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Abstract: Fiber-optic distributed acoustic sensing (DAS) has become a revolutionary technology  
in the field of acoustic/seismic wave detection as it has disruptive advantages over point 
acoustic/seismic sensors. Especially, DAS has found vital applications in oil/gas exploration and 
development. However, three-component DAS (3C-DAS) remains an unsolved bottleneck problem 
as the present DAS is only sensitive to the axial strain, limiting the application range of DAS greatly. 
Here, we proposed and verified the 3C-DAS concept based on the theory proposed. We processed 
signals from three independent optical fibers within a specially designed dual-sine-structured sensing 
cable to realize 3C-DAS. Field trials of the 3C-DAS units were completed outdoor and in the real 
oilfield, respectively, by using an ultra-sensitive DAS instrument developed. Furthermore, a 
100 m-long 3C-DAS cable was designed, fabricated, and tested. The experimental results indicate 
that 3C-DAS has the statistically comparable signal-to-noise ratio and better imaging resolution due 
to higher spatial density when compared to electronic 3C geophones. This work pioneers the study of 
3C-DAS and paves a way to develop a new generation of vector DAS systems, including 
3C-DAS-based geophones, hydrophones, and sonars for imaging geophysical structures with higher 
fineness, detecting undersea targets with better resolution, and positioning aerial vehicles with higher 
accuracy. 
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1. Introduction 

Dense sensor networks are transforming     
our understanding of the world through 
high-resolution environmental monitoring [1]. Point 

acoustic/seismic sensors are one of the most 

important types of physical sensors [2–5]. Emerging 

as a new generation of the dense acoustic/seismic 
sensing technology, distributed acoustic sensing 
(DAS) offers substantial advantages over the 

conventional point sensors, including the large scale, 
high density, long distance, low cost, easy laying, 
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and robust survivability [6, 7]. Consequently, DAS 

has created significant advances for our observation 

of the world through vibration and sound [8–11]. 

Cutting-edge DAS can convert optical fibers    

into extremely dense sensing arrays, enabling 

acoustic/seismic data acquisition with high 

sensitivity reaching down to the Hzpε  level    

[12, 13], the broad frequency ranges from millihertz 

to kilohertz [14–16], long sensing distance up to 

100 kilometers [17–19], and sub-meter spatial 

resolution [20, 21]. DAS further demonstrates robust 

deployment capabilities in harsh environments 

where the use of the conventional acoustic/seismic 

sensors is quite hard, such as deep underground  

with both high temperature and high pressure   

[22]. Notably, DAS can convert existing 

telecommunication optical fibers into installation- 

free sensing networks for regional earthquake 

monitoring [8, 23–25], near-surface characterization 

[26, 27], infrastructure safety assessment [28, 29], 

and marine activities or disasters monitoring     

[11, 30–32]. Beyond this, DAS can provide 

solutions for distributed hydroacoustic sensing based 

on customized cables [10, 33, 34]. Particularly, DAS 

applications in the borehole have been recognized as 

a revolutionary shift in oil/gas exploration and 

development, where DAS is potential to replace the 

conventional geophones by delivering outstanding 

advantages: full well coverage, higher spatial 

resolution, higher operational efficiency, significant 

cost reduction, and superior downhole survivability 

[35–37]. Since the first vertical seismic profile (VSP) 

survey [38], DAS applications in the borehole have 

expanded rapidly to reservoir monitoring, hydraulic 

fracturing monitoring, geological structure imaging, 

mineral exploration, and other areas [6]. The 

massive acoustic/seismic datasets from DAS 

recordings further help to drive intelligent oil/gas 

field optimization and enhance production efficiency 

and resource management [39, 40]. Despite these 

extensive deployments, unidirectionality remains   

a fundamental and primary constraint on DAS 

applications. This restriction originates from the 

operating principle of current single-component 

DAS, where the optical fiber is just sensitive to the 

axial strain [41]. 

High-resolution seismic imaging and accurate 

subsurface characterization necessitate the detection 

of the three mutually perpendicular components [39], 

since the subsurface structures are revealed by 

analyzing different polarizations of seismic waves 

propagating through the Earth’s layers with 

compressional and shear motions [43]. Generally 

speaking, electronic three-component (3C) 

geophone arrays have been widely used, while 

optical fiber-based point 3C sensors offer alternative 

options but are greatly restricted by the limited 

capacity and high cost [44, 45]. In principle, DAS 

directionality may be realized partially by changing 

cable installation strategies or by designing the 

geometric distribution of fibers within the cable 

dimension. The combinations of the surface and 

VSP data [46, 47], and loop arrays [48] have been 

reported, but their deployment complexity and high 

operational costs make them impractical. Helically 

wound cables (HWC) can obtain the 3C information 

[49–51], but the separation of the overlapped 3C 

signal from DAS data remains fundamentally 

challenging and has not yet been really realized. The 

assumptions of non-standard spatial patterns of 

optical fibers (serpentine, looped, sinusoidal shapes, 

etc.) have been proposed to enhance DAS 

directional sensitivity and enable 3C separation [52], 

yet these assumptions are purely qualitative and 

remain unrealized. 

In this study, we proposed the concept of 

3C-DAS and achieved fully-distributed 3C seismic 

detection, for the first time, based on the 

combination of two sinusoidally arranged optical 

fibers and one straight optical fiber integrated on an 

elastic cable. The theory of 3C-DAS was presented 

to guide the design of the 3C-DAS cable.       

The acquisition of 3C-DAS signals with an 
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ultra-sensitive DAS instrument (uDAS) was carried 

out and its responses correlated well with co-located 

3C electronic geophones, hence verifying the 

concept of the 3C-DAS proposed. Furthermore, 

fully-distributed 3C data were recorded by using   

a 100-meter-long 3C-DAS cable fabricated to 

characterize the near-surface structure of the ground 

via inversion of surface seismic waves. The 

high-density spatial samplings of 3C-DAS can 

provide superior inversion resolution with the higher 

efficiency and lower cost when compared to 3C 

electronic geophones. Real field trials collaborated 

closely with industry show that 3C seismic 

recordings obtained with uDAS enable finer  

seismic imaging. In particular, in horizontal land 

deployments where single-component DAS fails  

to capture critical wave modes, the 3C-DAS     

can resolve reflected seismic waves, enabling 

high-resolution imaging of stratigraphic boundaries 

previously undetectable with single-component 

DAS. Such a 3C-DAS method would provide a 

revolutionary way to realize fully-distributed 3C 

seismic imaging in well-ground or well-sea jointed 

acquisitions, as shown in Figs. 1(a) and 1(b). 

 

Fig. 1 Concept of 3C-DAS: (a) potential applications of 3C-DAS to ground and downhole oil/gas exploration by using well-ground 
or well-sea jointed acquisitions, (b) potential applications of 3C-DAS to underwater acoustic/seismic detection, and (c) conceptual 
diagram of the 3C-DAS cable with the uDAS instrument. 

2. Concept of 3C-DAS 

Acoustic disturbances induce the axial strain in 

optical fibers, modulating the phase of propagating 

optical pulses. DAS samples the continuous 

Rayleigh backscattering light of the fiber and 

extracts the phase information from optical intensity. 

At the location indexed by s0 along the fiber, the 

phase φ(s0) is not linear to the strain. However, the 

phase difference φ(s0+L)−φ(s0) is proportional to the 

average strain of the fiber section s0~s0+L. A sensing 

array with dense channels is obtained after phase 

differentiation. The channel center is indexed by 

s0+L/2. Here, the length L is also known as the 

gauge length. Since these phase changes are 

proportional to the axial strain, the responses of 

DAS to different seismic components are mainly 

determined by fiber geometry [53]. Here, 3C-DAS 

uses a multi-fiber configuration with dual 

sinusoidally arranged fibers (SAFs) and a straight 

fiber [Fig. 1(c)]. The SAFs are distributed on two 

orthogonal planes along an elastic cable, while the 

straight fiber is arranged along the cable axis. The 

seismic event produces three orthogonal vibration 

signals due to the coupling of waves with different 

polarizations. The straight fiber is only sensitive to 
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the axial strain, i.e., the X component of the seismic 

signal. The periodic variation of the fiber tangential 

vector enables the SAFs to acquire more 

comprehensive information from radial components, 

i.e., Y and Z components. Reconstruction of the 3C 

seismic signal is achieved by the projection of DAS 

responses from these fibers through the rotation 

matrix shown in Fig. 1(c). 

3. Theory of 3C-DAS 

In the concept of 3C-DAS shown in Fig. 1(c), a 

ground coordinate system (x, y, z) with invariant 

axis orientations is defined to analyze the responses 

of optical fibers to strains induced by seismic waves. 

The fiber’s local Frenet-Serret coordinate system  

is defined by the orthogonal unit vectors       

[t(s), n(s), b(s)], representing the tangential, normal, 

and binormal directions at the position s along the 

fiber, respectively. To model DAS data, the strain 

tensor must be transformed from ground to fiber 

coordinates. The projection of the instantaneous 

strain tensor can be accomplished via coordinate 

transformations εnbt(s)=G(s)εxyzG
T(s), where G(s) is 

the rotation matrix along a fiber distance s: 
( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( )

s s s

s s s s

s s s

⋅ ⋅ ⋅ 
 = ⋅ ⋅ ⋅ 
 ⋅ ⋅ ⋅ 

n x n y n z

G b x b y b z

t x t y t z

.     (1) 

εxyz is the strain tensor with six components       

εij (i, j=x, y, z). It is defined in the ground coordinate 

system, not along the seismic ray path. The fiber 

strain can be regarded as a secondary projection of 

the seismic strain from ray-based to fiber-local 

coordinates. Both DAS and geophone measurements 

capture one or more orthogonal seismic components. 

Before further analysis, we adopt these assumptions. 

1) The cable interacts with plane waves at 

wavelengths much larger than the cable radius, so 

that the torsion induced strain is negligible [49].   

2) The seismic wavefield strain remains uniform 

across the DAS interrogation gauge length, so the 

instantaneous strain tensor εxyz is constant over the 

studied gauge length. For example, gauge lengths 

below 5 m are appropriate for resolving frequencies 

above 50 Hz, assuming seismic velocities of 

0.8 km/s–5 km/s, as the wavelength should be at 

least 3 times–5 times of the gauge length. 3) The 

tight combination between the cable and the ground 

ensures reliable strain transfer. Then, the 

transformed fiber axial strain is expressed as 
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For straight fibers used in VSP surveys, the 

vertical cable orientation yields the axial strain 

εtt(s)=εzz. DAS data represent the average strain 

within one gauge length along the cable. When 

primary waves propagate at the angle θ to the fiber 

axis, DAS sensitivity exhibits a cos2θ dependence 

on the incidence direction [41]. For shaped fibers, 

the averaged strain over the gauge length is 

calculated by the integration of the local tangential 

strain over an integer multiple of the fiber’s winding 

period, 
0

0

 

 
( )d /

s L

tt
s

s s Lε
+

 . This spatial integrability is 

attributed to the periodic distribution of the wrapped 

fibers. However, the three-dimensional winding 

geometry in ground coordinates increases the 

complexity of stain projection. Furthermore, in order 

to obtain a well-conditioned rotation matrix, 

additional optimization of the winding geometry is 

required [51]. Here, we propose the multi-fiber 

configuration with the SAFs and straight fiber, as 

shown in Fig. 1(c). For the fiber f1 distributed in the 

xoy plane, the transformed tangential strain is 

written as 

[ ] [ ]
[ ][ ]

1
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      (3) 

The geometry of fiber f1 is given by the 

following relations: 
sin(2 / )

const.

y H A x P

z

π= +
 =

         (4) 

where H is the y-axis offset; A and P are the 

amplitude and period of the sinusoidal function, 
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respectively. Then, (3) can be expressed as 

1

2

2 2 2

1 2
( )

1 1 1
f

tt yy xx xyx
η ηε ε ε ε

η η η
= + +

+ + +
   (5) 

with η=cos(2πx/P)·2πA/P. Considering the integration 

of the local tangential strain over an integer multiple 

of the sinusoidal period, the averaged fiber strain 

over the gauge length L is 

1

2

2 2   

1 1
( )d d d

1 1
yyf xx

tt
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η η

= +
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where the third term in (5) vanishes after integration. 

We write the scaling factors of εyy and εxx as   

U(P/A) and V(P/A), which are the functions of 

period-amplitude-ratio. For the fiber f2 which has the 

same geometry as f1 but is assembled in the xoz 

plane, the averaged fiber strain becomes 

2
1

( )df
tt zz xx

nP
x x U V

L
ε ε ε= + .       (7) 

As a result, the quantitative relationship between  

the DAS measurement and the ground strain 

components is given by 
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.       (8) 

Although the analytical expressions of the scaling 

factors U and V are complicated, we can   

calculate the numerical results for the specific 

period-amplitude-ratio with P/A= 3.63. The scaling 

factors of SAFs to ground strain components are 

equal in value (see Supplementary files S1). 

4. Concept verification with a single 
3C-DAS unit 

A single sensing unit with a meter-scale length 

was first fabricated to validate the 3C-DAS theory 

proposed. We first fabricated an elastomer with 

surface grooves using a dedicated mould and 

pre-applied an adhesive layer. The fibers were then 

pressed into the grooves with a controlled 

pre-tension using rigid inserts shaped to match the 

elastomer surface precisely. Once the fibers were 

fully seated within the grooves, the curing process 

was performed to secure and protect it. Finally, the 

entire sensing unit was protected with an additional 

reinforcing layer. 

We buried the sensing unit with rammed backfill, 

and deployed a co-located 3C electronic geophone 

(Geolight GL-CS60, China) for comparison. The 

seismic signal was generated by a 10 kg free-falling 

weight. The strains of the fibers were obtained  

with a 10 m gauge length using a uDAS instrument 

developed [54]. This instrument provides 

temporal-spatial two-dimensional strain data, and 

each column (channel) of the data is equivalent to 

the temporal waveform of one geophone, with no 

overlap between gauges recorded. The channel 

spacing of 0.4 m enables much denser spatial 

sampling over the geophones for enhancing 

horizontal resolution in imaging. The time division 

multiplexing (TDM) method was employed for 

interrogation (see Supplementary files S2). Three 

sensing fibers were installed in series without splices, 

with desensitized fiber segments exceeding twice 

the gauge length to avoid channel crosstalk. For 

each sensing fiber, the central channel within    

the disturbed section was selected as the 

representative output. Subsequently, these fiber 

strain measurements were converted into 3C ground 

strains through the rotation matrix given by (8). 

The conventional geophones are sensitive to the 

particle velocity of the point where they are fixed, 

while the uDAS instrument used provides an 

averaged strain measurement over the gauge length. 

For the DAS instrument providing strain rate outputs, 

the conversion is done by rescaling time-integrated 

DAS data [22], applying a two-spatial averaging 

filter [55], or integrating DAS data in space [56]. 

The direct comparison between the geophone and 

DAS data from the straight fiber is realized 

employing these methods. Here, we rescaled uDAS 

strain data to the equivalent particle velocity for 

comparison with geophone measurements. This 

conversion relies on the theoretical relationship for 
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plane seismic waves [22], where the ratio between 

the particle velocity vx=∂u/∂t and strain εxx=∂u/∂x is 

given by the apparent velocity c=±v/ε and u(x, t) 

denotes the dynamic displacement. 

 

Fig. 2 Test results of the sensing units: (a) the waveforms of one shot [the first and second columns show the 3C waveforms and 
normalized waveforms of DAS (blue) and geophone (red), and the DAS waveforms in the first column are scaled to match the peaks of 
geophone waveforms, (b) the top row showing the PSD of the signal and noise in (a) from DAS (blue) and geophone (red) and the 
bottom row plotting the PSD difference, and (c) the temporal SNR of 3C data recorded by the DAS and geophone (the dashed lines 
show ratios of 0.5, 1, and 2 for reference) (Amp.: amplitude; Freq.: frequency; Geo.: geophone; CC: cross-correlation coefficient; SNR: 
signal-to-noise ratio). 

We conducted the test at the campus of 

University of Electronic Science and Technology of 

China (UESTC). The waveforms of DAS and 3C 

geophones at a shot-receiver distance of 10 m with 

an orientation of 45°, are plotted in Fig. 2(a). In the 

left column, the DAS record is scaled to match its 

root-mean-square (RMS) amplitude in 3 s with that 

of the geophone, and the waveforms are offset 

vertically for clarity. The right column shows 

time-aligned normalized waveforms in 1 s using 

cross-correlation time shifts. The CCs within the 3 s 

window indicate good consistency. In Fig. 2(b), the 

power spectral density (PSD) diagrams of the noise 

and seismic signal are calculated within 0.8 s 

windows before and after the first arrival. DAS 

exhibits the similar frequency contents and 

comparable SNR to the geophone. The coupling and 

locally scattered signals induced by small-scale 

heterogeneity near the surface may contribute to the 

difference in the waveforms of the DAS and 

co-located geophone. The temporal SNR is 

calculated by the RMS amplitude ratio of the signal 

and noise in a window before and after the first 

arrival. The temporal SNR of shots selected from  
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8 source locations oriented at 45° intervals is 

illustrated in Fig. 2(c). The results demonstrate 

comparable SNRs between DAS and geophone 

measurements. For some shots, the horizontal 

components of DAS measurements exhibit up to   

a two-fold SNR enhancement relative to the 

geophone, while the vertical component shows the 

approximately 50% lower SNR. This may be related 

to the coupling as well as the polarization of the 

seismic waves. The test of the 3C sensing unit 

shows that the proposed configuration effectively 

detects multicomponent seismic signals and is able 

to extract 3C signals from the SAFs and straight 

fiber. DAS demonstrates good consistency in 

waveforms and statistically comparable SNRs to 

geophone signals. 

5. Real field trial of the 3C-DAS unit 

We tested the sensing units at a real 3D seismic 

exploration site in Jiangyou, Sichuan province, 

China and compared their waveforms with 3C 

geophones (Sercel DSU3, France) used in 

hydrocarbon production sites by collaborating with 

Bureau of Geophysical Prospecting Inc., China, 

which has maintained the largest business scale in 

the global industry of oil/gas exploration for ten 

consecutive years. As illustrated in Fig. 3(a), the 

DAS line (yellow) with 26 sensing units was 

deployed alongside the geophone line (blue) with  

10 DAS sensing units picked and indexed by yellow 

dots. The geophones were placed at intervals of 

40 m, while the sensing units fabricated in series 

were distributed at non-uniform intervals due to 

practical terrain constraints. The seismic waves were 

generated by explosives in a well. 

Two types of sensors simultaneously recorded 

seismic signals from the single shot and their filtered 

recordings at the source location S1 are plotted in 

Figs. 3(b)–3(g). Both direct and reflected waves 

were recorded in the vertical component of the DAS 

[Fig. 3(b)] and geophone [Fig. 3(c)]. As illustrated in 

Figs. 3(d)–3(g), reflected waves show negligible 

visibility in the X component and weak visibility in 

the Y component for both DAS and geophone 

recordings. Horizontal single-component DAS 

deployments exclusively detected X component 

seismic energy and showed no observable reflected 

waves [similar to Fig. 3(d)]. Surface waves were not 

recorded due to the limited array length and the 

source-receivers location. The waveforms at U1 are 

plotted in Fig. 3(h), the geophone data are rescaled 

to the equivalent nanostrain by the RMS amplitude 

ratio of direct waves in the vertical component, 

4 358 m/s. It is close to the apparent velocity 

4 500 m/s obtained from the moveout. The 

waveforms of DAS and geophones demonstrate 

good consistency due to a more homogeneous 

seismic wavefield under a kilometer-scale 

shot-receiver distance when compared to normal 

outdoor tests with the limited distance. The PSD 

diagrams illustrated in Fig. 3(i) show good 

consistency in the distribution of the spectral energy 

between the two sensors. 

We estimated the temporal SNR by comparing 

the RMS amplitude ratio in a 2 s window of the 

signal and noise. The temporal SNR of the DAS and 

geophone from S1 was calculated and shown in 

Fig. 3(j). The SNR decreased with the extended 

source-receiver distance and the low SNR point near 

4.2 km was caused by the environment where 

sensors were deployed. The lower SNR in the 

vertical component of DAS may be attributed to 

coupling during the backfilling and compaction and 

optical losses. The temporal SNR values of U1 from 

10 sources are shown in Fig. 3(k), with the source 

location indexed by black numbers in the data  

points. DAS exhibited the statistically comparable 

SNR to that of the geophone within the 3 dB   

range. Additional waveforms are provided in 

Supplementary files S3. 
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Fig. 3 Layouts of the field test and the comparison of 3C recordings from sensing units and co-located geophones: (a) the layout of 
test (the insets show the pictures of the sensing unit and geophone), (b) and (c) are the recordings of the Z component from the DAS 
and geophone under S1, (d) and (e) are the recordings of the X component, (f) and (g) are the recordings of the Y component [the blue 
and red arrows indicate the direct wave and reflected wave, respectively; the blue dashed boxes in (c), (e), and (g) indicate the 
corresponding DAS data ranges], (h) the 3C waveforms of the DAS (blue) and geophones (red) at U1 under S1, (i) the PSD of the 
DAS (blue) and geophone (red) signals in (h), (j) the temporal SNR of the DAS (blue) and geophone (red) of U1–U10 from S1, and  
(k) the temporal SNR at U1 from ten source locations (the dashed lines show ratios of 0.5, 1, and 2 for reference). 
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6. Field trial of fully-distributed 3C 
seismic sensing 

The trial was conducted at the campus of 

UESTC. As shown in Fig. 4(a), a 100 m-long 

distributed sensing cable was fabricated and 

installed in a surface trench with the rammed 

backfill. The continuous sensing cable used in this 

trial was assembled by concatenating multiple 

sensing units. The cable deployment started at the 

location B and ended at D. Ten co-located 3C 

geophone channels (spaced at 10 m intervals) were 

obtained by repeatedly deploying two geophones 

along the cable. 

Two segments of SAFs f1 and f2, and one straight 

fiber f3 were carefully assembled and spliced in 

series. This TDM method has been demonstrated to 

have no effect on signal quality at the back end    

of the link (extended data in Fig. S7 of the 

Supplementary files). The time delay of the 

co-located DAS channels from three fibers could be 

neglected, given that the repetition rate of the laser 

pulse was significantly greater than the seismic 

frequency of interest. In this trial, seismic waves 

were generated by a 10 kg free-falling weight from a 

height of 1.5 m. Three source locations (S1–S3) 

were arranged, at distances of 20 m, 50 m, and 80 m 

from the point B, respectively. A lateral offset of 

10 m was adopted to obtain a more uniform seismic 

wavefield at the nearest DAS channels to the shot 

location. 

An example shot recorded by uDAS at the 

source location S2 is shown in Fig. 4(b). After 

normalization, the visibility of low-amplitude 

signals can be enhanced for better detecting the 

moveout on seismic waves. For each source location, 

the DAS recordings from five shots were 

synchronized through cross-correlation and 

subsequently stacked. The raw phase data of uDAS 

were converted to the strain, which was in phase 

with the velocity. uDAS provided a dense spatial 

sampling of 124 channels with the 0.8 m spacing 

and 5 m gauge length. The primary wave was the 

first arriving coherent energy, followed by the 

dominant seismic energy contributed by the ground 

roll of the Rayleigh wave, which was clearly visible 

in the 3C recordings. Some visible energy in the 

Rayleigh wave coda might be induced by wave 

interference. In the left panel of Fig. 4(b), the 

waveforms were aligned by cross-correlation, which 

showed good consistency. Compared with the 

3C-DAS sensing unit, the continuous sensing cable 

introduced a larger-scale strain averaging. The 

variable coupling, wave interference, and 

inhomogeneity may have a greater impact on 

waveform similarity. The temporal SNR was 

calculated as well (extended data in Fig. S12 of the 

Supplementary files). DAS achieved the statistically 

comparable SNR to that of the geophone. 

The waveforms of the DAS and co-located 

geophone with a shot-receiver distance of 25 m are 

plotted in Fig. 4(c). The primary wave was observed 

clearly in X and Y components, and weakly in the Z 

component of DAS. The surface wave was detected 

in three components of the DAS and geophone. The 

PSD diagrams are plotted in Fig. 4(d), where two 

sensors had similar spectral components. The 

fundamental difference between spatially averaged 

measurements and point sensing led to the response 

difference between two sensors. Especially for 

near-surface seismic waves, inhomogeneity and 

interference are more likely to affect the data quality. 

We further generated continuous seismic waves with 

a handheld tamper that provided a stable vibration. 

We selected a DAS channel at 20 m and placed three 

shot locations with a distance of 20 m in the 

x-negative direction from this channel, and two 

others at offsets of 30 m and 80 m in the x-positive 

direction. As shown in Fig. 4(e), the tamper 

maintained in the ignition start state of the initial 

0.5 s within a 2 s window, followed by a bouncing 

motion for the next 1.5 s. It can be found that 3C 

waveforms of DAS and geophones showed good 

consistency in phase. 
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Fig. 4 Layouts of the field trial with fully distributed cable and co-located geophones: (a) the layout with the insets showing the 

fabricated distributed sensing cable, (b) the 3C recordings of DAS (the right column) and the waveforms of DAS (blue) and co-located 
geophone (red) in the left column, (c) the DAS (solid) and geophone (dashed) waveforms from S2 at a shot-receiver distance of 25 m, 
(d) the PSD of the DAS (solid) and geophone (dashed) waveforms in (c), and (e) 3C waveforms of the DAS (blue) and co-located 
geophone (red) at different shot-receiver distances, with seismic waves generated by a handheld tamper. 

7. Surface wave imaging application 

We performed multi-channel analysis of surface 

waves on 3C-DAS recordings to verify the 

feasibility of adopting 3C-DAS for near-surface 

geophysical applications. 3C wavefields from the 

linear cable show surface waves with clear 

dispersive effects, as shown from the results of one 

shot under S2 [see Fig. 4(a)] in Figs. 5(a)–5(c) and 

extended data in Fig. S11 of the supplementary 

materials. The fundamental and higher order modes 

were observed while these fundamental modes 

showed similar shapes. Only the fundamental modes 

in DAS spectra were picked and inverted due to the 

unreliability of the higher order modes. The 

geophone spectra in Figs. 5(d)–5(f) show similar 
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fundamental mode profiles to that of DAS, 

particularly in the vertical component. The 

dispersion curve picking from geophones was 

impeded by the spectral discontinuity and stronger 

noise. The high-resolution f-v spectra of DAS 

showed higher sensitivity with a relatively wide 

frequency range. For the DAS sensing cable, the 

spatial sampling interval was 0.8 m, which was  

12.5 times denser than that of the geophones. In 

Figs. 5(a)–5(c), the inverted dispersion curves with 

red circles closely matched the picked black circles. 

Thereafter, we obtained the 1-dimensional (1D) 

shear wave velocity-depth profile from the inversion, 

as shown in Fig. 5(g). 

 
Fig. 5 f-v spectra and inversion results: f-v spectra of the components (a) & (d) Z, (b) & (e) Y, (c) & (f) X from the DAS (top row) 

and co-located geophone (bottom row) are demonstrated (the black and red circles were observed and inverted dispersion curves of 
DAS), (g) inverted 1D S-wave velocity structures of three components, inverted 2-dimensional (2D) apparent velocity profiles from 
the components (h) Z, (i) Y, (j) X, and (k) their combinations are plotted as well. 

We further gathered the dispersion curves of  

the shots from S1 to S3 (see Supplementary files S4) 

to build the 2D inversion profiles from three 

components and their combination, as shown in 

Figs. 5(h)–5(k). The final 2D velocity profiles    

of the three components were quite similar,     

with a maximum detection depth of 35 m. The 

profile combined with the three components 

depicted the velocity layers more accurately.    

The imaging results indicated that 3C-DAS     

was an effective way for near-surface 

characterization. 
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8. Summary and discussion 

Over the course of the past decade, the majority 

of studies on DAS have been constrained in 

single-component sensing, particularly in the field  

of seismic sensing. This presents a significant 

challenge for further advances in the DAS 

technology and applications. Our study provides a 

new approach to achieve real 3C-DAS. The testing 

results of the 3C-DAS unit show comparable 

waveforms to 3C electronic geophones in all three 

components. A fully-distributed sensing cable with a 

length of 100 m was designed and fabricated to 

acquire surface 3C-DAS data. The field trial data 

demonstrate that 3C-DAS is able to provide 

ultra-high density 3C surface seismic data. The 

imaging results show that the velocity profiles 

adequately describe the near-surface structures. This 

work proves the concept and feasibility of the 

3C-DAS well. The elastic dynamics of the 3C-DAS 

cable remain analytically complicated and can be 

studied by investigating the mechanical model of the 

interaction between the sensing fiber and the elastic 

cable in the near future. In addition, continuous 

fabrication of kilometer-level-length 3C-DAS cables 

remains an unsolved engineering problem. Although 

it is beyond the scope of this study, we provide a 

possible fabrication method in Supplementary files S1. 

The sensing range is primarily limited by the DAS 

interrogator. By using a three-channel uDAS interrogator 

with a sensing range of 60 km, the maximum 

sensing range of 3C-DAS is ~39 km considering the 

length ratio of SAFs to straight fiber (1.54). 

In summary, the concept and theory of 3C-DAS 

were proposed and verified by real field trials, for 

the first time. 3C-DAS not only provides a novel 

acoustic sensing method for realizing the dense 

detection of 3C seismic waves, enabling the 

observation of finer geological structures, but also 

offers great potential for the development of a new 

generation of vector DAS systems for underground, 

underwater, and airborne applications with    

better performances. Therefore, this study would 

significantly expand the application range of DAS 

due to the fundamental breakthrough from scalar to 

vector and have a big impact on the advances of the 

DAS technology and industry. It can be anticipated 

that 3C-DAS would find wide applications in 

various areas, including oil/gas exploration and 

development (3C-geophone array), undersea target 

detection and recognition (3C-hydrophone array), 

and unmanned aerial vehicle detection and 

recognition (3C-sonar array). 

Supplementary files 

The supplementary files can be downloaded 

from the webpage of this article in Photonic Sensors 

(https://www.sciopen.com/journal/1674-9251). 
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