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Abstract: In recent years, the fiber-optic distributed acoustic sensing (DAS) technology has played
an important role in the oil and gas exploration and development. We develop an industrialized
ultra-sensitive DAS instrument, named uDAS, which has world-class performances and robust
engineering capability. The uDAS achieves the pe/NHz level strain resolution and broadband
frequency response from millihertz (mHz) to 10 kHz. The uDAS system has been widely applied to
onshore and offshore vertical seismic profiling (VSP), hydraulic-fracturing monitoring, surface
seismic exploration, near-surface structural investigation, and DAS-uphole, with deployments
spanning all oilfields of China National Petroleum Corporation (CNPC), and part oilfields of Saudi
Aramco and Abu Dhabi National Oil Company (ADNOC). In this paper, we introduce the key
technologies of uDAS and its typical applications over the years. These applications demonstrate the
uDAS’s ultrahigh sensitivity, broadband frequency response, and high fidelity, enabling
near-wellbore fine imaging, high-resolution visualization of downhole fracturing processes, and
production optimization. The uDAS is becoming the new generation of all-optical geophones to
replace the conventional electronic geophone arrays.
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. industry and life [1-3]. Among these approaches,
1. Introduction e .[ : y PP
fiber-optic  distributed acoustic sensing (DAS)

Acoustic sensing is a fundamental technology enables continuous acquisition of vibration and

for signal acquisition and recognition in modern seismic signals along optical fibers, offering the
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long sensing range, high sensitivity, dense spatial
harsh
environments [4—6]. The DAS has been widely used

sampling, and excellent tolerance to
for hydrophones [7, 8], structural health monitoring
[9-11], natural earthquake monitoring [12—14], and
perimeter security [15, 16], especially for oil and gas
exploration and development [17-21]. In oil and gas
industry, the DAS attributes are highly compatible
with the sensing requirements across almost all
stages [22]. During the exploration stage, the DAS
provides the capability for single-run vertical
seismic profiling (VSP) [23-25] along entire
wellbores and has the ability to replace the
conventional electronic geophone arrays,
particularly under high-temperature and high-
pressure downhole conditions where the traditional
geophones suffer from limited sensor capacity,
complex field deployment, and poor long-term
reliability [26-28]. During the development and
production stages, leveraging its spatio-temporal
continuity, the DAS has been widely applied for
shale-gas and  shale-oil  hydraulic-fracturing
monitoring and fracture propagation analysis [29,
30], providing real-time information to optimize the
fracturing process and improve the production
efficiency. Meanwhile, its application scope has
been expanded to fluid-production profiling [31],
long-term  reservoir  monitoring [32], and
underground gas-storage integrity assessment [33].
At present, the primary manufacturers of
industrialized DAS instruments include Silixa (the
United Kingdom), Halliburton (the United States),
Schlumberger (the United States), and Optical
Science & Technology (Chengdu) Co., Ltd. (China),
etc., worldwide [34-37].

As the application potential of the DAS in oil
and gas exploration and development continues to
be explored, its performance requirements are
becoming increasingly well-defined. When the

exploration extends from shallow to deep and
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ultra-deep reservoirs, DAS systems must achieve the
lower noise floor level to acquire the high
signal-to-noise-ratio (SNR) seismic data from deep
well sections. During the development and
production stages, downhole dynamic activities
require DAS systems to provide a broadband
frequency response from millihertz (mHz) to
kHz, enabling detection of ultra-low frequency
formation  deformation [38] as well as
high-frequency transient events, such as sand
production or fluid influx [31].

To meet these multi-scenario monitoring
requirements, we have developed an ultra-sensitive
DAS (uDAS) instrument based on the coherent
heterodyne detection architecture [39] that integrates
low-noise optical fiber amplification [40] and
multi-frequency pulses modulation [41], achieving
an ultra-low noise floor and broadband frequency
response. To date, the uDAS instrument has been
deployed in more than 600 wells, covering almost
all the aspects of oil and gas exploration and
development, and demonstrating the strong
versatility and great potential for wide applications
in the VSP, hydraulic-fracturing monitoring, surface
seismic exploration, and near-surface structural

imaging.
2. ubAS

The most important technology of the uDAS
instrument is the heterodyne coherent detection [39],
as shown in Fig. 1. Based on this foundation,
low-noise optical amplification [40] is integrated to
suppress EDFA-generated amplified spontaneous
emission (ASE) and enable low-noise amplification
of weak Rayleigh backscattered signals. Multi-
frequency pulse modulation [41] is also used to
statistically mitigate random phase and polarization
fading. Therefore, the uDAS instrument achieves
the ultra-high SNR, ultra-low noise, ultra-wide

bandwidth, and ultra-high spatial resolution.
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ocC Modulator EDFA

uDAS

Fig. 1 Schematic diagram of uDAS (NLL: narrow linewidth
laser; OC: optical coupler; EDFA: erbium-doped fiber amplifier;

AWG: arbitrary waveform generator; FUT: fiber under test; PZT:

piezoelectric transducer).

The performances of the uDAS system are
characterized by applying vibrational signals to the
fiber using a PZT. Figure 2 presents its main
performance parameters and response features. In
the noise-floor test, we use a 10 km fiber and
evaluate the noise floor at the fiber end. As shown
in Fig. 2(a), the system exhibits a phase noise
floor of approximately —80 dB rad®’’/Hz over the
1 Hz-500 Hz range, corresponding to the strain
resolution of 2 ps/VHz with the 5m gauge length
(GL). Figures 2(b)-2(e)
recovery of sinusoidal vibration signals from
0.1 mHz to 10 kHz. Figure 2(f) further shows the
response linearity, with an R* of 0.999 94, obtained

illustrate the system’s

by gradually increasing the PZT driving voltage at
100 Hz. These tests demonstrate that the uDAS
broadband
response, and high linearity, which offers the ability

features an ultra-low noise floor,

for the detection of the extremely weak signals and

Table 1 Comparison of different DASs.
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broadband frequency response from mHz to 10 kHz
for the oil and gas exploration and development.
To position our system, we compare the key
performance metrics of the uDAS system with
existing industrialized DAS systems in Table 1. The
data listed in Table 1 are obtained from the

respective companies’ websites [42—44].
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Fig. 2 uDAS performances: (a) noise floor, (b), (c), (d), and
(e) vibration signals recovered, and (f) response linearity.

uDAS iDAS of Silixa [42]

DataSphere DAS of Halliburton [43] Optiq of Schlumberger [44]

. . 2 pe/NHz (GL=5 m and
Strain resolution

2 pe/VHz (GL=10 m and

3 pe/NHz (GL=10 m and 1.5 pe/NHz (GL=6.4 m and

length=10 km) length=400 m) length=10 km) length=5 km)
Gauge length 2 m—40 m 10 m 2 m—40 m 6.4 m
Bandwidth 1 mHz-10 kHz 1 mHz-50 kHz / /
Sensing range 80 km 45 km 150 km 50 km
T offset-well hydraulic-fracturing monitoring, surface
3. Applications y & &

With its pe/YHz level strain sensitivity and
broadband response, the uDAS has been
successfully deployed in the DAS-VSP under both
onshore and offshore conditions, single-well and

seismic  exploration, near-surface  structural

investigations, and DAS-uphole.
3.1 Onshore DAS-VSP

The VSP is an important technology of active
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seismic exploration, which can be carried out
using either the DAS technology or conventional
electronic geophone arrays. Geophones record VSP
data at discrete depths, necessitating repeated
repositioning and hence limiting their applications in
producing wells. In contrast, the uDAS provides a
significant improvement in downhole seismic
acquisition, enabling continuous and high-density
VSP acquisition along the entire wellbore, even in
producing wells. The typical configuration of a
DAS-based VSP is illustrated in Fig. 3(a), where an
active seismic source is activated at the surface, and
the uDAS

wavefields downhole. By tracking the arrival time of

records the propagating seismic
the downgoing wavefields, the vertical P-wave
velocity is accurately derived. The velocities
obtained from the VSP data can further be used to
characterize the subsurface composition and monitor
fluid migration and reservoir dynamics at the
reservoir scale.

A zero-offset VSP survey is conducted using the
uDAS in parallel with the conventional electronic
geophones within the same borehole, reaching
a depth of approximately 4 500 m. Figure 3(b)
presents the spliced display of the geophone
Z-component record (left of the red dotted line) and
the uDAS record (right of the red dotted line),
exhibiting a high degree of consistency on
downgoing and upgoing wavefields between the two
datasets. Furthermore, we compute the mean
cross-correlation time lag between the geophone and
DAS-VSP traces at the same depth points [the
60 channels around the red line in Fig. 3(b)]. The
average lag is approximately 1 ms, which is within
one sampling interval, as shown in Fig. 3(c).
that the uDAS
the requirements for seismic data processing.
Figures 4(a) and 4(b) show the complete VSP

records acquired by both systems, where the uDAS

This indicates records meet

record demonstrates clear and continuous

first-arrival in downgoing waves, as well

as clearly identifiable upgoing reflections.

Photonic Sensors

Amplitude-spectrum analysis [Figs. 4(c) and 4(d)]
indicates that both systems share a comparable
effective bandwidth of approximately 5 Hz—90 Hz.
The average and interval velocities derived from the
two records are displayed in Figs. 4(e) and 4(f),
respectively. The average velocities obtained by the
uDAS and geophones are nearly identical, while the
interval velocity profile from the uDAS reveals finer
stratigraphic details, delineating sub-layer variations
that enhance fine-scale geological interpretation. So,
the uDAS can provide efficient, high-sensitivity, and
high-fidelity seismic acquisition, and its high-quality
data make it feasible to achieve high-resolution
near-wellbore

imaging for guiding precise

placement of reservoirs.
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Fig. 3 Schematic diagram and results of the uDAS VSP:
(a) acquiring a VSP survey using a uDAS, (b) the spliced
display of the geophone Z-component record and DAS record,
and (c) the cross-correlation time lag between the geophone and
uDAS VSP records.
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Fig. 4 Comparison of VSP records from geophones and uDAS: (a) geophone VSP record, (b) uDAS VSP record, (c) frequency
spectrum of geophone data, (d) frequency spectrum of uDAS data, (e) average velocity comparison, and (f) interval velocity

comparison.

3.2 Offshore VSP

Compared with onshore operations, offshore

VSP acquisition poses greater technical and

operational challenges due to limited well
accessibility, complex coupling conditions, and high
redeployment costs. The DAS offers a practical and
efficient alternative. An offshore VSP survey is
conducted using the uDAS with an airgun source to
evaluate its field performance. Figure 5(a) shows the
DAS-VSP seismic record at an offset of 785 m,
exhibiting clear and stable first-arrival with the
excellent borehole coupling stability and high
Figure 5(b)
presents the amplitude spectra of raw waveforms
shallow (500 m),

(2 000 m), and deep (3 200 m) intervals, respectively.

sensitivity across the entire well.

extracted from intermediate
The spectral responses reveal a stable dominant
frequency of approximately 30 Hz across all depths,
while the effective bandwidth gradually narrows
with depth, from 3 Hz-110Hz at 500m to
3Hz-78Hz at 3200m at —30dB. This trend
reflects the natural attenuation of high-frequency
components with depth and confirms that the uDAS
maintains a broad and uniform frequency response
throughout the entire acquisition range. Notably, the

deep section retains the usable high-frequency

component up to ~80Hz, which benefits
high-resolution imaging of deep targets.
(a) Depth (m)
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Time (ms)
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Deep (3 200 m)

Intermediate (2 000 m)
— Shallow (500 m)
T T I

Fig. 5 Results of offshore DAS VSP: (a) offshore DAS VSP
record and (b) frequency spectra of seismic signals at shallow,
intermediate, and deep zones.
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In the same operational area, Ocean Bottom
Cable (OBC) and Ocean Bottom Node (OBN)
surveys are also conducted. The data from OBC,
OBN, and uDAS-VSP are processed, and the
resulting stratum images from all three technologies
are shown in Fig. 6. Compared with OBC and OBN,
the uDAS 3D-VSP delivers the higher resolution in
the shallow section (2 000 m—2 400 m), resolving
more thin-bed detail vertically, and the lateral
amplitude variations along coherent reflectors are
more consistent with the geological characteristics
of deltaic depositional facies. In the deeper interval
(3 100 m—3 600 m), the uDAS-VSP preserves the
broader seismic bandwidth, yielding the higher
imaging quality and improving the identification of
the subtle reservoir.

Channel

100 200 300 0

100 200 300
2000 = —_— - o ———

Depth (m)
o
(o)
(=3
S

uDAS 3D-VSP
Fig. 6 Structural-imaging comparison: depth sections from

OBC, OBN, and uDAS 3D-VSP (the channel spacing is
12.5 m).

3.3 Single-well hydraulic fracturing monitoring

Hydraulic fracturing is the important step in
developing shale oil/gas and coalbed methane,
wherein high-pressure fluids are injected into tight
reservoirs to create or extend fractures and thereby
improve hydrocarbon recovery, as shown in Fig. 7.
The uDAS can provide an efficient and practical
monitoring solution, enabling high-spatial-resolution,
high-sensitivity, broadband, and real-time seismic
measurements along entire wellbore, and visualizing
fracture

propagation, fluid transport/placement,

Photonic Sensors

and flowback.

Monitoring
well

Fig. 7 Schematic diagram of single-well and offset-well
hydraulic fracturing monitoring.

The single-well fracturing monitoring operation
is conducted using the uDAS. For a representative
fracturing stage, the uDAS waterfall plot reveals
strong fluid entry near Cluster 2, accompanied by
vertically continuous high-energy bands extending
into adjacent layers, as shown in Fig. 8(a). This
pattern indicates the potential fracture-height growth
beyond the designed target interval and reflects the
effective proppant transport within the stimulated
zone. During the flowback, the uDAS response
clearly distinguishes the contributions of each stage
to the total production volume. The left part of
Fig. 8(b) shows the uDAS waterfall plot during the
flowback process. Over the entire monitoring period,
we integrate the uDAS response energy at different
depths and then calculate the corresponding energy
fractions for each depth interval, as shown in the
right part of Fig. 8(b). Stage 5 dominates the total
flowback with 84.34%, followed by Stages 4 (7.94%)
and 6 (5.78%), whereas Stages 1 to 3 exhibit
negligible activity, as shown in Fig. 8(b). Such
differentiation indicates that the uDAS enables
accurate detection of sand and fluid entry, thereby
achieving the comprehensive visualization of

downhole  operations  throughout  hydraulic

fracturing processes.
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Fig. 8 uDAS time-depth waterfalls: (a) perforation and
pumping responses during the fracturing and (b) dynamic
response during the flowback.

3.4 Offset-well hydraulic fracturing monitoring

In hydraulic-fracturing operations, the fracture
height, and
interwell/interlayer connectivity are critical for

initiation, propagation direction,

stimulation effectiveness. Real-time
through the
neighboring wells is an effective means to identify

evaluating

observation strain responses of
whether fractures extend to neighboring wells and
extra-layer flow occurs to guide on-site adjustment.
So, a reliable monitoring system is needed to deliver
continuous and distributed coverage along the entire
wellbore with meter-scale spatial sampling, and
capture ultralow-frequency responses with the high
strain resolution. The uDAS is well suited to these
requirements.

To monitor formation deformation and evaluate
stimulation, an

the effectiveness of hydraulic

offset-well fracturing monitoring operation is
conducted using the uDAS, as shown in Fig. 7. In
the field test, the uDAS is deployed in a monitoring
well to record formation strain and track fracture
evolution. In a typical operation, the complete
hydraulic fracturing process lasts for several days,
during which the uDAS continuously acquires strain
near the monitoring well. We therefore present a

representative segment of the monitoring results for
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illustration. As shown in Fig. 9(a), the uDAS
successfully detects fine strain-rate variations below
107 pe/s over 11 hours, clearly revealing the
initiation and propagation of fractures. These strain
changes exhibit a strong correlation with the
[Fig. 9(b)] in the
fracturing well, confirming that the uDAS can

casing-pressure fluctuations
precisely capture the spatial and temporal evolution
of the fracture network. The results demonstrate that
the uDAS offers the strong capability for long-term
monitoring of ultra-low-frequency deformation in
complex subsurface environments and provides
reliable deformation data for optimizing fracturing
strategies (e.g., stage spacing, cluster efficiency, and
pump-schedule adjustments).

(a) x107
3400 1
6 3 800 0.5 g
= o
= 0 =
g 4200 =
-0.5 g
4 600
(b) _1
° 100
RIS
2
A = 0
0 2 4 6 8 10

Time (h)

Fig. 9 Results of offset-well hydraulic fracturing monitoring:
(a) stratigraphic strains picked up by the optic cable in the
neighboring well during the hydraulic fracturing process and
(b) casing pressure of the fracturing well.

3.5 Surface seismic exploration using the uDAS
with the helical fiber-optic cable

Surface seismic exploration is a key approach
for obtaining deep structural information in the oil
and gas and development. The

conventional discrete geophone arrays suffer from

exploration

insufficient spatial sampling, severe aliasing, and
relatively poor repeatability. In contrast, helical
fiber-optic cables enable continuous, high-density,
and  multi-azimuth

measurement,  providing

repeatable surface observations to improve

near-surface modeling and static correction quality,
thereby enhancing the deep imaging accuracy and
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4-dimensional (4D) monitoring reliability.

Surface seismic exploration using the uDAS
with the helical fiber-optic cable is carried out, as
shown in Fig. 10(a), providing multi-azimuth strain
sensitivity and allowing the sensing fiber to respond
to wavefields with different incidence directions and
wave modes (e.g., P-waves and surface waves).
Figure 10(b) presents the record acquired by the
uDAS instrument, in which direct waves, reflections,
and surface waves are clearly identifiable, indicating
that the helical cable enhances the observability of
multi-wave components. Furthermore, 2D imaging
profiles are obtained using the reflection wave
in Fig. 10(c).

continuous and

imaging technology, as shown
The shallow

well-resolved reflection events with the high SNR.

interval exhibits

This result demonstrates that the uDAS instruments
combined with the helical fiber-optic cable can
provide reliable solutions for near-surface inversions

of velocity, attenuation, and anisotropy.

(a) (b)
60 120
0

Channel (m)
180 240 300 340

Seismic wave

£
>
) E
Ne =
Helical fiber
optic cable
(©) Channel (m) v
0 600

1800 2400 3000 3600

Time (ms)

1200

1600 =

Fig. 10 Results of surface seismic exploration: (a) helical
fiber-optic cable, (b) the record acquired by the uDAS
instrument, and (c) 2-dimensional (2D) imaging profiles.
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3.6 Near-surface structural investigation

Near-surface structural investigation is a
foundational task in the oil and gas exploration and
development, as it can provide accurate near-surface
velocity models and static corrections for seismic
data processing, removing waveform distortions
introduced by near-surface heterogeneity and
thereby significantly improving the accuracy and
reliability of deep structural imaging. It is also
essential for pre-drill engineering risk assessment
and plays a critical role across multiple aspects of
drilling engineering, including shallow geohazard
identification, wellbore-design optimization, and
These

contributions do help the improvement in the

safe execution of drilling operations.

exploration success and the reduction in
development costs. Compared with the traditional
geophone arrays, the uDAS offers the sub-meter
spatial sampling resolution, enabling high-density
and large-scale shallow-surface imaging.

A near-surface structural investigation is
conducted using a straight fiber-optic cable deployed
horizontally on the ground, as shown in Fig. 11(a).
Seismic waves are generated by a hammer source,
and the wavefields are recorded by the uDAS.
Through long-term stacking of cross-correlation
functions, empirical Green’s functions of surface
waves are retrieved. Phase-velocity dispersion
curves are then extracted and inverted to build a
shear-wave (S-wave) velocity profile of the shallow
subsurface, as illustrated in Fig. 11(b). The resulting
velocity distribution reveals stratigraphic layering
and lateral heterogeneity within the upper ~15 m,
clearly delineating the morphology of shallow
interfaces. The result shows that the uDAS can
provide continuous and meter-scale near-surface
measurement, and support accurate static corrections
and more reliable deep imaging, attributing the
interpretation with high-resolution near-surface

velocity models.
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Fig. 11 Schematic diagram and results of uDAS near-surface
structural investigation: (a) schematic diagram of near-surface
structural investigation and (b) stratigraphic velocity profiles.

3.7 uDAS-uphole

The DAS-uphole offers a direct means of
near-surface velocity measurement. First-arrival
travel-time inversion yields high-precision layer
velocities, resolving thin interbeds and small-scale
wellbore. The

high-resolution velocity model offers

features near the resulting

essential
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near-surface information for accurate imaging of
mid- to deep-reservoir targets. Leveraging its
sub-meter spatial sampling resolution, the uDAS
continuously acquires distributed seismic data along
the borehole to build the shallow velocity model
adjacent to the well.

To further evaluate the applicability of the
uDAS-uphole, a survey is conducted using the
uDAS in a vertical well approximately 360 m deep,
where a vibroseis source is employed for excitation.
Figure 12(a) shows the seismic record acquired,
which exhibits continuous, coherent, and high SNR
first-arrival, indicating the excellent borehole
coupling stability and high-fidelity measurement
performance. Figure 12(b) presents the first-arrival
curve, and the velocity and associated stratigraphic
depth are derived from the time-depth relationship,
where the velocity increases gradually from
approximately 500 m/s near the surface to more
than 3 300 m/s at a depth of 350 m. This variation
corresponds to a stratigraphic transition from
unconsolidated sediments to compacted rock layers.
The near-wellbore near-surface velocity model
obtained with the uDAS provides important support
for deep-reservoir structural analysis and lithologic

interpretation.

®) so  mems) o, 150

100

vo=535 m/s and Hy=6.4 m
200 vi=1283 m/s and H,=6.3 m
v,=1493 m/s and H,=44.1 m
v3=2 5017 m/s and H3=61.7 m
v4=2 421 m/s and H4=100.9 m
vs=2 659 m/s and Hs=41.9 m
v6=3 333 m/s

Depth (m)

300

Fig. 12 Results of uDAS-uphole: (a) record acquired by the uDAS and (b) first-arrival curve.

4. Discussion

To present the characteristics of the above

applications and the corresponding uDAS parameter

configurations in greater detail, we have

summarized them in Table 2
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To further uDAS and its
efforts could be focused on the

enhance the
applications,
following issues:

1) To achieve higher quality seismic data
acquisition at the long sensing range (e.g., ultra-deep
wells exceeding 6 000 m), we can integrate pulse
coding schemes [45], chirped modulation method
[46, 47], and scattering-enhanced fibers [48] into the
uDAS system. Moreover, artificial intelligence can

Photonic Sensors

be incorporated into the uDAS data processing
workflow for improving the signal quality.

2) Although the uDAS is presently focused on
oil and gas applications, its world-class performance
far exceeds typical sensing requirements for other
industries. For example, it can be easily extended to
integrity monitoring of the petrochemical equipment,
leakage detection of oil/gas pipelines, and long-term
monitoring of large-scale civil infrastructure.

Table 2 Characteristics of representative applications and the corresponding uDAS parameter configurations.

uDAS parameter configurations

Applications

Typical characteristics

VSP (onshore/offshore)
Single-well hydraulic
fracturing monitoring

Offset-well hydraulic
fracturing monitoring

Surface seismic exploration
and near-surface structural
investigation

DAS-uphole

Continuous acquisition along the entire borehole
for seismic waves with the dominant frequency
content from a few to several hundred Hz and
well depth up to several km

High-frequency vibration signals indicating the
fluid-entry location and injected fluid volume
Low-frequency formation signals reflecting
fracture development and evolution

High-density shallow seismic data acquired with
the buried fiber-optic cable, with the frequency
content from a few to several hundred Hz and
target depths of tens to several hundred meters

Typical well depth of less than several hundred
meters, requiring the high spatial resolution to

Full-wellbore coverage with the tunable GL of
2 m—40 m, the channel spacing of 1 m, and the
bandwidth of 1 Hz-500 Hz

Effective bandwidth from tens of Hz to several
kHz, enabling resolution of single-cluster
fracturing responses

Detection of low-frequency signals down to the
mHz range and accurately capturing formation
deformation in the monitoring well

Sub-meter equivalent channel spacing and
bandwidth of 1 Hz-500 Hz, supporting velocity
inversion and high-resolution imaging of
near-surface structures

Sub-meter spatial sampling, enabling effective
identification of thin geological layers

identify fine structures

In summary, we introduce our world-class uDAS
instrument with the broad application adaptability
and robust engineering capability covering the
major stages in the oil and gas exploration and
development. For the applications mentioned above,
the uDAS high-fidelity
acquisition across the entire well, enabling the

can provide signal
accurate detection of formation responses, dynamic
characterization of fracturing, and production
processes, as well as high-resolution imaging of
stratigraphic structures. The uDAS is replacing
electronic geophone arrays as the next-generation

all-optical geophones.
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