis
(Macpherson et al., 2015; Jones and Sugiura, 2020) or rock properties

estimation (Haecker et al., 2017; Glubokovskikh et al., 2020), but
their application to SWD has not yet been exploited in detail. Their
main issue is the significant drift of the downhole clock, which often
significantly exceeds the precision required for seismic applications.
A possible solution is to use a GPS-synchronized top-drive vibration
sensor for time correction (Naville et al., 2004; Egorov et al., 2021).
An alternative hardware solution is to use more sophisticated and
robust high-precision downhole clocks. For example, Vieitez and
Cox (2017) describe tools with a small drift of 1 ms per 10 days used
in offshore wells. With further reduction in sensor costs, such a sol-
ution could extend to onshore acquisition.
Recently, SWD data have been acquired during testing a proto-

type DrillCAM system at an onshore well down to 10,000 ft
(3048 m) in an arid environment (Bakulin et al., 2020a). The system
is comprised of wireless surface geophones accompanied by top-
drive and downhole vibration sensors. The downhole pilot is con-
tinuously recorded from 590 to 8600 ft (180–2621 m) and only
misses the shallowest section above 590 ft. To our knowledge, this
is the first usage of a downhole sensor to record pilot for SWD ap-
plications for such an extended period, including shallow and deep
sections of the borehole, using various drill bits and bottom-hole
assembly configurations. Bakulin et al. (2020a) present the acquis-
ition details and some initial applications using the top-drive sensor
as a pilot. They show that SWD data obtained using the top-drive
accelerometer exhibit good quality in the middle sections of the well
and reduced signal-to-noise ratio for shallow and deep sections. Alda-
wood et al. (2021) present imaging results ahead and around the bit
using the top-drive pilot. Silvestrov et al. (2021b) discuss data
processing details, including the usage of both pilots, and show some
initial results obtained with the downhole pilot. The downhole clock’s
drift is mitigated by using a data-driven alignment procedure that uses
a GPS-synchronized top-drive sensor as a reference (Egorov et al.,
2021). The use of the downhole pilot for shallow subsurface charac-
terization is presented by Aldawood et al. (2022), where the low sig-
nal-to-noise ratio issue in the geophone-correlated data, typical of arid
environments, was resolved by the nonlinear beamforming approach
(Bakulin et al., 2020b) used for land seismic data processing.
Following Silvestrov et al. (2021a), this work presents in more

detail the results obtained using the downhole pilot signal and their
comparison with the top-drive pilot over the whole available depth
range. We show that the usage of the downhole pilot leads to sig-
nificantly higher seismic data quality in the shallow sections com-
pared with the top-drive pilot. However, the usable seismic signal in
deeper PDC bit-drilled sections remains undetectable below 6159 ft
(1877 m) with the current processing sequence. The structure of the
paper is the following: first, we summarize the data acquisition and
processing methods used in this study; second, we present a detailed
comparison of the top-drive and near-bit pilots’ quality in shallow
sections drilled with rollercone bits and deeper sections drilled with
PDC bits; finally, the processing results of continuous surface seis-
mic geophone data using both types of pilots are presented and dis-
cussed.

DATA ACQUISITION AND PROCESSING
METHODS

Seismic data were recorded using 2500 vertical component sin-
gle-sensor geophones installed around the rig, as shown in Figure 1.
Each geophone was connected to a wireless transmitter, sending the
data in nearly real time to a central recording system inside the rig
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pad. The initial acquisition layout had a square shape with a side
length of approximately 1100 m centered around the rig. Two addi-
tional orthogonal lines reached a maximum offset of 3000 m
(Figure 1). The spacing between the geophones was 25 m in inline
and crossline directions. Such a layout was designed for a shallower

drilling depth down to 2665 ft (812 m). A different geophones’
layout with a smaller central patch size but wider orthogonal lines
recorded deeper sections with the same number of sensors. Repo-
sitioning of wireless geophones was done during casing/cementing
operations. In addition, several lines were deployed in a saw-tooth-

like pattern to test additional options for better
noise separation during the processing (Bertelli
et al., 1998; Poletto and Miranda, 2004). Con-
tinuous recording with surface geophones was
achieved while drilling from the surface down
to 10,000 ft (3048 m). The well diagram for the
considered depth intervals is shown in Figure 1c.
In addition to the surface geophones, two sets

of continuously recording 3C cabled accelerom-
eters were mounted on the top drive to record
drillstring vibrations at the surface. At the same
time, a memory-based near-bit tool was used to
record the drillbit vibrations downhole in most of
the drilling runs (Table 1). The downhole tool in
this study was equipped with a 3C accelerometer
recording radial, axial, and tangential vibrations
with a sampling rate of 1500 Hz, measurement
range of ±200 g, and resolution of 0.007 g. The
sensors’ dynamic characteristics satisfied the
main SWD requirements outlined in Table 5.1 by
Poletto and Miranda (2004). In addition to the
high-frequency vibration data, the tool could rec-
ord downhole rotary speed or rotations per
minute (RPM), temperature, and vibrations at
a reduced sampling rate using sensors with
higher resolution but reduced dynamic range
(not used in this study). More details on the data
acquisition aspects of the trial have been pro-
vided by Bakulin et al. (2020a). Due to the ex-
perimental nature of the prototype system, data
processing and interpretation of the results were
performed after drilling. The primary analysis
goals were to assess the overall feasibility of
the SWD system comprised of wireless geo-

Figure 1. Seismic acquisition geometry used in the field trial: (a) general view and
(b) magnified into the central part of the geophone layout around the rig. The rig (the
black dot) is located at the origin. Blue dots denote the receiver positions used for SWD
when drilling from the surface to 2665 ft (812 m) (drilling runs N 1 and 2 from Table 1).
Red dots show the receiver pattern for deeper drilling runs below 2665 ft (812 m). Yel-
low and green dots show the locations of common-receiver gathers shown in Figures 10
and 12 and discussed in the text. The well diagram showing the casing configuration and
the drillbit size is presented in (c).

Table 1. Overview of the drilling runs and bit types used in the study together with the type of drilled rocks.

Run Bit size Bit type Depth
Downhole
sensor Rock type

1 1.09 m (34 in) Rollercone 0–590 ft (0–180 m) No Mainly composed of anhydrite

2 0.71 m (28 in) Rollercone 590–2665 ft (180–812 m) Yes The top part is a regional aquifer consisting of
fractured soft carbonates and the bottom section is

highly compacted shale layers

3 0.56 m (22 in) Rollercone 2665–2677 ft (812–816 m) Yes Mainly composed of sandstone

4 0.56 m (22 in) Rollercone 2677–4180 ft (816–1274 m) Yes The top section consists of sandstone and shale
interbeds. The lower section consists of highly

compacted carbonates.

5 0.56 m (22 in) PDC 4180–5246 ft (1274–1599 m) Yes Mainly composed of sandstone

7 0.56 m (22 in) Rollercone 5246–6159 ft (1599–1877 m) Yes Consists of dense and hard anhydrite

8 0.41 m (16 in) PDC 6159–7802 ft (1877–2378 m) Partly yes Layers of hard dense anhydrite and soft carbonates

9 0.41 m (16 in) PDC 7802–10419 ft (2378–3176 m) Partly yes Thick section of carbonates
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phones, top drive, and downhole vibration sensors, verify the qual-
ity of the recorded data, and pave the way for future applications.
In contrast to the synchronized top-drive pilot sensors, raw down-

hole recordings from the memory-based downhole tool in this study
could not be directly used as pilot data for SWD due to the signifi-
cant internal clock’s time delay and drift. A typical interpretation-
based clock correction applied by drillers uses time alignment
of downhole and surface RPM data and achieves an accuracy of
several seconds. However, it is insufficient for SWD applications
demanding an accuracy of less than a few milliseconds. To reach
the required precision, we use a GPS-synchronized sensor mounted
on a top drive as a reference for time alignment, as discussed by
Egorov et al. (2021). The first step of the time correction procedure
is a search of two scalar parameters — shift s and drift d — to
create a linear mapping between the time vector for the near-bit
acceleration recording and the synchronized top-drive series:

ttd ¼ ð1þ dÞtnb þ s; (1)

where quantities ttd and tnb are the time series for the top-drive and
near-bit sensors, respectively. The search is performed by global
minimization of the misfit function,

Jðd; sÞ ¼
X

ttd
ðEtdðttdÞ − Enbððttd–sÞ=ð1þ dÞÞÞ2; (2)

representing the difference between vibration energy recorded by
top-drive (Etd) and near-bit (Enb) sensors and calculated in a sliding
window. The linear correction from equation 1 usually aligns the
data with the accuracy of a few seconds. To reach the accuracy

of less than a few milliseconds required by SWD, we apply a
time-variant crosscorrelation analysis similar to the one discussed
by Naville et al. (2004), in which the correlations between top-drive
and downhole pilots are calculated in some windows. The maxi-
mum of the correlations identifies the residual time shifts required
to tie the time series from the near-bit and top-drive sensors. Such a
two-step procedure achieves the near-bit time accuracy acceptable
for SWD applications.
Because the top-drive sensor is used as a reference, the aligned

downhole pilot also has a delay to the drill-bit signal excitation time
corresponding to the signal propagation along the drilling string.
Therefore, an additional time correction is introduced into the cor-
related geophone data at later steps to obtain the actual seismic time,
following the usual processing practice with the top-drive pilot
(Poletto and Miranda, 2004).
After the alignment step, a standard SWD processing technique

(Poletto and Miranda, 2004) using both recorded pilots is applied to
these data. That includes correlating the geophone recordings with
the pilot signals and stacking the correlated data over some drilling
intervals. In the frequency domain, it can be written as

UkðωÞ ¼ ΣNk
i¼1DiðωÞP̄lðωÞ; (3)

where Di is a recorded geophone seismic trace and Pi is a recorded
pilot signal trace after complex conjugation. The length of each
trace before the Fourier transform is 30 s. The number of traces Nk

used to produce a single trace at depth level k depends on a drilling
rate of penetration (ROP) and a selected drilling depth interval. In
the current work, the interval corresponds to a single drillpipe
of 30 ft (9.1 m) in length. Assuming a typical penetration rate
of approximately 30 ft/h (9.1 m/h), a total of 120 records are stacked
together. The stack of the correlated data increases the signal-to-
noise level and enables the reconstruction of weak reflection events.
Because the seismic wavelength is usually several times larger than
the used depth interval, such stacking does not significantly deterio-
rate the signal waveform.
In addition to the crosscorrelations shown in equation 3, stacked

autocorrelations of downhole and near-bit pilots are calculated as

P̂kðωÞ ¼ ΣNk
i¼1PiðωÞP̄lðωÞ. (4)

The autocorrelations are used for quality control and deriving drill-
string propagation time corrections. In addition, they are exploited
for deriving the pilot deconvolution operators. Together with the
direct arrival from the bit, pilot traces recorded either by top-drive
or near-bit sensors also contain additional events such as multiples
caused by the ends of the drillstring (top drive and drillbit) as well as
internal boundaries within (drillstring joints, bottom-hole assembly,
etc.). The aim of deconvolution, applied to the correlated data, is to
shorten the source signature and attenuate these multiple reflections
and other delayed and periodic components recorded by the pilot
sensors. Following Poletto and Miranda (2004), we construct a
deconvolution operator ΦkðωÞ from the stacked autocorrelations
of the pilot traces (see equation 4) using Wiener least-squares pre-
dictive filtering with unit prediction distance. In time, the operator is
reversed to remove anticausal components in the pilot autocorrela-
tion and associated events in the correlated data. The operator length
is calculated to include short- and long-period multiples originating
in the bottom-hole assembly and the drill pipe and is equal to 2 s in

Figure 2. (a) Top-drive vertical accelerometer (az) shows accurate
alignment with rotation speed RPM data from the electronic drilling
recorder at the surface. (b) Near-bit data before time correction is
delayed by approximately 6 min. (c) After the time correction, the
near-bit data match perfectly the top-drive recordings. Data are
taken from drilling run N 5 (Table 1) using the PDC bit. Vertical
axes are in relative amplitudes. The acceleration and RPM curves
are scaled to make their amplitudes close to one for easy compari-
son.
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the current examples. Finally, the deconvolved SWD data can be
written as

ÛkðωÞ ¼ ΦkðωÞΣNk
i¼1DiðωÞP̄lðωÞ. (5)

At the later stages of the data processing flow, we apply additional
noise attenuation and data-enhancement procedures based on non-
linear beamforming (Bakulin et al., 2020b). Such enhancement is
typical for processing the single-sensor seismic land data in a desert
environment. It increases the strength of the weak signal and sup-
presses the groundroll and other noise. Silvestrov et al. (2021b) pro-
vide more information about the processing sequence.

RESULTS

Downhole time correction

Although surface geophones and cabled top-drive sensors have
been GPS synchronized in this field study, the downhole vibrations
have been recorded using memory-based tools with an internal
clock without an accurate start time and subject to significant drift
reaching 30–40 min over some of the longer drilling runs. Figure 2a
compares the vertical acceleration component recorded by the top-
drive sensor with the scaled surface RPM. Note
a good match between nondrilling intervals char-
acterized by a low level of vibrations and near-
zero RPM values. In contrast, the orange curve
in Figure 2b displays the near-bit vibration data
clearly delayed by approximately 6 min. After
applying the automated data-driven time align-
ment algorithm that minimizes the misfit in
equation 2 and performs additional time-variant
crosscorrelation corrections, the revised blue
curve in Figure 2c matches the top-drive record-
ings. In principle, the alignment could be com-
pleted purely by the crosscorrelation analysis.
However, such a solution would be inefficient
due to the significant and unknown initial time
shifts (tens of minutes) and long-lasting drilling
runs reaching tens of hours. The adopted two-
stage procedure provides an initial raw alignment
based on the energy attribute followed by a cross-
correlation of traces with a reasonable window
length and a time lag, making the procedure
more practical. We refer the readers to Egorov
et al. (2021) for an in-depth description of this
alignment procedure and examples.

Pilot signals comparison

As a first step, we compare the quality of raw-
recorded top-drive and downhole pilots. Figure 3
shows both signals (after time alignment) re-
corded in the middle of a shallow drilling run
N 2 (Table 1) within the depth interval from
1157 ft (352 m) to 1575 ft (480 m). The continu-
ous data are spliced into 30 s long seismic traces.
Root-mean-squared (rms) amplitudes of each
trace quantify energy levels recorded by both
pilots. Low rms values correspond to pauses in

drilling, as confirmed by the drilling indicator from the surface elec-
tronic drilling recorder. The indicator matches, in this case, with a
bit-on-bottom indicator showing the intervals in which the bit depth
equals the borehole depth. The drilling stops during drillpipes con-
nections, as can be identified by stair-like jumps in the drillstring
length curve and during periods with low RPM (Figure 3c). We
observe a generally good alternation match between both pilots’
drilling and nondrilling intervals. Simultaneously, the downhole re-
cordings show a smoother energy distribution within drilling inter-
vals, as manifested by less variable rms curves and more uniform
amplitudes and frequency spectra within the traces.
Figure 4 shows the mean and standard deviations of the rms am-

plitudes calculated for all drilling runs using a sliding window of
75 min. Substantial variability of vibration amplitudes recorded by
the top-drive sensor is observed in the shallow drilling run N 2 from
590 ft (180 m) to 2665 ft (812 m), with the standard deviation ex-
ceeding 20 dB. As for the downhole sensor, standard deviations are
significantly less and are mainly smaller than 5 dB. That might be
attributed to the strong rig vibrations at the surface when drilling
shallow sections, which manifested as additional noise in the
top-drive pilot. In contrast, the downhole tool, recording vibrations
near the bit, provides less variable data suggesting that the fluctua-
tions in the top-drive data are not associated with the drillbit noise.

Figure 3. A subset of (a) top-drive and (b) downhole 30 s long pilot traces together with
their spectra recorded during shallow drilling run N 2 from 1157 ft (352 m) to 1570 ft
(480 m). The corresponding rotary speed and the drillstring length are shown in (c). Note
the higher amplitude and frequency variability of the top-drive signal in contrast with the
more uniform recordings of the downhole sensor. White arrows in (a and b) show the
traces inside the drilling interval with a constant drillstring length as shown in (c) used
for spectrum analysis in Figure 5.
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The pilots’ amplitude spectra confirm this observation (Figures 3
and 5). The spectrum of the top-drive signal has substantial variabil-
ity, with several frequency peaks over the entire seismic frequency
range. For example, a strong peak frequency identified in the top-
drive pilot at approximately 45 Hz and not observable in the down-
hole or surface geophone data averaged over the same drilling in-
terval (Figure 5) can be interpreted as a manifestation of the
additional noise component in the top-drive pilot. Conversely,
the downhole pilot spectra show a much smoother and consistent
behavior, less affected by significant variations and peak frequen-

cies. A low-frequency amplitude drop in the downhole data is
caused by the low-cut filtering with a 4 Hz cut-off frequency used
during the time-alignment step.
Looking into the deeper sections, the mean energy level of both

pilots is comparable until the end of run N 5 at a depth of 5246 ft
(1599 m) (Figure 4). Below 5264 ft, the energy level recorded by the
top-drive sensor is consistently and significantly less than that of the
vibrations recorded by the downhole tool. Both pilots exhibit a sub-
stantial decrease in the amplitudes recorded after run N 7 at a depth
of 6159 ft (1877 m). Such a reduction may be attributed to the “less

Figure 4. Mean (the solid lines) and standard de-
viations (the shaded area) of the rms amplitudes for
top-drive and downhole pilots calculated in a slid-
ing window of 75 min during drilling intervals only.
Note more considerable amplitude variations (high
standard deviations) of the top-drive data in the
shallow part (runs N 2 and 4). In addition, note
the lower mean amplitude level of top-drive sensor
data in the deeper part (from run N 7 and below).

Figure 5. Average power spectra of the (a) top-
drive and (b) downhole pilot signals from the shal-
low drilling interval marked with thewhite arrows in
Figure 3. Note more uniform energy distribution
versus frequency for downhole data with fewer peak
frequencies. A low-frequency amplitude drop in the
downhole data is caused by the low-cut filtering
with a cut-off frequency of 4 Hz used during the
time-alignment step. A trace spectrum recorded
by a surface geophone at a distance of 475 m from
the well is shown in (c) for comparison. Yellow
areas indicate the effective bandwidth of data after
processing.
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loud” nature of the PDC bit with smaller diameters (less than 16 in)
used from this depth. PDC bits have been reported to generate less
seismic signal than rollercone bits, thus making them less favorable
for SWD (Poletto and Miranda, 2004).
Nevertheless, successful examples of SWD with PDC bits exist

offshore (Goertz et al., 2021), even though the exact reasons why it
works in one case and not in the other are still to be understood.
Notably, the 22 in (0.56 m) PDC bit used in run N 5 provides a
strong vibration energy level recorded by the top-drive and down-
hole sensors. In general, the level of the recorded drillbit vibrations
depends on many factors, such as the drilling regime, rock hardness,
and bottom-hole assembly configuration. A detailed analysis of the
recorded drillstring vibrations is a topic of a separate study. How-
ever, Figure 4 strongly suggests that the downhole sensor can record
a more stable pilot signal with a greater energy level and higher
quality than the top-drive accelerometer.
A typical practice to evaluate the pilot signal’s quality is to ana-

lyze its autocorrelations (Poletto and Miranda, 2004). Figure 6a and
6b shows pilot autocorrelations after stacking along 30 ft depth in-
tervals corresponding to the length of a one drillpipe and pilot de-
convolution following a standard processing practice (Poletto et al.,
2014). Additional median filtering is applied to remove short-period
reverberations. The strong dipping events are the long-period multi-
ples propagating along the drillstring and bouncing between its top
and bottom (Poletto et al., 2001). These multiples allow assessing
the overall signal-to-noise ratio of the recorded pilot signals. In

Figure 6c and 6d, we additionally stack the traces over 90 ft inter-
vals corresponding to a constant drillstring length to make it more
transparent. The multiples are aligned horizontally using time shifts
based on the drillbit depth and the drillstring velocity of 4880 m/s,
calculated using the long-period multiples’ slope shown in Figure 6a
and 6b. The signal level is reasonable in both pilots in the middle
sections between approximately 2000 ft (609 m) and 6200 ft
(1890 m). In the shallow part, the top-drive signals are overwhelmed
by intense noise, similar to Figure 2, observable as substantial
waveform variations in Figure 6c. The multiple events visible in the
downhole pilot are much more coherent. They can be tracked up to
the shallowest depth of 590 ft (180 m) recorded with the downhole
sensor (Table 1). The top-drive pilot does not reveal any signal in
the deeper part below 6200 ft (1890 m). These sections have been
drilled with 16 in (0.41 m) PDC bits, highlighting the known chal-

Figure 6. Autocorrelations of (a) top-drive and (b) downhole pilot
signals after stacking along 30 ft depth interval corresponding to a
one drillpipe, pilot deconvolution, median filtering, and band-pass
filtering. Each trace is normalized individually with respect to its
maximum value. Note long-period drillstring multiples (underneath
the red lines) indicating the quality of the pilot signal. (c) For the top-
drive and (d) for the downhole pilots, these multiples are aligned hori-
zontally at zero time lag using static shifts with a drillstring velocity
of 4880 m/s, and the traces are additionally stacked over three drill-
pipes corresponding to a constant drillstring. In the top-drive pilot,
the multiples are noisy in the shallow part and completely absent
in the deeper section drilled with a PDC bit. In the downhole auto-
correlations, the multiples are strong and coherent, mostly from the
top to the bottom of the recorded depth interval.

Figure 7. Common-bit gathers along the central west–east line re-
corded while drilling at a depth of 3860 ft (1176 m): (a) uncorrelated
raw data and (b) data after correlation with the downhole pilot. Raw
data in (a) exhibit continuous seismic events interpreted as surface
waves (marked with the blue arrows) coming from the rig located in
the line center. Correlation with the downhole pilot signal helps
compress these events in (b), as shown by the blue arrows, and pro-
duces conventional impulsive seismograms with the source at the
bit’s position. Gather is obtained during drilling run N 4 with
the rollercone bit (Table 1).

Figure 8. (a) Stacking correlated data over a single 30 ft (9.1 m) drill-
pipe (approximately 1 h of recordings) increases the signal-to-noise
ratio and reveals a direct arrival event, marked with the yellow arrows.
Blue arrows show correlation-related noise preceding direct arrivals.
(b) Same data but after pilot deconvolution exhibiting attenuation of
such noise and providing more clear and focused direct arrivals.
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lenge of the SWD technique with such kinds of bits. In contrast, the
downhole pilot autocorrelations contain coherent multiple events
for deeper runs with PDC bits between 6200 ft (1890 m) and
7300 ft (2225 m). The weaker but coherent signal remains visible
at more considerable depths between approximately 7800 ft
(2377 m) and approximately 8500 ft (2590 m). The autocorrelation
diagnostic confirms that the downhole vibration sensor provides the
pilot signal of better quality and a higher signal-to-noise ratio.

Surface SWD data

A significant amount of energy observed in the SWD records is
the noise from the rig’s structure, mud shakers, engines, vehicles,
generators, etc. Figure 7a shows raw data from a central east–west
line recorded at the surface during drilling run N 4 at 3860 ft

(1176 m). The rig structure in the middle of the line induces intense
linear seismic events propagating away from the pad. The correla-
tion of the raw data with the downhole pilot reveals strong surface
waves usually observed in conventional land seismic data (Fig-
ure 7b). The main target signals of the SWD technique are direct
arrivals and reflected waves induced by the drillbit in the subsurface
and recorded at the surface. A vertical stack of the correlated data
over a specific drilling depth interval is performed to increase these
weak signals. We apply a stack over one drillpipe length equal to
30 ft, i.e., a single 9.1 m pipe length. They combine approximately
1 h of uncorrelated recordings into a single gather, assuming a typ-
ical penetration rate of approximately 30 ft/h (9.1 m/h). The data
after vertical stacking reveal a weak direct-arrival event, shown
in Figure 8a. In addition to the first arrivals from the bit, pilot traces
recorded either by top-drive or near-bit sensors contain additional
events such as multiples caused by the ends of the drillstring (top
drive and drillbit) as well as internal boundaries (drillstring joints,
sections of the bottom-hole assembly, etc.). Pilot deconvolution ap-
plied to the correlated and stacked data removes the pilot-filtering
effects reversed in “backward time” and strongly attenuates seismic
events introduced by pilot signals before first arrivals, as shown in
Figure 8b. Note that the near-offset arrivals are clearly visible in this
gather, usually masked by rig-radiated noise. Because the downhole
pilot is aligned with the top-drive pilot located at the top of the drill-
string, an additional time correction is applied to the correlated geo-
phone data to account for the propagation time of the drillbit signal
along the drillstring from its bottom to top. As discussed previously,
this correction is based on the drillbit depth and the effective drill-
string velocity. Finally, filtering with a passband from 20 to 60 Hz is
applied to remove the low-frequency groundroll-type noise from the
seismic records. Alternatively, more sophisticated noise attenuation
algorithms might be used similar to conventional land-data process-
ing flows, at least for low frequencies, where the groundroll noise is
not aliased. Conventional geophone arrays also can be used as an
alternative to improve the signal-to-noise ratio.
Figure 9 shows processed common-shot gathers recorded at dif-

ferent drilling depths along the west–east central line. A crossline
stacking in the south–north direction of seven adjacent receiver
lines is additionally applied to enhance the single-sensor record-
ings’ signal level. Both pilots provide comparable seismic data at
a depth of 4410 ft (1344 m) from drilling run N 5 with a 22 in PDC
bit (Figure 9a and 9b). Direct arrivals are clearly visible. Theymatch
reasonably well with synthetic traveltimes calculated using a legacy
1D velocity model from a nearby well. At a shallower depth of
3182 ft (969 m) (Figure 9c and 9d, drilling run N 4 with the 22
in rollercone bit), both pilots also lead to SWD records of good
quality. However, the top-drive result is noisier, as can be seen at
near offsets, where the direct arrivals cannot be tracked in Figure 9c
in contrast to the ones in Figure 9d obtained with the downhole
pilot. The data at a shallow depth of 930 ft (drilling run N2 with
28 in rollercone bit), produced using the top-drive and downhole
signals, exhibit even more pronounced differences (Figure 9e
and 9f). The top-drive pilot fails to provide a reasonable seismic
gather in this case. In contrast, the downhole pilot still leads to
good-quality data with coherent first arrivals at near offsets. For
larger offsets, refracted arrivals also become clearly visible. These
observations are consistent with the observed quality of the pilots
themselves (Figures 3–6). The top-drive recordings are noisier in
the shallow part and hence fail to accurately estimate the drillbit

Figure 9. The SWD common-bit/shot gathers recorded along a cen-
tral west–east line after complete processing a top drive (a, c, and e)
and a downhole pilot (b, d, and f) shown at various depths: (a and
b) 4410 ft (1344 m) from drilling run N 5 with PDC bit, (c and
d) 3182 ft (970 m) from drilling run N 4 with a rollercone bit,
and (e and f) 930 ft (283 m) from drilling run N 2 with a rollercone
bit (Table 1). The red lines show synthetic first-arrival traveltimes
calculated using a legacy velocity model from nearby wells.
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source signature, leading to the deterioration of final SWD seismic
data. At deeper depth levels, where the top-drive sensor still pro-
vides a pilot of reasonable quality, we observe a much better quality
of near-offset traces processed with the downhole pilot. This is of
direct practical importance for checkshot and other applications.
Note the lack of signal at near offsets in Figure 9a and 9b, where
a PDC drillbit was used, which can be attributed either to a more
substantial rig-generated noise or to a specific PDC bit’s radiation
pattern different from the vertical force pattern typical of roller-
cone bits.
The quality of processed SWD data varies with depth, as shown

by the checkshot gathers in Figure 10. Due to the similarity of the
SWD experiment to a reverse VSP survey, the checkshot corre-
sponds to a common-receiver gather. It has been recorded at an off-
set of 450 m to the south from the rig with relatively good data
quality. The top-drive pilot leads to a robust checkshot gather in
the depth interval between approximately 3000 ft (914 m) and ap-
proximately 6100 ft (1859 m) (Figure 10a). Above 3000 ft (914 m)
depth, the traces become much noisier with hardly trackable direct
arrivals. In contrast, the data processed with the same flow but using
a downhole pilot provide SWD records with a reliable and clearly
visible direct wave from approximately 1400 ft (426 m) depth (Fig-
ure 10b). First-arrival traveltimes picked from these gathers and the
corresponding inverted velocity profiles are shown in Figure 11.
The checkshot gather obtained with the top-drive sensor does not
allow picking the direct wave above 2000 ft (609 m) (the red line).
In addition, the picks between 2000 ft (609 m) and 3000 ft (914 m)
are characterized by a low confidence level. In contrast, high-con-
fidence picks can be derived from 1400 ft (426 m) using SWD data
obtained with the downhole pilot. Although less confident, visible
direct arrivals still support picking first breaks as shallow as approx-
imately 1000 ft (304 m). Application of a nonlinear beamforming
(NLBF) data enhancement algorithm (Bakulin et al., 2020b) with an
array size of 9 × 9 receivers or 240 m × 240 m (Figure 10c) leads to
additional improvement of the signal-to-noise ratio for all depth

levels and further helps to reveal the shallower section above 1000 ft
(304 m). A good match between the picks from the SWD data and
conventional VSP picks from a nearby well confirms the robustness
of the while-drilling checkshot. In general, the inverted velocity pro-
files agree with each other. However, the top-drive pilot provides a
considerably more oscillating velocity with some variations not
observable in other models that can be attributed to a more signifi-
cant pick uncertainty. Note that several shallowest picks in legacy
VSP traveltime curves have been deemed unreliable. They exhibit a
staircase behavior above 2000 ft (610 m) potentially caused by
multiple shallow casing strings (as shown in Figure 1c) with imper-
fect cementation. Bad picks lead to unfeasible velocity oscillations.
In contrast, the downhole data show very reasonable and smooth
behavior in this part.

Figure 11. (a) Verticalized time-depth curves picked from the data
shown in Figure 10a and 10b at 450 m offset and (b) the correspond-
ing inverted velocity profiles. The data processed using a top-drive
sensor do not support reliable picking above 2000 ft (610 m) (the
red line). In contrast, the data processed using the downhole sensor
provide picks up to 1000 ft (305 m) depth (the blue line). Traveltime
curves and inverted velocities agree with the conventional VSP in a
nearby well (the black line).

Figure 10. The SWD common-receiver gathers or
checkshots obtained with different pilot signals us-
ing a receiver patch with the offset of 450 m to the
south from the rig (marked with the yellow dot in
Figure 1): (a) top-drive pilot and (b and c) down-
hole pilot. To increase the signal-to-noise ratio,
traces from seven receivers (1 × 7 crossline
patch) are stacked in (a) and (b). In addition, non-
linear beamforming with an aperture of 9 × 9
receiver stations is applied to enhance the data
in (c).
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Better quality of the first-arrival events in the shallow section can
be observed at a closer offset of 200 m, as shown in Figure 12. As in
the previous geophone location, the quality of the data processed
with the top-drive pilot is low in the shallow section, even after
the NLBF application (Figure 12a). The downhole pilot allows
revealing clear direct waves for most depth levels, including those
in the very shallow section (Figure 12b and 12c). The shallowest
depth with a reasonable data quality observed in the case is 686 ft
(209 m), only 100 ft (30 m) below the starting depth of the first
downhole recordings (Table 1). This extremely shallow depth is
usually out of reach for standard VSP acquisitions. Therefore, dedi-
cated uphole surveys are usually conducted to measure the time-
depth relations for near-surface characterization at such depths.
We plan to record downhole data from the surface to check if such
an SWD checkshot can completely replicate the uphole survey in
future trials.

DISCUSSION

The presented case study shows that processing surface data ac-
quired while drilling using a pilot from a downhole near-bit sensor
provides much better data quality than using a pilot from a conven-
tional top-drive sensor. The memory-based downhole near-bit sen-
sors are cost effective and readily available in the drilling industry.
The most significant improvement in the presented case study is
achieved in a shallow depth above 3000 ft (914 m). We attribute
it to a better quality of the near-bit pilot recordings due to the lower
susceptibility to surface-generated noise. Conversely, the top-drive
pilot sensor is strongly contaminated by various noise sources at the

surface, including the rig’s structure vibrations, thus providing an
overall noisier pilot. A lower-amplitude signal in the near-surface
section between approximately 1000 ft (304 m) and 1400 ft (426 m)
consistently observed in all the SWD gathers (Figures 10 and 12) is
attributed to a known soft carbonate formation drilled with a high
penetration rate, as shown in Figure 12d, generating a lower level of
seismic signal when crushed by the drillbit.
Autocorrelation analysis of pilot data at deep intervals drilled

with PDC bits of the smaller diameter of 16 in reveals that the
near-bit sensor continues to provide a reasonable pilot, whereas
the top-drive pilot fades away. However, SWD data obtained with
both pilots do not show identifiable direct arrivals at this depth. We
interpret this as the drillbit signal below 6159 ft (1877 m) becoming
too weak compared with the surrounding noise. To illustrate this, we
use the full focusing capability of the 2500 geophones array to de-
tect very tiny signals analogous to the analysis of Kostov (1990).
Assuming a horizontally layered medium in the borehole’s vicinity,
we calculate semblance coherency measures along 3D hyperbolic
moveout as in conventional velocity analysis (Figure 13). In con-
trast to the work by Kostov (1990), where uncorrelated data were
used as an input, and the time-invariant trajectories were parame-
terized by pseudodepth and velocity, here we use correlated and
fully processed data to compute velocity spectra. A good focus
of the direct-arrival event is observed at the end of the drilling
run N 7 drilled with the 22 in rollercone bit. Focusing traveltime
coincides nicely with the checkshot. However, in an interval drilled
with a 16 in PDC bit, only 80 m below, no reliable direct arrival can
be found even using the entire 2500 fold array. Despite these ob-
servations, some PDC bits could generate a strong and good-quality

Figure 12. The SWD common-receiver gathers or
checkshots obtained with different pilot signals us-
ing a different receiver patch with the offset of
200 m to the north from the rig (marked with the
green dot in Figure 1): (a) top-drive pilot, (b) and
(c) downhole pilot. To increase the signal-to-noise
ratio, traces from seven receivers (1 × 7 crossline
patch) are stacked to obtain the data in (b). In ad-
dition, nonlinear beamforming with an aperture of
9 × 9 receivers’ stations is applied to enhance the
data in (a) and (c). A high ROP between 1000 ft
(304 m) and 1400 ft (427 m) depth, as shown by
the orange arrows in (d), is attributed to a soft car-
bonate formation. A less competent formation leads
to lower seismic signals induced by the drillbit and
produces lower quality SWD data.
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seismic signal, such as the larger 22 in PDC bit used during run N 5.
This suggests that the current processing approach might have
reached its limits. Regaining the signal in these more challenging
conditions requires further investigation. Precorrelation processing
of the data is one of the strategies to be considered.

CONCLUSION

We present a field trial of an SWD system in a desert environment
and focus on the usage of the downhole pilot, recorded with a
memory-based downhole vibration sensor. Such a pilot is continu-
ously recorded in the interval of 590–8600 ft (180–2621 m) and
applied for processing the surface geophone data. One of the main
challenges in using such a pilot is the substantial drift of the down-
hole clock. The accuracy required for seismic data processing is less
than a few milliseconds. It is significantly more stringent than the
requirements of more conventional applications of near-bit sensors,
such as drilling dynamics analysis for drilling optimization. The
automated data-driven alignment procedure has been successfully ap-
plied to these data using a GPS-synchronized top-drive vibration sen-
sor as a reference. After the alignment, the downhole sensor delivers
more stable and less noisy pilot data than the top-drive counterpart,
especially in shallow drilling sections. At deeper depths, where PDC
bits were used, the autocorrelation of the downhole near-bit sensor
data exhibits robust long-period drillstring multiples that are com-

pletely invisible in the top-drive sensor. Such observation also sug-
gests better quality of the downhole pilot in deeper sections. The
downhole pilot is successfully applied for correlation and deconvo-
lution of surface geophone data. Improved SWD gathers validate bet-
ter quality of the drillbit signature recording with the downhole
sensor. In particular, it is demonstrated that such a pilot provides sig-
nificantly higher SWD data quality in the shallow part (up to 686 ft or
209 m), where the top-drive pilot remains strongly contaminated by
surface-related noise.
This work shows that modern cost-effective near-bit vibrational

sensors can accurately record a drillbit source signature required to
process SWD data for long drilling intervals. Usage of the down-
hole pilot in the shallow section enables accurate characterization of
near-surface velocities potentially to the surface. SWD data can
complement conventional VSP surveys that suffer from multiple
casing strings in shallow sections and struggle to deliver reliable
near-surface velocity profiles. In essence, such SWD checkshot
with the downhole sensor can become a proxy for a deep seismic
uphole. With continuing advances in fast downhole telemetry, the
downhole pilot also may become accessible for real-time appli-
cations.
Future work may examine the combined use of the top-drive and

downhole pilots. In addition, it could be interesting to analyze data
from the remaining surface geophones installed within a rig pad and
offset walkaround line with a saw-tooth pattern. Furthermore, a
more in-depth analysis is required to relate the strength and radia-
tion pattern of the drillbit source as a function of bit type, size, etc.,
with the signal-to-noise ratio observed in the SWD records, espe-
cially the ones drilled with PDC bits. Finally, more advanced
processing sequences and additional applications might be consid-
ered, including those based on uncorrelated data.
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