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Abstract 
The goals of this study were to analyze the capabilities of DAS (distributed acoustic sensors) in resolving 
mining problems, compare them with existing seismoacoustic data collection systems, and prepare the basis 
for conducting seismoacoustic studies with recording by a fiber optic distributed system. This paper considers 
the capabilities of recording seismoacoustic responses using fiber optic distributed acoustic systems (DAS). 
Based on physical and geometrical analysis, the amplitude-frequency responses (characteristics) of recorded 
longitudinal waves for straight and helically-wound fibers were obtained. In the case of helically-wound fiber, 
the frequency response depends on several key factors: integrating the measured value along the fiber based 
on the measurement; the angle of incidence on the cable; and the winding angle of the fiber in the cable. 
An increase in the winding angle increases the uniformity of the amplitude-frequency characteristics of 
longitudinal waves both in terms of frequencies and angles of incidence. At the same time, helical winding 
changes the effective response spacing (gauge length). This makes it possible, by summing the responses of the 
straight and helically-wound fibers due to the overlap of the spectra, to record frequencies that are suppressed 
in case of separate recording. Based on the study results, a cable design was proposed to record broadband 
seismoacoustic responses enabling a wide range of mining and engineering problems to be resolved, and for 
seismic surveys both in wells and on the surface to be carried out.
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distributed acoustic sensor, fiber optic sensor, seismic exploration, borehole seismoacoustics, Rayleigh 
scattering, receiver directivity pattern
Acknowledgments
The reported study was funded by the Russian Foundation for Basic Research and the Perm Territory, Project 
Number 20-45-596032.
For citation
Chugaev А. V., Tarantin M. V. Amplitude-frequency response of a helically-wound fiber distributed acoustic 
sensor (DAS). Mining Science and Technology (Russia). 2023;8(1):13–21. https://doi.org/10.17073/2500-0632-
2022-06-10

СВОЙСТВА ГОРНЫХ ПОРОД. ГЕОМЕХАНИКА И ГЕОФИЗИКА
Научная статья
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Аннотация 
При проведении настоящего исследования была поставлена цель проанализировать возможности рас-
пределенных датчиков DAS при решении горнотехнических задач, сравнить с существующими сейсмо-
акустическими системами сбора данных и подготовить основу для проведения сейсмоакустических 
исследований с регистрацией оптоволоконной распределенной системой. Рассмотрены возможности ре-
гистрации сейсмоакустических сигналов с помощью оптоволоконных распределенных акустических си-
стем. На основании физико-геометрического анализа получены амплитудно-частотные характеристики 
регистрируемых продольных волн для прямого и спирального волокна. Для спирального волокна ампли-
тудно-частотные характеристики зависят от нескольких ключевых факторов: интегрирования измеряе-
мого значения вдоль волокна на базе измерения, угла падения волны на кабель и угла намотки волокна 
в  кабеле. Увеличение угла намотки повышает равномерность амплитудно-частотной характеристики 
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продольных волн как по частотам, так и по углам падения. В то же время спиральная намотка меняет 
эффективную базу измерения сигнала, что позволяет путем суммирования сигналов прямого и спираль-
ного волокна за счет перекрытия спектров выполнять регистрацию частот, подавляемых при раздельной 
записи. По результатам исследования предложена конструкция кабеля для регистрации широкополос-
ных сейсмоакустических сигналов, с помощью которых можно решать обширный круг горнотехнических 
и инженерных задач, выполняя сейсморазведочные исследования как в скважинах, так и на поверхности.
Ключевые слова
распределенный акустический датчик, оптоволоконный сенсор, сейсморазведка, скважинная сейсмо- 
акустика, рассеяние Рэлея, диаграмма направленности приемника
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Introduction
Distributed systems for recording acoustic re-

sponses using optical fiber (DAS – distributed acoustic 
sensing) have been well known for several years [1–3]. 
However, their reduction to the practice of geophy- 
sical research requires certain practical problems re-
lated to the physical and geometric features of such 
systems to be resolved. 

The recording of an acoustic response in a DAS 
system is carried out by analyzing the spectrum of 
Rayleigh light scattering in an optical fiber. This oc-
curs when a light pulse of a given wavelength and du-
ration passes. Longitudinal deformation of the fiber 
leads to a change in the amplitude and phase compo-
nents of the frequency spectra of the reflection optical 
response [2]. Optical interferometry enables the mag-
nitude of the strain in a certain section to be calcu-
lated. The position can be measured from the time of 
arrival of the backscattered optical pulse at a known 
velocity of light in the waveguide [4, 5]. The impor-
tant characteristic of the system is Gauge Length L, 
which determined by specification of the interrogator. 
As a result, the stress distribution profile in the fiber 
at a certain point in time is calculated. The re-inter-
rogation is limited by the time of arrival of the reflec-
tion response from the most remote section of the  
fiber optic cable. The velocity of light propagation in 
an optical fiber is 2×108 m/s. For a 1 km line, the dou-
ble travel time of a light pulse is 10−5 s, and for 100 km 
it is 10−3 s. This is currently the limitation of the re-
corded response sampling by time.

The goals of this study were to analyze the capa-
bilities of DAS in resolving mining problems, com-
pare them with existing seismoacoustic data collec-
tion systems, and prepare the basis for conducting 
acoustic studies with recording by a fiber optic dis-
tributed system.

The frequency content of the responses recorded 
by fiber-optic sensors with linear fiber is considered 

in [6–8]. Since DAS measurements involve averaging 
the measured parameter based on gauge length L, 
distortion of the acoustic response spectrum occurs 
at frequencies above 150–300 Hz [7, 9, 10]. Responses 
with a frequency not exceeding these values are suit-
able for resolving problems of oil seismic explora-
tion [3, 11, 12] and monitoring ore deposits [13, 14]. 
In borehole and seismic exploration of mines, the 
upper limit of the frequency range of the useful re-
sponse is 1000 Hz and higher [15–17]. Therefore, 
the possibility of using distributed fiber optic sys-
tems for solving mining problems needs to be con-
sidered and compared with existing seismoacoustic 
data collection systems. In addition, at the present 
time, the available literature provides no analysis of 
the amplitude-frequency characteristics of a helical-
ly-wound optic cable.

Acoustic pattern of straight fiber
DAS systems measure the deformation of an op-

tical fiber along its axis. Thus, for longitudinal waves, 
the acoustic pattern is defined as DP(α) = А0cos2 α, 
for transverse waves, DS(α) = А0|sin 2α| [1, 18], where 
α is the angle between the fiber and the wave prop-
agation vector; and А0 is the amplitude of the in-
cident wave. The incidence of a seismic wave on 
a  linear section of an optical fiber is considered 
in  [3,  11,  19]. Such a pattern significantly limits 
the range of possible seismic survey problems to 
be solved. Particularly, in many standard cases of 
seismic surveys, the target waves arrive along the 
normal line to the receiver line. 

The use of special cables with non-standard fiber 
laying can expand the capabilities of fiber-optic sys-
tems for solving seismoacoustic problems. The cable 
design options are given in a patent [20]. For manu-
facturing, the most accessible way of laying a fiber in 
a cable is helical winding; field measurements are de-
scribed in [21, 22].
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Influence of winding angle  
on effective gauge length

With helical winding, the length of the fiber 
laid in a cable will be greater than the length of the 
cable. Thus, the effective value LH (effective gauge 
length) of the rock mass associated with the cable 
will also change. 

The decrease in the gauge length is proportional 
to the cosine of the winding angle:

    cos  ,HL L= θ  (1)

where θ is the angle of deviation of the fiber guide 
from the cable axis (for straight fiber θ = 0°)1; L is 
gauge length along the fiber; LH is gauge length along 
the cable with helically-wound fiber.

Influence of winding angle on cable sensitivity
When changing the cable directivity pattern 

due to winding, a single segment of the helix can be 
represented as a linear section with an equivalent 
distribution of sensitivity along the axes (Fig. 1). 
In a parametric form, the response energy will be 
distributed as follows:

2    cos ;zE E= θ  (2)

2sin ;rE E= θ  (3)

= θ2
,

1
2

sin ,x yE E
 

(4)

where E is full sensitivity; Ez, Er, Ex, Ey are the 
sensitivities along z axis, in the plane perpendicular 
to z axis, along x and y axes, respectively. 

Ez

Ex

Ey

E

Er

θ

Fig. 1. Sensitivity distribution along the axes  
at helically-wound fiber

Per unit cable length, an increase in the recorded 
energy will occur due to an increase in the length of 
the fiber and the number of channels due to a decrease 
in the effective gauge length according to formula (1).

1 In literature, there are two different ways of calculating 
the winding angle. Kuvshinov, Braid, Innanen et al. take 90° for 
a straight fiber, while in the study of Egorov, Tertyshnikov, and 
others, 0° corresponds to a straight fiber. We stick to the latter 
version of the notation. 

The algorithm for numerical calculation of the ca-
ble directivity pattern due to winding is given in [23, 24]. 

With an increase in the fiber winding angle, the 
sensitivity of the system along the normal to the cable 
axis appears. The directivity pattern for longitudinal 
waves changes from the pattern of a single-axis sensor 
towards the pattern of a pressure sensor having 
a uniform (spherical) pattern.

The sensitivity is evenly distributed between the 
axes at the value of the winding angle

1
arccos 54.7 [19, 23].

3

 
θ = ≈ °  

Thus, with a uniform directivity pattern (spherical) 
along one axis, the recorded energy will be 3 times less, 
and the response amplitude will decrease by 3 times.

The total response from the impact of a seismic 
wave with a helically-wound fiber consists of its 
interaction with equivalent sections decomposed 
along orthogonal axes. In the case of longitudinal 
waves, the responses will be added, and for transverse 
waves, they will be subtracted (Fig. 2). 

+ +

+ –

Ez

Ex

EH = Ez + Ex

Ez

Ex

EH = Ez – Ex

P Sa b

Fig. 2. Scheme of changing the length of the fiber under  
the influence of longitudinal (a) and transverse (b) waves

The directivity pattern is symmetrical with 
respect to the cable axis and depends on the angles 
of winding and seismic wave incidence in accordance 
with expressions (2–4):

α θ = α θ + α θ2 2 2 21
,   cos cos   sin cos ;

2
( )PD

 
(5)

α θ = α θ − α θ2 21
, sin 2 cos sin 2 sin ,

2
( )SD

         
(6)

where DP, DS are directivities for P and S waves, respec-
tively; α is the angle between the cable and the seismic 
wave beam. Graphically, the patterns are shown in Fig. 3.

Note that the data obtained differs from that 
presented in study [23], where the polarity of S-wave 
response varies depending on the direction of prop-
agation of the optical response in the fiber. However, 
this would mean that measurements on the same ca-
ble section when connecting from different ends of 
the optical line would give different results. 
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Fig. 3. Dependences of the sensitivity of a cable with 
helically-wound fiber on the angles of wave incidence and 

the fiber winding for P (a) and S (b) waves

Frequency characteristics of the recorded 
response for direct fiber

Let us consider the moment of time when 
a monochromatic elastic wave with oscillation 
frequency f has created longitudinal stresses in a fiber 
stretched along z axis. In this case, the amplitude of 
the recorded response will change according to the 
following expression:

0 ,( ) ( )A x A sin kz=

where k = 2πf / V is wavenumber; A0 is maximum 
response amplitude.

The amplitude of the response measured on 
a segment of length L is equal to the sum of the 
amplitudes along this segment:

0 0
0

2
sin( ) 1 cos .

2

L

L

V fL
A A kz dz A

f V
 π = = −    π  ∫

    
(7)

Here we see that, firstly, as the frequency increa- 
ses, the response amplitude decreases. Secondly, at 
points which satisfy the condition L = nλ, n ∈ Z, the 
function takes a null value. As a result, the ampli-
tude-frequency characteristic (AFC) is complicated 
by the response attenuation sections as a result of the 
action of a rectangular window filter, which an exten- 
ded linear receiver appears to be. The AFC for longi-
tudinal waves propagating along the fiber at a velocity 
V = 2500 m/s and spacing L = 10 m is shown in Fig. 4.

0 200 400 600 800

10

5

0

Frequency, Hz

А
 / 
А

0

Fig. 4. Amplitude-frequency characteristic of a section  
of a straight fiber during the passage of a wave along it

The dependence of amplitude-frequency 
characteristics on the angle of incidence of a wave

When a linear receiver is located in the field of 
a  harmonic wave (Fig. 5), the visible period will in-
crease by increasing the angle α between the direc-
tion of wave propagation and the receiver line from 0° 
to 90°. The apparent frequency, in turn, will decrease: 

cos .af f= α  (8)

α = 60°

α = 0°

x

y

Fig. 5. Change in the visible period at different wave 
incidence angles

With regard to a section of a straight fiber and an 
arbitrary angle of incidence of wave α, the dependence 
of the AFC on the angle of incidence can be found as 
the product of the amplitude characteristic (7) and the 
directivity pattern, taking into account the apparent 
frequency instead of the actual one (8):

0

2
( , ) 1 cos ( ).

2
a

L
a

LfV
A f A D

f V
 π 

α = − α  π           
(9)

The image of this dependence for longitudinal 
and transverse waves at L = 10 m, VP = 2500  m/s, 
VS = 1500  m/s is shown in Fig. 6. The image draws 
attention to the areas of rejection in the form of 
“smiles” and low sensitivity at angles close to 90°. 
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Amplitude-frequency response 
of helically-wound fiber

Next, let us consider a cable of radius r with 
helically-wound fiber, on which a wave is incident at 
an angle α. The angle of a wave incidence on separate 
small sections is equal to α + ϕ(z) (Fig. 7), where ϕ(z) 
can be found through the derivative of the function 
describing the helically-wound fiber in plane view (z, x): 

 sin t( ,) gx z r z
r
θ 

  
=

 
(10)

from where 

arctg tg cos tg .( )z z
r

  
   

θ=


ϕ θ
 

(11)

The function ϕ(z) takes values from −θ to θ, and 
provided that the wavelength is much larger than the 
pitch between the turns in the cable, the response will 
be equal to the sum

( , , ) ( , ( )) ( )/ ,H LA f A f z L L
θ

ϕ=−θ

θ α = α + ϕ ∆ ϕ∑
      

(12)

where factor ∆L(ϕ)/L plays the role of a weighting 
factor depending on the proportion of the sections 
with a fixed angle ϕ in the total length of the fiber. 
The angle distribution can be found by calculating the 
derivative of function z(x) = r ctg θ arcsin (x/r):

2

ctg
,

1

dz
dx x

r

θ
=

 −     

(13)

for which x ∈ [−r, r] and the angles vary from −θ to θ. 
An example of ϕ distribution for a winding angle of 
45° is shown in Fig. 8.

In the case of longitudinal waves, using formu-
la  (12), the amplitude-frequency characteristics were 
obtained for various winding angles of fiber in a cable 
(Fig. 9). With an increase in the winding angle, the rejec-

tion bands are smoothed out. As a result, the response 
becomes more uniform in the angles of incidence. There 
are sensitivity curve dips in frequencies, although they 
are less pronounced than those for a straight fiber. This 
leaves room for spectrum whitening. 

An important case here is the wave incidence 
angle of 90°, the response at which is shown separately 
in Fig. 10. It can be seen from the graphs that there 
are frequency bands, in which the response amplitude 
increases with increasing winding angle, and other 
bands where such amplification does not take place. 

With an increase in the winding angle, the ef-
fective gauge length decreases in accordance with 
formula (1). This, in turn, leads to an increase in the 
frequency of the first minimum in the total frequency 
response. This fact makes it possible, when summing 
the responses from a straight and helically-wound 
fiber, to obtain a more uniform AFC (frequency re-
sponse) in a wide range of the angles of wave inci-
dence on the cable (Fig. 11). An exception relates to 
angles of incidence close to 90°, where the AFC de-
pends only on helically-wound fiber. 

Fiber bend radius in helically-wound cable 
A standard telecommunication fiber has a certain 

range of standard sizes and labels. One of the main 
characteristics is the dependence of the response 
attenuation constant on the fiber bend radius. 

The bend radius is determined in the plane where 
it is maximum. With uniform helical winding, the 
radius of bend is constant and coincides with the radius 
of the minimum curvature of the ellipse formed when 
the cable is intersected by a plane at the same angle as 
the winding angle (Fig. 12). Thus, the effective radius 
of curvature of a fiber will depend on the radius of the 
fiber in a cable r and the winding angle θ:

2 .
sine

r
R =

θ  
(14)
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Taking Re as a fixed value determined by the 
selected type of fiber, one can obtain the dependence 
of the cable radius on the winding angle θ: r = Re sin2 θ. 
The weight of such a cable will be proportional to sin4 θ. 

In the case of G657.A2 standard fiber, the bend 
radius at which there are no losses on a significant 
number of turns is 30 mm. Based on this value of 
the radius and the winding angle of 45°, a cable was 
designed containing both straight and helically-
wound fibers. The outer diameter of the cable is 
32.6 mm, and the weight is 721 kg/km. Such a cable 
can be used both for land seismic surveys and for 
downhole ones.

Conclusion
Analysis of the physical and geometric processes 

of recording acoustic responses by a distributed fiber 
optic system enabled the spatio-temporal charac-
teristics of such systems to be obtained for straight 
and helically-wound fibers in a cable. The ampli-
tude-frequency characteristics of the responses re-

corded by a helically-wound fiber depend on several 
key factors: integration of the measured value along 
the fiber on the gauge length; the angle of incidence 
of the wave on the cable; and the angle of winding 
of the fiber in the cable. It is possible to show that 
an increase in the winding angle increases the uni-
formity of the amplitude-frequency characteristic of 
longitudinal waves both in terms of frequencies and 
angles of incidence. 

At the same time, helical winding changes the 
effective gauge length. By summing the responses 
of the straight and helically-wound fibers due to 
the overlap of the spectra, it is possible to record 
the frequencies suppressed in the case of separate 
recording. 

Based on the results of the study, a cable design 
was proposed for recording broadband seismoacoustic 
responses, the use of which enables a wide range of 
mining and engineering problems to be resolved and 
for seismic surveys both in wells and on the surface to 
be carried out.
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