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ABSTRACT

Optical fiber-based distributed acoustic sensing (DAS) tech-
nology has been a popular seismic acquisition tool due to its easy
deployment, wide bandwidth, and dense sampling. However, the
sensitivity of straight optical fiber to only single-axis strain
presents challenges in fully characterizing multicomponent seis-
mic wavefields, making it difficult to use these data in elastic re-
verse time migration (ERTM). The helical-winding fiber receives
projecting signals projected onto the fiber from all seismic strain
field components and has the potential to reconstruct those strain
components for ERTM imaging. Here, we give detailed math-
ematical principles of helical fiber-based DAS with crucial
parameters such as pitch angle, gauge length, and rotating angle.
At least six points of DAS responses are required in one or several
winding periods to rebuild the strain fields within the seismic
wavelength. The projecting matrix of conventional regular

helical-winding fiber is singular and ill conditioned, which results
in computation challenges for the inverse of the Hessian matrix
for strain component reconstruction. To tackle this problem, we
develop a nonregular variant pitch-angle winding configuration
for helical fiber. Our winding design is validated using the rank
and condition number of the projecting matrix, which is proven to
be an important tool in the reconstruction of the original seismic
strains. The recovered strain components from the DAS response
are then used to backward propagate the receiver wavefields in
ERTM with an efficient P/S decoupled approach. To summarize,
we develop a novel winding design of helical fiber to recover the
strain fields and then develop an efficient 3D anisotropic P/S
wave-mode decomposition method for generating vector P and
S wavefields during their propagation. Both methods are applied
to build an anisotropic DAS-ERTM workflow for producing PP
and PS images. Two synthetic examples demonstrate the effec-
tiveness of our approach.

INTRODUCTION

Elastic reverse time migration (ERTM) exhibits a promising abil-
ity in sweet point detection (Caldwell, 1999; Granli et al., 1999;
Zhao et al., 2018; Liu, 2019) and complex structure investigation
(Tang et al., 2009). Up to the present, ERTM has been widely ap-
plied to anisotropic media such as vertical transverse isotropic
(VTI) and tilted transversely isotropic (TTI) media, which result

in better images than those of isotropic approaches (Yang et al.,
2019; Zhang et al., 2022; Zuo et al., 2022). Anisotropic ERTM usu-
ally consists of three steps: source and receiver wavefield modeling,
P/S wave-mode decomposition, and applying elastic imaging con-
ditions. The imaging condition directly determines the image qual-
ity of ERTM, which correlates quasi P- (qP-) and quasi S- (qS-)
wavefields at the zero-time lag. Therefore, a key point for ERTM
is to separate P/S wave modes during their propagation. In aniso-
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tropic media, the main theory for P/S wave-mode decomposition is

calculating the polarization direction (Dellinger and Etgen, 1990;
Tsvankin, 2012). The analytic solution for P/S wave-mode decom-
position can be only obtained in the wavenumber domain
(Tsvankin, 2012), which is only applicable to homogeneous media.

To address this problem, the local Fourier transform (Zhang and
McMechan, 2010), nonstationary filtering (Yan and Sava, 2009),
low-rank approximation (Cheng and Fomel, 2014; Wang et al.,
2018), and pseudo-Helmholtz decomposition (Yang et al., 2019;
Zuo et al., 2022) are developed to improve the model adaptability.
These methods are effective but computationally expensive, espe-
cially in 3D cases. Recently, Zhang et al. (2022) propose an efficient
space-wavenumber domain decoupled P/S operator for anisotropic
ERTM that can produce images with correct amplitudes and phases.
The separated qP- and qS-waves originate from the source and

receiver wavefields in ERTM. The quality of the source-side wave-
fields mainly depends on the initial elastic and anisotropic models
(such as P-/S-wave velocity, density, ε, and δ), which can be obtained
from full-waveform inversion (e.g., Liu et al., 2015; Ren and Liu,
2015; Chen and Sacchi, 2017) and tomography (e.g., Lo and
Inderwiesen, 2012). The receiver wavefields, except for the initial
models, are also determined by seismic records that can be detected
via geophones or distributed acoustic sensing (DAS) technology. In
this paper, we apply the strain field components reconstructed by the
DAS response to 3D anisotropic ERTM for receiver wavefield mod-
eling. To improve efficiency, we also extend the space-wavenumber
domain P/S decomposition (Zhang et al., 2022) to 3D VTI media,
which produces correct P/S wavefields for ERTM images.
As a new acquisition tool, DAS has grown rapidly in theory de-

velopment and industrial applications (Willis, 2022). Owing to the
heterogeneous property of optical fiber, DAS can use a phase signal
from a Rayleigh backscattered wave to produce a strain response.
Up to the present, DAS technology has been widely used in earth-
quake monitoring (Lindsey et al., 2020), vertical seismic profile
(VSP) reservoir prediction (Mateeva et al., 2014; Zhan and
Nahm, 2020), near-surface characterization (Dou et al., 2017),
and full-waveform inversion (Egorov et al., 2018; Eaid et al.,
2020). Because the optical fiber material is cost friendly, researchers
can deploy a long-distance array and obtain highly dense DAS sam-
pling data with a wide frequency band. Moreover, the optical fiber

of DAS is more feasible than geophones in
downhole environments. All these advantages in-
dicate that DAS technology has potential value in
anisotropic ERTM.
However, DAS technology also presents sev-

eral challenges. The DAS response is sensitive
only to the direction along the deployed optic fi-
ber. The seismic records with single straight fiber
(such as VSP DAS) can only obtain the single
component, which is insufficient for multi-
component imaging in ERTM. To solve this prob-
lem, a helical-winding fiber configuration was
developed (Ning and Sava, 2018b). The DAS re-
sponse along the tangential direction of helical fi-
ber can be seen as the projection of original
seismic strain components. Therefore, after
obtaining the projecting matrix of the helical fiber,
the least-squares solution can be built to recon-
struct the original seismic strain tensor. Innanen
(2017) derives the tangent vector of helix fiber
and recovers the P-wave strain tensor with arbi-
trary and nested-helix winds. Ning and Sava
(2018b) describe the concept and theory of multi-
component DAS, which shows that six sampled
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Figure 2. The condition number and rank curves of the projecting matrix for a common
winding configuration. (a) Condition number and (c) rank with pitch angle α ¼ π=6, and
(b) condition number and (d) rank with pitch angle α ¼ π=3. The minimum value of the
curves (a and b) are 1.97 × 1016 and 2.98 × 1016.

a)

c)

b)

Figure 1. Diagram of the conventional winding configuration of
helical fiber. (a) Helical fiber winding along the wellbore, (b) side
expanding view of (a), and (c) horizontal view of helical fiber AA’
in the rotating angle domain. The cylinder represents the wellbore,
green line AA’ represents the helical fiber, A is the starting point,
and A’ is the ending point in one 2π winding period; the green
points denote that six sampling points are averagely detected in hel-
ical fiber AA’ with the angular sampling interval θs ¼ π=3; P is an
arbitrary point in line AA’; B is the projection of point P in the base
circle; OO’ is the center axis of the cylinder; Tp indicates the tan-
gent vector of point P; r is the winding radius of the cylinder; θ is the
rotating angle; α is the pitch angle; h represents the height jPBj of
point P; and l is the length of jAPj and is the coordinate variable in
the line AA’. Note that the AA’ is measured by length in (a) and (b)
and by its rotating angle in (c).
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points of the DAS response are required within the seismic wave-
length for strain reconstruction. Ning and Sava (2018a) use six opti-
cal fibers (five helical fibers and one straight fiber) to acquire different
strain projections at the same location. This method avoids the
assumption that the seismic wavelength is larger than the six-point
sampled window of the DAS response but is difficult to implement in
practice. Eaid et al. (2020) combine the geophone and DAS data with
shaped fibers to perform the multiple parameter full-waveform inver-
sion. They derive the projecting formulation for the shaped fibers and
analyze the scattering radiation patterns of the DAS response. Ning
and Sava (2018c) perform the DAS imaging experiment with a scalar
energy form condition by using six helical fibers. However, the de-
tailed mathematical derivation and image quality need to be further
improved.
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Figure 4. (a) Condition number and (b) rank curves of the projec-
ting matrix for the proposed winding configuration. The minimum
value of the curve in (a) is 48.14.

Figure 5. The workflow of 3D VTI DAS-ERTM by using helical
fiber DAS records.

a)

c)

b)

Figure 3. Diagram of the proposed nonregular variant pitch-angle
winding configuration of helical fiber. (a) Helical fiber winding along
thewellbore, (b) side expanding view of (a), and (c) horizontal view of
helical fiber AA’ in the rotating angle domain. The cylinder represents
the wellbore, and line AA’ represents the helical fiber that is split into
four segments: S1, S2, S3, and S4. Here, A is the starting point, and A’
is the ending point in one 2π winding period. The green points denote
that two sampling points are separately detected in the S1 and S3 seg-
ments with the angular sampling interval θs1 ¼ π=3 and pitch angle
α1, the red points denote that four sampling points are separately de-
tected in the S2 and S4 segments with the angular sampling interval
θs2 ¼ π=6 and pitch angle α2, OO’ is the center axis of the cylinder,
and r is the winding radius of the cylinder. Note that the AA’ is mea-
sured by its length in (a and b) and by its rotating angle in (c).

Figure 6. The VTI layered model with vertical wellbore geometry.
The red explosion denotes a single shot, the black vertical line
represents the wellbore winded by helical fiber, and the reflector
is located at a depth of 1000 m.

Distributed acoustic sensing-based ERTM S253

D
ow

nl
oa

de
d 

06
/1

2/
24

 to
 1

28
.4

2.
16

7.
70

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/g
eo

20
23

-0
35

4.
1



Although helical-winding fiber DAS technology has been used in
seismic imaging and inversion, to date, there is no analytical formu-
lation for original strain tensor reconstruction using helical fiber. In
this paper, we build a mathematical relationship among helical fiber
parameters. The tangential vector for any point in the helical fiber is

derived and used to form the projecting matrix for the DAS response.
Furthermore, we propose a variant pitch-angle helix winding configu-
ration that can solve the ill-projecting matrix problem of a regular
helical fiber configuration. The least-squares solution is obtained
from our configuration for strain vector field reconstruction according

to the projection relation. The recovered strain
components are backpropagated in ERTM. In
summary, we develop an innovative helical fiber
winding configuration to recover the strain field
components and apply these recovered records
to anisotropic ERTM imaging. We also propose
a 3D space-wavenumber domain decoupled oper-
ator for anisotropic P/S wave decomposition. Both
methods help to build a complete DAS-ERTM
workflow.

METHODOLOGY

In this section, we mainly introduce two
innovative algorithms used for the DAS-ERTM
workflow. The first algorithm is to use the DAS
records to reconstruct the strain rate components
by our proposed variant pitch-angle winding con-
figuration. Then, we perform the source and
receiver wavefield modeling and obtain the elastic
wave snapshot at each time point. The second
algorithm is to decompose these 3D VTI elastic
waves into vector P and S wavefields with the cor-
rect amplitudes and phases. Finally, a dot product
elastic imaging condition is applied to produce PP
and PS images.

DAS response generated by the
helical-winding fiber

This subsection mainly describes the basic
mathematical principle of the helical fiber
DAS. The DAS response for a point on the hel-
ical-winding fiber is the projection of the seismic
strain components along the tangential direction
of the fiber. It can be expressed as the rotation
from the global coordinate system ðx; y; zÞ to
the local system ðt; m; nÞ as

ε0 ¼ MεMT; (1)

where ε0 and ε are the rotated and original strain
tensors, respectively, andM is the rotating matrix
which can be written as

M ¼
2
4 Mtx Mty Mtz

Mpx Mpy Mpz

Mqx Mqy Mqz

3
5; (2)

where Mij (i ¼ t, m, n; j ¼ t, p, q) is the cosine
of the angle between two axes. Because the optic
fiber is only sensitive to the tangent direction, we
make the t-axis in the local coordinate system
parallel to the tangent vector of the helical fiber.
In the meantime, it is assumed that the wave-

a) b) c)

d) e) f)

Figure 8. (a) The x-, (b) y-, and (c) z-components of the separated qP-wavefields and
(d) x-, (e) y-, and (f) z-components of the separated qS-wavefields for the VTI layered
model at a propagating time of 0.8 s.

a) b) c)

Figure 7. (a) The x-, (b) y-, and (c) z-components of elastic wavefields for the VTI
layered model at a propagating time of 0.8 s.
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Figure 9. Exact strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and (f) _εxy of the
VTI layered model with a recording length of 2 s.
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length is large enough to keep the strain field constant over the
gauge length. After that, the DAS response εd of the helical-winding
fiber can be given by

εd ¼GxxεxxþGyyεyyþGzzεzzþGyzεyzþGxzεxzþGxyεxy;

(3)

with

Gxx ¼
1

GL

Z
spþGL=2

sp−GL=2
M2

txdl;

Gyy ¼
1

GL

Z
spþGL=2

sp−GL=2
M2

tydl;

Gzz ¼
1

GL

Z
spþGL=2

sp−GL=2
M2

tzdl;

Gyz ¼
1

GL

Z
spþGL=2

sp−GL=2
2MtyMtzdl;

Gxz ¼
1

GL

Z
spþGL=2

sp−GL=2
2MtxMtzdl;

Gxy ¼
1

GL

Z
spþGL=2

sp−GL=2
2MtxMtydl; (4)

where εxx, εyy, and εzz are normal strain components and εyz, εxz,
and εxy are shear strain components. Here, sp represents the position
of the sampling point in the helical fiber, l represents the coordinate
variable in the helical fiber, and GL is the gauge length. Equations 3
and 4 indicate that the DAS response is the average of the original
strain projection on the GL length.
To obtain Mtx, Mty, and Mtz of equation 4, we use one 2π wind-

ing period of helical fiber configuration and its expanded side view
to derive the tangent vector of an arbitrary point in the helical fiber.
As shown in Figure 1a, A and A’ are the starting and ending points
of the optical fiber. Here, r is the winding radius along the wellbore;
α and θ are the pitch angle and rotating angle,
respectively; P is an arbitrary point in the helical
fiber; and Tp is the tangent vector of point P. In
the side view (Figure 1b), we define the height h
of point P and the distance AP = l (l is the 1D
coordinate variable in line AA’). According to
the geometric relationship, we can obtain

cos α ¼ rθ
l
; sin α ¼ h

l
: (5)

Equation 5 is an important transformation be-
tween helical fiber length l and its corresponding
rotation angle θ. The θ range from ½0; 2π� (θ ¼ 0

at point A and θ ¼ 2π at point A’) and maximum
lmax ¼ 2πr= cos α. In terms of equation 5, the
curve equation of helical fiber to the point P
can be expressed as

8<
:

PxðθÞ ¼ r sin θ
PyðθÞ ¼ r cos θ;
PzðθÞ ¼ rθ tan α

θ ∈ ½0; 2π�; (6)

or

8<
:

PxðlÞ ¼ r sinðl cos α=rÞ
PyðlÞ ¼ r cosðl cos α=rÞ;

PzðlÞ ¼ l sin α
l ∈ ½0; lmax�; (7)

where Px, Py, and Pz are the coordinates of point P. Equations 6 and
7 indicate both l and θ can be used as the self-variables for the curve
function of AA’. However, because equations 6 and 7 mainly
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Figure 10. Reconstructed strain rate records (a) _εxx, (b) _εyy, (c) _εzz,
(d) _εyz, (e) _εxz, and (f) _εxy of the VTI layered model via equations 13
and 18 with a gauge length of 1.25 m.
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Figure 11. Reconstructed strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and
(f) _εxy of the VTI layered model via equations 13 and 18 with a gauge length of 4.85 m.
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contain trigonometric functions, we prefer using θ to describe curve
AA’. Thus, the unit tangent vector Tp can be expressed as

Tp ¼
�
dPxðθÞ
dθ ; dPyðθÞ

dθ ; dPzðθÞ
dθ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dPxðθÞ
dθ

�
2 þ

�
dPyðθÞ
dθ

�
2 þ

�
dPzðθÞ
dθ

�
2

r

¼ ðcos α cos θ;− cos α sin θ; sin αÞT: (8)

Equation 8 is also presented in Innanen (2017) and Eaid et al.
(2020) with other alternative parameters. By setting the base vector

x ¼ ð1; 0; 0Þ, y ¼ ð0; 1; 0Þ, and z ¼ ð0; 0; 1Þ in the global coordi-
nate system, we can calculate the projecting coefficient Mtx,
Mty, and Mtz as

Mtx ¼ Tp · x ¼ cos α cos θ;

Mty ¼ Tp · y ¼ − cos α sin θ;

Mtz ¼ Tp · z ¼ sin α: (9)

Then, we substitute equation 9 into equation 4 and replace the lwith
θ to obtain

Gxx ¼ A0

Z
θpþθg

θp−θg
cos2 α cos2 θdθ;

Gyy ¼ A0

Z
θpþθg

θp−θg
cos2 α sin2 θdθ;

Gzz ¼ A0

Z
θpþθg

θp−θg
sin2 αdθ;

Gi
yz ¼ A0

Z
θpþθg

θp−θg
−2 sin α cos α sin θdθ;

Gi
xz ¼ A0

Z
θpþθg

θp−θg
2 sin α cos α cos θdθ;

Gi
xy ¼ A0

Z
θpþθg

θp−θg
−2 cos2 α sin θ cos θdθ; (10)

where θp ¼ sp cos α=r is the angular position of the sampling
point. The term θg ¼ GL=2 · cos α=r represents the angle related
to the gauge length and A0 ¼ r=ðGL · cos αÞ is the weighted coef-
ficient. The DAS response of a single point in the helical fiber can
be obtained by substituting equation 10 with equation 3.

Variant pitch-angle winding configuration for helical
fiber

Equations 3 and 10 indicate a single point of the DAS
response from the helical fiber. However, at least six values
of εd are required to reconstruct the original strain field compo-
nents εxx; εyy; εzz; εyz; εxz; εxy in equation 3. For the common
winding configuration (Figure 1), we can averagely split the
helical fiber into six segments and detect the seismic signal at
the midpoint of every segment, which is shown in Figure 1c.
For simplicity, we are supposed to sample six points of the
DAS response in one 2π period (we will extend it to an arbitrary
number of winding periods subsequently for six-point sampling).
The projecting matrix coefficients for the configuration of
Figure 1 are written as
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Figure 12. Comparison of single trace data (a) _εxx, (b) _εyy, (c) _εzz,
(d) _εyz, (e) _εxz, and (f) _εxy extracted from the original (Figure 9)
and DAS reconstructed strain rate records (Figures 10 and 11).
The red line denotes the original exact trace data, the blue line
represents the reconstructed data with a gauge length of 1.25 m,
and the black line indicates the reconstructed data with a gauge
length of 4.85 m.
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Gi
xx ¼ A0

Z
θbþði−1Þθsþθg

θbþði−1Þθs−θg
cos2 α cos2 θdθ;

Gi
yy ¼ A0

Z
θbþði−1Þθsþθg

θbþði−1Þθs−θg
cos2 α sin2 θdθ;

Gi
zz ¼ A0

Z
θbþði−1Þθsþθg

θbþði−1Þθs−θg
sin2 αdθ;

Gi
yz ¼ A0

Z
θbþði−1Þθsþθg

θbþði−1Þθs−θg
−2 sin α cos α sin θdθ;

Gi
xz ¼ A0

Z
θbþði−1Þθsþθg

θbþði−1Þθs−θg
2 sin α cos α cos θdθ;

Gi
xy ¼ A0

Z
θbþði−1Þθsþθg

θbþði−1Þθs−θg
−2 cos2 α sin θ cos θdθ; (11)

where i ∈ ½1; 6� represents the serial number of
the six sampling points (from left to right in
Figure 1c), θs is the sampling angular interval
and is equal to π=3 in the winding configuration.
The spatial sampling interval is s ¼ rθs= cos α
þ2Nπr= cos α. Here, N is a nonnegative integer
and N = 0 means that six sampling points are ex-
tracted in one 2π winding period (Figure 1c). The
term θb ¼ θs=2 is the angular position of the be-
ginning sampling point. Substituting equation 11
into equation 3, we obtain the vector form of the
DAS response as

εd ¼ Gε; (12)

where ε ¼ ½εxx εyy εzz εyz εxz εxy�T is the strain
vector that we aim to construct, and εd is a column
vector containing six different DAS response val-
ues. Here, G is a 6 × 6 matrix with the same
formation ðGi

xx Gi
yy Gi

zz Gi
yz Gi

xz Gi
xy Þ

in each i row. Having once obtained the DAS re-
cords of the six points within the seismic wave-
length, it is convenient to form the least-squares
solution for the original strain components as

ε ¼ ðGTGÞ−1GTεd: (13)

Equation 13 is used for original strain component
reconstruction for 3D VTI elastic ERTM. The
quality of the reconstructed ε depends on the pro-
jecting matrix G, which can be validated by its
rank and condition number. According to equa-
tion 11, the matrixG is determined by the angular
sampling interval θs, pitch angle α, and gauge
length GL. The term θs ¼ π=3 remains constant,
and for pitch angles α, we give two test values, 30°
and 60°. The gauge length ranges from 0.1 to
10 m. Substituting these parameters into equa-
tion 11, we calculate the condition number and
rank curves (Figure 2) of the projecting matrix
G. Surprisingly, Figure 2 exhibits very high values
of the condition number with the preceding
parameters, even if the minimum value is beyond
1016. Its rank number is five, which indicates that

the projecting matrix is singular. Therefore, it is difficult to calculate
the inverse of the matrix G to reconstruct the seismic strain compo-
nents by using a regular winding configuration (Figure 1).
To solve the ill-conditioned matrix problem in the conventional

winding method, we propose a nonregular variant pitch-angle con-
figuration (Figure 3) for helical fiber. In our proposed configuration,
12 points are exactly taken at a fixed position from one or several
winding periods of 2π with constant spatial sampling interval s. For
simplicity, we plot the design with one 2π winding period in
Figure 3.
As observed, the helical fiber (Figure 3a) is split into four

segments. Specifically, in the first (S1) and third (S3) segments
(the green lines in Figure 3), two sampling points are detected
at the mid of the line segment (Figure 3c) with the pitch angle
α1 (Figure 3b) and angular sampling interval θs1 ¼ π=8 (Figure 3c).
In the second (S2) and fourth (S4) segmentation (the red lines in
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Figure 14. Random noise extracted from the difference between the reconstructed and
original strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and (f) _εxy of the VTI
layered model.

0

a) b) c)

d) e) f)

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–2

0

2

x10
–10

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–2

–1

0

1

2

x10
–10

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–4

–2

0

2

4

x10
–9

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–1.0

–0.5

0

0.5

1.0

x10
–10

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–1.0

–0.5

0

0.5

1.0

x10
–10

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–1

0

1

x10
–11

Figure 13. Reconstructed strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and
(f) _εxy of the VTI layered model with the random noise of the DAS data amplitude in its
frequency band.
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Figure 3), four points are acquired at the center of the line segment
with the pitch angle α2 (Figure 3b) and angular sampling interval
θs2 ¼ 3π=16 (Figure 3c). The six sampling points in S1 and S2 seg-
ments ½0; π� and S3 and S4 segments ½π; 2π� are used to reconstruct
different strain fields, respectively. As one can see in the side view
(Figure 3b), these helical fiber parameters fulfill the trigonometric
relationship in equation 5. Therefore, we can derive the curve equa-
tion of the four segments with an arbitrary point P on the helical
fiber of Figure 3a as

8>>>>>>><
>>>>>>>:

PxðθÞ¼rsinθ; θ∈ ½0;2π�
PyðθÞ¼rcosθ; θ∈ ½0;2π�
PzðθÞ¼rθ tanα1; θ∈ ½0;π=4�S1
PzðθÞ¼π

4
r tanα1þðθ−π=4Þr tanα2; θ∈ ½π=4;π�S2

PzðθÞ¼π
4
r tanα1þ3π

4
r tanα2þðθ−πÞr tanα1; θ∈ ½π;5π=4�S3

PzðθÞ¼π
2
r tanα1þ3π

4
r tanα2þðθ−5π=4Þr tanα2; θ∈ ½5π=4;2π�S4

:

(14)

In terms of equation 14, four segments share identical Px and Py

expressions but different Pz coordinates. Substituting equation 14
into equation 8, we can obtain the same form of tangent vector Tp

in equation 8 but with two pitch angles α1 and α2. Concurrently,
the sampling interval s and gauge length GL are required to be
constant in the entire seismic signal acquisition processing
and are designed according to the transformation relationship
of equation 5 as

s ¼ rθs1
cos α1

þ Nr

�
π

2 cos α1
þ 3π

2 cos α2

�

¼ rθs2
cos α2

þ Nr

�
π

2 cos α1
þ 3π

2 cos α2

�
;

GL=2 ¼ rθs1=2
cos α1

þMr

�
π

2 cos α1
þ 3π

2 cos α2

�

¼ rθs2=2
cos α2

þMr

�
π

2 cos α1
þ 3π

2 cos α2

�
; (15)

where N is a nonnegative integer and indicates the number of 2π
winding periods between two sampling points. The value of N will
not influence the integration of equations 11 and 16 due to the fact
that the tangent vector formation (equation 8) is identical at the same
position of the different winding periods. In addition, α1 and α2 are
required to fulfill the relationship cos α1= cos α2 ¼ 2=3 according to
equation 15. Here,M is also a nonnegative integer and determines the
gauge length. The reason we set such formation of GL in equation 15
is that a gauge length-related angle can be expressed as θg ¼ θs1=2þ
2Mπ or θs2=2þ 2Mπ, which is convenient for the integration of
equation 16. Because the formation of a tangent vector is identical
in our proposed (Figure 3) and conventional configurations (Figure 1),
we directly substitute those preceding parameters into equation 11.
Taking the S1 and S2 segments as an example, we can obtain the
coefficients of the projecting matrix G for our proposed winding de-
sign as

Gi
xx ¼ A0

Z
θibþði−1Þθisþθig

θibþði−1Þθis−θig
cos2 α cos2 θdθ;

Gi
yy ¼ A0

Z
θibþði−1Þθisþθig

θibþði−1Þθis−θig
cos2 α sin2 θdθ;

Gi
zz ¼ A0

Z
θibþði−1Þθisþθig

θibþði−1Þθis−θig
sin2 αdθ;

Gi
yz ¼ A0

Z
θibþði−1Þθisþθig

θibþði−1Þθis−θig
−2 sin α cos α sin θdθ;

Gi
xz ¼ A0

Z
θibþði−1Þθisþθig

θibþði−1Þθis−θig
2 sin α cos α cos θdθ;

Gi
xy ¼ A0

Z
θibþði−1Þθisþθig

θibþði−1Þθis−θig
−2 cos2 α sin θ cos θdθ; (16)

with

θib ¼
�

π=16; i ¼ 1; 2

−π=32; i ¼ 3; 4; 5; 6
;

θis ¼
�

θs1 ¼ π=8; i ¼ 1; 2

θs2 ¼ 3π=16; i ¼ 3; 4; 5; 6
;

θig ¼
�
θs1=2þ 2Mπ; i ¼ 1; 2

θs2=2þ 2Mπ; i ¼ 3; 4; 5; 6
;

α ¼
�
α1; i ¼ 1; 2

α2; i ¼ 3; 4; 5; 6
;

A0 ¼
�
r=ðGL � cos α1Þ; i ¼ 1; 2

r=ðGL � cos α2Þ; i ¼ 3; 4; 5; 6
;

(17)

where i is the serial number of sampling points in
the S1 and S2 segments. For calculating the pro-
jecting matrix of S3 and S4, we only need to add π
to θib in equation 17. For simplicity, equation 16
can be rewritten as

a) b) c)

d) e) f)

Figure 15. (a) The P-wave velocity, (b) S-wave velocity, (c) density, (d) ϵ, (e) δ, and (f) γ
for the 3D VTI arid model.
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Gi
xx ¼ A0

Z
θibþði−1Þθisþðθig−2MπÞ

θibþði−1Þθis−ðθig−2MπÞ
cos2 α cos2 θdθ

þ 4Mr
GL

��
π

8
þ 1

4

�
cos α1 þ

�
3π

8
−
1

4

�
cos α2

�
;

Gi
yy ¼ A0

Z
θibþði−1Þθisþðθig−2MπÞ

θibþði−1Þθis−ðθig−2MπÞ
cos2 α sin2 θdθ

þ 4Mr
GL

��
π

8
−
1

4

�
cos α1 þ

�
3π

8
þ 1

4

�
cos α2

�
;

Gi
zz ¼ A0

Z
θibþði−1Þθisþðθig−2MπÞ

θibþði−1Þθis−ðθig−2MπÞ
sin2 αdθ

þ 4Mr
GL

�
π

4
sin α1 tan α1 þ

3π

4
sin α2 tan α2

�
;

Gi
yz ¼ A0

Z
θibþði−1Þθisþðθig−2MπÞ

θibþði−1Þθis−ðθig−2MπÞ
−2 sin α cos α sin θdθ;

Gi
xz ¼ A0

Z
θibþði−1Þθisþðθig−2MπÞ

θibþði−1Þθis−ðθig−2MπÞ
2 sin α cos α cos θdθ;

Gi
xy ¼ A0

Z
θibþði−1Þθisþðθig−2MπÞ

θibþði−1Þθis−ðθig−2MπÞ
−2 cos2 α sin θ cos θdθ

þ 4Mr
GL

�
−
1

2
cos α1 þ

1

2
cos α2

�
. (18)

Equation 18 is more friendly for programming
than equation 16 because the integral range is lim-
ited to one line segment, which only contains one
pitch angle for each sampling point. The forma-
tion of the projecting matrix for S2 and S4 seg-
ments is the same as S1 and S2 and thus does
not repeat in this paper. The original strain com-
ponents are obtained by substituting equation 18
with equation 13.
To test the rank and condition number of

the projecting matrix (equation 18) from our pro-
posed variant pitch-angle helical fiber design, we
adopt the parameters r ¼ 0.05 m, α1 ¼ 66.88°,
α2 ¼ 53.91°, N ¼ 1, s ¼ 0.7 m (the minimum
sampling interval in the DAS input/output (IO)
instrument FEBUS is 0.2 m); M ranges from 0
to 20; and the gauge length GL is calculated from
equation 15 and ranges from 0.05 to 24.05 m.
Figure 4 exhibits the condition number of the
projecting matrix (equation 18) variation with
the GL. As shown, the condition number in-
creases as the gauge length grows. This is caused
by the average effects of the gauge length. How-
ever, its maximum value is limited to 104 orders,
which is significantly less than 1016 of the con-
ventional configuration (Figure 2), and its mini-
mum value is only 48.14. Concurrently, its rank
number remains at six implying a full-rank
projecting matrix. Thus, our proposed helical
fiber winding design enables an effective
reconstruction of the original strain components.

In Figures 1 and 3, we use vertical wellbore to derive the projec-
ting matrix of helical fiber, which is similar to VSP geometry. When
applying the surface geometry burying helical fiber in the ground, it
is straightforward by exchanging x and z of the projecting matrix in
equations 11 and 16. For instance, for surface exploration with hel-
ical fiber, Gi

xx becomes Gi
zz, Gi

xy changes to Gi
yz, and vice versa.

After reconstructing the strain field with helical fiber, we feed
those components to the 3D VTI ERTM. In this paper, we use
the first-order stress-velocity elastic wave equation, the convolu-
tional perfectly matched layer boundary condition, and the high-or-
der staggered-grid finite difference to extrapolate anisotropic elastic
wavefields. Suppose the DAS IU instrument records the strain rate,
which is the temporal derivative of the strain and is also in accord
with the analysis in the previous section. The DAS strain rate re-
cords can reconstruct the original strain rate field that is then sub-
stituted into the first-order stress-velocity elastic wave equation
according to

ε̇xx ¼
∂vx
∂x

; ε̇yy ¼
∂vy
∂y

; ε̇zz ¼
∂vz
∂z

; ε̇yz ¼
∂vy
∂z

þ ∂vz
∂y

;

ε̇xz ¼
∂vx
∂z

þ ∂vz
∂x

; ε̇xy ¼
∂vy
∂x

þ ∂vx
∂y

; (19)

where vx, vy, and vz are the particle velocity in x-, y-, and z-direc-
tions. Here, _ε denotes the temporal derivative of the strain.

a) b) c)

d) e) f)

Figure 17. (a) The x-, (b) y-, and (c) z-components of the separated qP-wavefields and
(d) x-, (e) y-, and (f) z-components of the separated qS-wavefields for the VTI layered
model at a propagating time of 1.0 s.

a) b) c)

Figure 16. (a) The x-, (b) y-, and (c) z-components of the elastic wavefields for the VTI
arid model at a propagating time of 1.0 s.
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3D efficient decoupled operator for VTI media

By using equation 19, we extrapolate the receiver wavefields and
also calculate the source wavefields. To produce the correct PP and
PS images, these elastic wavefields require being separated into P
and S wave modes, respectively. This section mainly introduces an
efficient decoupled operator in 3D VTI media.
By solving the 3D VTI Christoffel equation with elliptical

approximation (Tsvankin, 2012; Zuo et al., 2022), we obtain three
eigenvectors as

DP ¼
2
4 kx

ky
akz

3
5; DSV ¼

2
4−akxkz
−akykz
k2xþk2y

3
5; DSH ¼

2
4 ky
−kx
0

3
5; (20)

with

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ð1þ 2δÞv2p − v2s �½v2p − v2s �

q
ð1þ 2ϵÞv2p − v2s

; (21)

where DP;DSV;DSH represent the polarizations of qP-, qSV-, and
qSH-waves, respectively. Here, kx, ky, and kz are the wavenumber
components in the x-, y-, and z-directions. The terms VP and VS are
the vertical P- and S-wave velocities, and ϵ and δ are the anisotropic
parameters. When ϵ ¼ 0 and δ ¼ 0, equation 20 can be simplified
to an isotropic situation.
The elastic wavefields are composed of qP-, qSV-, and qSH-wave

components, which can be expressed as

U ¼ UP þ USV þ USH; (22)

where U ¼ ðUx;Uy; UzÞ, UP ¼ ðUP
x ;UP

y ; UP
z Þ,

USV ¼ ðUSV
x ; USV

y ; USV
z Þ, and USH ¼ ðUSH

x ; USH
y ; USH

z Þ are vector
elastic, qP-, qSV-, and qSH-wavefields in the wavenumber domain.
Based on the Helmholtz decomposition theory, we project the P/S
wavefields of equation 22 to three polarization vectors (equation 20)
and obtain

DP · U ¼ DP · UP; DSV · U ¼ DSV · USV;

DSH · U ¼ DSH · USH; DP · USV ¼ 0;

DP · USH ¼ 0; DSV · UP ¼ 0; DSV · USH ¼ 0;

DSH · UP ¼ 0; DSH · USV ¼ 0. (23)

Equation 23 includes nine unknown variables and can be easily
solved as

UP
x ¼ kxðkxUx þ kyUy þ akzUzÞ

k2x þ k2y þ a2k2z
;

UP
y ¼ kyðkxUx þ kyUy þ akzUzÞ

k2x þ k2y þ a2k2z
;

UP
z ¼ akzðkxUx þ kyUy þ akzUzÞ

k2x þ k2y þ a2k2z
; (24)

USV
x ¼ −akxkzð−akxkzUx − akykzUy þ k2xUz þ k2yUzÞ

ðk2x þ k2xÞðk2x þ k2y þ a2k2zÞ
;

USV
y ¼ −akykzð−akxkzUx − akykzUy þ k2xUz þ k2yUzÞ

ðk2x þ k2xÞðk2x þ k2y þ a2k2zÞ
;

USV
z ¼ −akxkzUx − akykzUy þ k2xUz þ k2yUz

k2x þ k2y þ a2k2z
; (25)

and

USH
x ¼ kyðkyUx − kxUyÞ

k2x þ k2y
;

USH
y ¼ −kxðkyUx − kxUyÞ

k2x þ k2y
; USH

z ¼ 0: (26)

For convenience, the vector form of equations 24–26 can be
shown as

UP ¼ DP

�
DP ·

U
jDPj2

�
;

USV ¼ DSV

�
DSV ·

U
jDSVj2

�
;

USH ¼ DSH

�
DSH ·

U
jDSHj2

�
: (27)

In this paper, an explosive source is used for
numerical modeling. The qSH-wave energy be-
comes very weak and contributes less to the
ERTM image. Therefore, we combine the second
and third terms in equation 27 and replace it with
a curl of DP as
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Figure 18. Exact strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and (f) _εxy of
the VTI arid model with a recording length of 2 s.
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UP ¼DP

�
DP ·

U
jDPj2

�
; US ¼−DP×

�
DP×

U
jDPj2

�
; (28)

where US ¼ ðUS
x; US

y; US
z Þ contains the dominant qSV-wave com-

ponents and a few qSH-wave components for explosive source ex-
ploration, which can be directly used to generate the qPqS image in
ERTM. Following Zhang et al. (2022), we perform a first-order
Taylor expansion around ϵ ¼ 0; δ ¼ 0 in the denominator 1=jDPj2
in equation 28, which can be shown as

1

jDPj2¼
1

k2xþk2yþa2k2z

≈
1

k2xþk2yþk2z
þ k2z
ðk2xþk2yþk2zÞ2

·
2v2pð2ϵ−δÞ
v2p−v2s

: (29)

Substituting equation 29 into equation 28 and
converting it to the space domain, we obtain
the decouple formulations of P/S waves as

up ¼ ∇dð∇d · wÞ;
us ¼ −∇d × ð∇d × wÞ; (30)

with

w¼−FFT−1
�

U
k2xþk2yþk2z

	

−FFT−1
�

k2zU
ðk2xþk2yþk2zÞ2

	
·
2v2pð2ϵ−δÞ
v2p−v2s

;

(31)

where ∇d ¼ ½ ∂x ∂y a∂z �T is the inverse
Fourier transform of DP. Here, FFT−1 is the in-
verse fast Fourier transform (FFT) operator, and
up ¼ ðupx ; upy ; upz Þ and us ¼ ðusx; usy; uszÞ are vec-
tor qP- and qS-wavefields in the space domain.
The elastic wavefield U in the wavenumber do-
main can be obtained by performing FFTon space
domain elastic wavefields u ¼ ðux; uy; uzÞ and
then substituted into equations 30 and 31 for
the VTI P/S wavefields decomposition. Thus,
the implementation of equations 30 and 31 re-
quires only one forward and two inverse FFT cal-
culations and gradient operations, which exhibit
high efficiency and model adaptability in ERTM.
To summarize, a workflow chart of 3D DAS-

based VTI ERTM is shown in Figure 5. When
receiving the DAS records in production by us-
ing our proposed helical fiber configuration (Fig-
ure 3), those DAS responses are transformed to
original seismic strain (rate) fields (using equa-
tions 13 and 18) for backward propagation in
ERTM (via equation 19). Concurrently, the
source wavefield is extrapolated and rebuilt by
using checking point technology. The source
and receiver wavefields are separated into qP-

and qS-wave modes via equations 30 and 31. Finally, PP and PS
images are obtained by applying dot product correlation imaging
conditions (Zhang et al., 2022).

SYNTHETIC EXAMPLES

VTI layered media

To begin, we use a simple 3D VTI layered model (Figure 6) to
verify the effectiveness of our proposed approach. The model size
is 2000 m × 2000 m × 2000 m with a spacing step of 10 m. The
flat reflector is located at a depth of 1000 m. The top layer has
parameters VP ¼ 2500 m=s, VS ¼ 1800 m=s, ρ ¼ 2.0, ϵ ¼ 0.15,
δ ¼ 0.15, and γ ¼ 0.1, and the bottom layer has parameters
VP ¼ 3000 m=s, VS ¼ 2200 m=s, ρ ¼ 2.2, ϵ ¼ 0.22, δ ¼ 0.20,
and γ ¼ 0.15. The model is smoothed by a 5 × 5 Gaussian filter.
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Figure 20. Reconstructed strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and
(f) _εxy of the VTI arid model via equations 13 and 18 (by exchanging subscript x and z)
with a gauge length of 6.05 m.
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Figure 19. Reconstructed strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and
(f) _εxy of the VTI arid model via equations 13 and 18 (by exchanging subscript y and z)
with a gauge length of 2.45 m.
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A 20 Hz Ricker wavelet is used as an explosive source with a time
interval of 1 ms. A single shot (the red explosion in Figure 6) is
deployed at the surfacewith the position of (1000, 1000) m. Figure 7
represents the original elastic wavefields in the x-, y-, and z-direc-
tion, which contains direct, reflected, and transmitted qP- and qS-
waves. Using our proposed decomposition approach (equations 30
and 31), the elastic wavefields are separated into qP- and qS-wave
modes (Figure 8). These decoupled P/S wavefields exhibit the
correct decomposed waveforms, which enables them to be applied
in VTI ERTM.
To detect the seismic strain field signal, a wellbore is set in the

layered model (Figure 6) at the position from (1000, 500, 0)
to (1000, 500, 2000) m. Applying our proposed configuration
(Figure 3), a helical fiber is deployed along the wellbore from a depth
of 0 to 2000 m. The winding parameters are the same as those of the

test in Figure 4 except for the gauge length set as 1.25 m (M = 1) and
4.85 m (M = 5). According to the value of N (N = 1 in the test of
Figure 4), a total of six 2π winding periods are required for six
sampling points. In terms of these parameters, the straight distance
of the six winding periods for the six sampling points is approxi-
mately 3 m, which is significantly less than the spacing interval
of the layered model. Therefore, 200 receivers can be placed at each
grid point along the wellbore with a spatial step of 10 m. Every trace
from the receiver can be reconstructed by every group of six sampling
points. By using the transformation of equation 19, we first simulate
the exact strain rate records as the correct reference (Figure 9). The
DAS responses are generated via equations 12 and 18. Figures 10 and
11 are the reconstructed strain rate records via our proposed helical
fiber configuration (equations 13 and 18) with a gauge length of
1.25 m (M = 1) and 4.85 m (M = 5). These records illustrate qualified

recovered effects compared with Figure 9. Fur-
thermore, single trace data are extracted at the po-
sition of trace number = 50 from Figures 9–11 for
amplitude comparison (Figure 12). As observed,
the reconstructed strain rate data (the blue and
black lines) show good agreement with the origi-
nal components (the red lines), which demon-
strates the effectiveness of our proposed approach.
To test the robustness of our configuration, we

add random noise in the DAS records of the layer
model within its data frequency band. Therefore,
the areas with less useful signals are dominated by
the noise. The numerical parameters remain un-
changed from those in Figure 10. Figure 13
presents the recovered strain rate records from
the noisy DAS data. These results are contami-
nated by the random noise but still keep the cor-
rect useful waveform information. Moreover, the
added noise (Figure 14) is extracted from the
difference between the original strain records
(Figure 9) and reconstructed strain records
(Figure 13). These pure noise data demonstrate
that no useful information is lost in our
reconstruction (Figure 13). However, we only
show the recovered strain records with a small
gauge length (GL ¼ 1.25 m) in the noisy data.
The reconstruction results with large gauge
lengths are not exhibited because they are fully
covered by noise due to the large condition
number.

VTI arid model

The VTI arid model (Oristaglio, 2015) (Fig-
ure 15) is adopted as a complicated example to
validate the effectiveness of our method and pro-
duce ERTM images. The model is discretized
with a grid size of 200 × 200 × 200 and a spacing
interval of 10 m. The 20 Hz Ricker wavelet is se-
lected as the explosive source with a sampling in-
terval of 1 ms. A Gaussian filter with a size of
5 × 5 is applied for the smoothing model. A single
shot is placed at the surface of (1000, 1000, 0) m
for the P/S wavefields decomposition and strain
component reconstruction. Figure 16 shows the
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Figure 21. Difference between the exact (Figure 18) and reconstructed (Figure 19)
strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and (f) _εxy with a gauge length
of 2.45 m.

0

a) b) c)

d) e) f)

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–1.5

–1.0

–0.5

0

0.5

x10
–13

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–2

–1

0

1

x10
–13

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–2

0

2

4

6

x10
–14

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–6

–4

–2

0

2

x10
–14

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–3

–2

–1

0

1

x10
–14

0

0.5

1.0

1.5

T
im

e 
(s

)

50 100 150

Trace number

–4

–2

0

2

x10
–14

Figure 22. Difference between the exact (Figure 18) and reconstructed (Figure 21)
strain rate records (a) _εxx, (b) _εyy, (c) _εzz, (d) _εyz, (e) _εxz, and (f) _εxy with a gauge length
of 6.05 m.
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elastic vector wavefields projecting on x-, y- and z-directions at a
propagating speed of 1.0 s. By using our decoupled P/S approach
(equations 30 and 31), the original elastic wavefields are decomposed
into vector qP- and qS-wavefields (Figure 17). Because we apply an
explosive source, the qS-wavefields dominate with qSV-wave com-
ponents. Compared with Figure 16, these separated wavefields are
qualified to suppress the cross-talk artifacts in ERTM imaging.
Different from the vertical wellbore set in a layered model

(Figure 6), we bury the helical fiber at a depth of 10 m from
(1000, 0, 10) to (1000, 2000, 10) to simulate the surface records.
The parameters related to helical fiber are the same as those of the
layered model except for the gauge length. As mentioned in the last
section, the projecting matrix for the helical fiber deployed at the
surface (corresponding to a 90° rotation of the wellbore in Figure 3)
can be easily obtained by exchanging the subscript x (or y) with z in
equation 18. Here, 200 receivers are set in the line (1000, 0, 10)
to (1000, 2000, 10) with a spacing of 10 m for generating exact
strain records. Figure 18 is the exact strain rate recorded by using
the first-order stress-velocity wave equation and
equation 19. Using our proposed helical fiber
winding configuration, Figures 19 and 20 exhibit
reconstructed strain components with a gauge
length of 2.45 m (M = 2) and 6.05 m (M = 6),
respectively. These recovered images are identi-
cal to those of Figure 18, which indicates the ef-
fectiveness of our approach in complex models.
Furthermore, we also show the difference be-
tween the original strain records (Figure 18)
and the reconstructed strain data (Figures 19
and 20) in Figures 21 and 22 with the same order
of amplitude. As observed, there is no useful in-
formation lost during the reconstruction.
We deploy 100 shots at the surface from

(1000, 0, 0) to (1000, 2000, 0) m with a spacing
of 10 m for ERTM imaging. According to
our proposed DAS-ERTM workflow (Figure 5),
Figure 23a and 23b represents PP and PS images
with the reconstructed strain field data via the
proposed helical fiber configuration. Because
we only deploy the helical fiber and shots in
the y-direction (inline direction), the yoz-plane
presents a better image than the xoz-plane.
Because the explosive source is used for images,
the PP-reflection energy is dominant in the strain
records. As a result, the PP image (Figure 23a)
exhibits a higher signal-to-noise ratio than the
PS image (Figure 23b). However, the PS image
possesses better resolution owing to the smaller
wavelength of converted PS waves. In addition,
we use the geophone data (particle velocity re-
cords) to generate PP and PS images (Figure 23c
and 23d). These images using these two types
of acquisition data show an analogous imaging
effect. Furthermore, single trace data that are
extracted from Figure 23 at x = 1500 m and
y = 600 m are shown in Figure 24. By
comparison, they exhibit a good accordance,
which demonstrates the effectiveness and robust-
ness of our approach.

DISCUSSION

To begin, this paper proposes a 3D efficient anisotropic P/S de-
composition approach that is implemented in the space-wavenum-
ber domain and only requires three FFTs. Although our approach
shows a good performance on the decoupling P/S wave-mode, some
deficiencies are worth mentioning. The polarization vectors of qP-,
qSV-, and qSH-waves are derived from the 3D VTI Christoffel
equation under the elliptical assumption. However, in some strong
nonellipse regions, our method may encounter some artifacts. The
error analysis for the ellipse media can be found in Zhang et al.
(2022) and Yang et al. (2019). Concurrently, the decoupled formu-
lation is also derived with a local homogeneous assumption. Hence,
a smoothing model is recommended for the decomposing P/S
wavefields in VTI ERTM. In addition, we use the explosive source
to simulate the elastic wave propagation, which contains very
weak qSH-wave components. Thus, we can use the curl operator
(equation 28) to calculate the qSV-waves. However, when adopting
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Figure 24. Comparison of single trace data extracted from Figure 23 at x = 1500 m and
y = 600 m. (a) The PP data chosen from Figure 23a and 23b, and (b) the PS data selected
from Figure 23c and 23d. The red lines represent the image via geophone records, and
the blue lines show the image using DAS records.
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Figure 23. The ERTM images of the 3D arid model via different acquisition data. (a and
b) The PP and PS image, respectively, produced with the DAS-based reconstructed data.
(c and d) The PP and PS image, respectively, generated via the geophone data.
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other types of sources, such as shear wave sources, the qS-wave in
equations 30 and 31 includes strong qSH-waves, which may cause
cross-talk artifacts.
To solve the singular projecting matrix problem of the conven-

tional helical fiber configuration, this paper develops a nonregular
variant pitch-angle winding design for the helical fiber DAS re-
sponse for strain field reconstruction. In our winding configuration,
the condition number of the projecting matrix is low enough to re-
cover the original seismic strain components. However, the DAS IO
instrument usually includes spatial sampling interval s and gauge
length GL set. This means that we need to first estimate those
two parameters and then set the pitch angles α1 and α2, winding
radius r,M, and N in the field exploration. In this situation, the pitch
angles α1 and α2 tend to be decimal rather than integer, such as
α1 ¼ 66.88°, α2 ¼ 53.91° in our numerical test. This is difficult
to perform accurately in the field experiment and may cause some
errors. A convenient way to tackle this problem is to use heights
h1; h2 as marks to wind the helical fiber rather than pitch angles.
However, in production, it may not achieve the accurate h1; h2
given in the preceding examples. Therefore, we analyze the recov-
ery effect of strain field with �5% perturbation range of given
heights in the layered model test. All the other numerical parameters
remain unchanged. The received DAS records are generated by
equation 12 with the inaccurate h1; h2 (actual parameters), and
the reconstructed strain fields components are produced from equa-
tion 25 with the accurate h1; h2 (ideal parameters). A relative error
rate factor er is used for estimating the recovery accuracy and can be
expressed as

er ¼
P

N
i¼0 jεi − ε 0i jP

N
j¼0 jεij

; (32)

where εi and ε 0i represent the exact and reconstructed strain re-
cords, respectively. Here, N is the total number of grid points
in the strain records profile. Figure 25 shows the relative error rate
er of the reconstructed strain field components from the layer
model with different perturbations of heights h1; h2. As observed,
with similar perturbations of heights h1; h2, the er of the normal

strain (Figure 25a–25c) is low and less than 3%. In the areas with
largely different perturbations between h1 and h2, the er becomes
very strong (more than 50%). The er of shear strain components
(Figure 25d–25f) exhibits an opposite tendency to those of the nor-
mal strain components. However, the maximum of the shear strain
er is lower than 8%, which can be acceptable for reconstruction.
Those results can be a reference factor for field operation. In ad-
dition, the strain field reconstruction is conducted based on the
assumption that seismic wavelengths are larger than the window
length of six sampling points in helical fiber. One should be
careful to set the spatial interval s and gauge length GL to fulfill
that assumption.
We apply the strain field reconstructed from the helical fiber DAS

response to the 3D VTI ERTM. Different than velocity records from
geophones, the strain or strain rate records require the transformation
of equation 19. Hence, compared with the three components of
particle velocity, the six components of the strain rate field may cause
more artifacts in the backward modeling of the anisotropic receiver
wavefields. Decomposing these strain components into P/S wave-
mode in the data domain, which can further suppress the artifacts
and improve the image quality for 3D VTI ERTM, is desired for
the future.

CONCLUSION

To solve the ill-conditioned matrix problem of conventional hel-
ical fiber configuration, we develop a nonregular variant pitch-angle
winding design for the helical fiber DAS response for strain field
reconstruction. In our configuration, the condition number of the
projecting matrix is low enough to recover the original strain fields.
The spatial sampling interval and gauge length can be arbitrary by
adjusting our design parameters. Moreover, we also propose a 3D
efficient P/S wave-mode decomposition method in VTI media,
which can generate the P and S wavefields with correct amplitudes
and phases. By applying the reconstructed strain (rate) field com-
ponents and P/S decoupling approach, a DAS-based VTI ERTM
workflow is built and produces PP and PS images.

–5% –3%
Perturbation of h1

–5%

–3%

0

3%

5%

P
er

tu
rb

at
io

n 
of

 h
2

0.1

0.2

0.3

0.4

0.5

–5% –3%
Perturbation of h1

–5%

–3%

0

3%

5%

P
er

tu
rb

at
io

n 
of

 h
2

0.1

0.2

0.3

0.4

0.5

–5% –3%
Perturbation of h1

–5%

–3%

0

3%

5%

P
er

tu
rb

at
io

n 
of

 h
2

0.02

0.04

0.06

0.08

0.1

0.12

–5% –3%
Perturbation of h1

–5%

–3%

0

3%

5%

P
er

tu
rb

at
io

n 
of

 h
2

0.005

0.01

0.015

0.02

0.025

0.03

–5% –3%
Perturbation of h1

–5%

–3%

0

3%

5%

P
er

tu
rb

at
io

n 
of

 h
2

0.005

0.01

0.015

0.02

–5% –3%

0 3% 5% 0 3% 5% 0 3% 5%

0 3% 5% 0 3% 5% 0 3% 5%
Perturbation of h1

–5%

–3%

0

3%

5%

P
er

tu
rb

at
io

n 
of

 h
2

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

a) b) c)

d) e) f)

Figure 25. The relative error rate er of reconstructed strain components (a) εxx, (b) εyy, (c) εzz, (d) εyz, and (e) εxz, and (f) εxy with [−5% 5%]
perturbations of heights h1; h2.
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