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DISTRIBUTED ACOUSTIC SENSING
SYSTEM WITH PROPAGATION DIRECTION
AND RELATED METHODS

TECHNICAL FIELD

[0001] The present disclosure relates to the field of acous-
tic signal sensing, and, more particularly, to a distributed
acoustic sensing system and related methods.

BACKGROUND

[0002] Remote sensing applications have a wide range of
applications. One particular type of sensing is acoustic
signal sensing. Broadly, acoustic signals are mechanical
waves in gases, liquids, and solids. For example, in security,
a person trespassing on private property creates acoustic
waves that propagate through the ground. Similarly, seismic
events, such as earthquakes, create powerful acoustic waves
in the ground that can be detected at far distances from the
source.

[0003] In underground applications, acoustic sensing
devices are placed underground to monitor infrastructure.
For example, buried pipelines can be monitored for signs of
compromised structure, such as cracks that can cause leaks.
In some applications, above ground pipelines that span
many miles can be monitored remotely. Similarly, transpor-
tation infrastructure, such as bridges, can be monitored for
structural fatigue to prevent catastrophic failure.

[0004] On advantageous type of remote acoustic sensing is
distributed acoustic sensing (DAS). In this approach, optical
fibers are positioned in the area or structure to be monitored,
and this approach is based upon, for example, Rayleigh
backscattering. Here, a coherent laser pulse is sent along an
optical fiber, and scattering sites within the optical fiber
cause the optical fiber to act as a distributed interferometer.
The intensity of the reflected light is measured as a function
of time after transmission of the laser pulse. This is known
as optical time domain reflectometry. When an acoustic
signal is received, the reflected optical signals change based
upon the received acoustic signal.

SUMMARY

[0005] Generally, a DAS system may include an optical
time domain reflectometer (OTDR), and a plurality of
acoustic-sensing optical fibers coupled to the OTDR. The
plurality of acoustic-sensing optical fibers may have known
relative positions within an acoustic wave transmitting
medium, for example, ground. The DAS system may also
include a processor cooperating with the OTDR to deter-
mine a propagation direction of an acoustic wave from an
acoustic event in the acoustic wave transmitting medium
based upon the known relative positions of the plurality of
acoustic-sensing optical fibers.

[0006] More specifically, the DAS system may comprise
an optical coupler between the OTDR and the plurality of
acoustic-sensing optical fibers. In some embodiments, the
optical coupler may comprise an optical switch. The pro-
cessor may be configured to detect the acoustic event via a
given acoustic-sensing optical fiber, and cause the optical
switch to switch from the given acoustic-sensing optical
fiber to another acoustic-sensing optical fiber. The processor
may be configured to operate the optical switch to sequen-
tially couple the OTDR to the plurality of acoustic-sensing
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optical fibers. In other embodiments, the optical coupler may
comprise a fixed optical coupler.

[0007] Also, the OTDR may comprise an optical source
configured to inject a sensing optical signal into a coupled
acoustic-sensing optical fiber, and an optical detector con-
figured to receive a return optical signal from the coupled
acoustic-sensing optical fiber. The plurality of acoustic-
sensing optical fibers may be arranged in a diverging pattern.
For example, each of the plurality of acoustic-sensing opti-
cal fibers may have a length greater than 10 km.

[0008] Another aspect is directed to a DAS device com-
prising an OTDR to be coupled to a plurality of acoustic-
sensing optical fibers having known relative positions within
an acoustic wave transmitting medium, and a processor. The
processor may be configured to determine a propagation
direction of an acoustic wave from an acoustic event in the
acoustic wave transmitting medium based upon the known
relative positions of the plurality of acoustic-sensing optical
fibers.

[0009] Yet another aspect is directed to a method of DAS
using a plurality of acoustic-sensing optical fibers having
known relative positions within an acoustic wave transmit-
ting medium. The method may include operating an OTDR
in cooperation with a processor to determine a propagation
direction of an acoustic wave from an acoustic event in the
acoustic wave transmitting medium based upon the known
relative positions of the plurality of acoustic-sensing optical
fibers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a schematic diagram of a DAS system of
a first embodiment, according to the present disclosure.
[0011] FIG. 2 is a diagram of amplitude values for return
optical signals in the DAS system of FIG. 1.

[0012] FIGS. 3A & 3B are diagrams of determining a
propagation direction of an acoustic wave from an acoustic
event in the DAS system of FIG. 1.

[0013] FIG. 4 is a schematic diagram of a DAS system of
a second embodiment, according to the present disclosure.
[0014] FIG. 5 is a flowchart of a method for operating the
DAS system of FIG. 4.

[0015] FIG. 6 is a diagram of return optical signals in the
DAS system of FIG. 1.

DETAILED DESCRIPTION

[0016] The present disclosure will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which several embodiments of the invention are
shown. This present disclosure may, however, be embodied
in many different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of
the present disclosure to those skilled in the art. Like
numbers refer to like elements throughout, and base 100
reference numerals are used to indicate similar elements in
alternative embodiments.

[0017] Typical DAS systems may have drawbacks. For
instance, typical single-fiber DAS methods may not resolve
all ambiguities associated with the direction of travel of an
acoustic wave. Indeed, in some approaches, the location of
impact of the acoustic wave is the only datum generated.
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[0018] Referring initially to FIG. 1, a DAS system 100
according to the present disclosure is now described. The
DAS system 100 may provide an approach to the drawbacks
of typical DAS systems. The DAS system 100 illustratively
includes an OTDR 101, and a plurality of acoustic-sensing
optical fibers 102a-1025 coupled to the OTDR. As will be
appreciated and for illustrative clarity, the plurality of acous-
tic-sensing optical fibers 102a-102b comprises only two
optical fibers, but the DAS system 100 may include a greater
number of optical fibers. The plurality of acoustic-sensing
optical fibers 102a-102b is positioned to monitor an area of
interest for an acoustic event 103. For example, the area of
interest may comprise a geographic region, an underground
region, underground infrastructure (e.g. well), or aboveg-
round infrastructure (e.g. pipeline, bridges). The area of
interest comprises an acoustic wave transmitting medium
104. Depending on the application, the acoustic wave trans-
mitting medium 104 may comprise ground, air, or water, for
example.

[0019] The plurality of acoustic-sensing optical fibers
1024-1025 has known relative positions within the acoustic
wave transmitting medium 104. In particular, the plurality of
acoustic-sensing optical fibers 102a-102b is arranged in a
diverging pattern, and the spatial spacing therebetween is
known throughout the length of the plurality of acoustic-
sensing optical fibers. Also, the angle 0, of the diverging
pattern of the plurality of acoustic-sensing optical fibers
102a-102b is known. In some applications, such as where
the area of interest is a large geographic region, each of the
plurality of acoustic-sensing optical fibers 102a-102H may
have a length greater than 10 km, for example.

[0020] The DAS system 100 illustratively includes a pro-
cessor 105 cooperating with the OTDR 101, and a display
106 coupled to the processor. Also, the DAS system 100
comprises an optical coupler 107 between the OTDR 101
and the plurality of acoustic-sensing optical fibers 102a-
1025.

[0021] Further, the OTDR 101 comprises an optical source
110 configured to inject a sensing optical signal into the
plurality of acoustic-sensing optical fibers 102a-102b, and
an optical detector 111 configured to receive return optical
signals from the plurality of acoustic-sensing optical fibers.
In some embodiments, the display 106 is configured to
provide a distance graph of the return signals, a time domain
signal graph of the return signals, and a power spectrum
graph of the return signals.

[0022] In some embodiments, the optical source 110 com-
prises an optical laser source operating within a wavelength
range of 1300-1550 nm. More specifically, the sensing
optical signal may comprise an optical pulse train with a
pulse frequency in the range of 80-120 kHz. Also, as will be
appreciated, the return optical signals from the plurality of
acoustic-sensing optical fibers 102a-10256 comprise backs-
catter signals (e.g. Rayleigh backscatter signals, interface/
break backscatter signals, or Brillouin backscatter signals).
[0023] In some OTDR embodiments, the returns from
multiple pulses are averaged together to look at the static
fiber locations having high loss to indicate breaks, bends,
connections, etc. As will be appreciated, the OTDR 101 may
comprise a phase-sensitive OTDR in some embodiments.
Here, the DAS system 100 is configured to process transient
signals, and uses the return from each pulse of light sent into
the plurality of acoustic-sensing optical fibers 102a-1025
and analyzes the phase content of the return from each point
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along the acoustic-sensing optical fiber to provide its real-
time acoustic sensing capability.

[0024] In the illustrated embodiment, the optical coupler
107 comprises a fixed optical coupler. For example, the fixed
optical coupler comprises a Y-branched optical fiber, or an
optical splitter. The processor 105 is configured to process
return optical signals from the plurality of acoustic-sensing
optical fibers 102a-102b concurrently.

[0025] Referring now additionally to FIGS. 2 & 3A-3B,
the processor 105 is configured to determine a propagation
direction 9, of an acoustic wave from the acoustic event 103
in the acoustic wave transmitting medium 104 based upon
the known relative positions of the plurality of acoustic-
sensing optical fibers 102-1025. In diagram 1000, the ampli-
tude values of the return optical signals over distance are
shown. In diagrams 1100 & 1200, the calculations for the
propagation direction 6, of the acoustic wave from the
acoustic event 103 are illustrated. Using the known angle 0,
of the diverging pattern of the plurality of acoustic-sensing
optical fibers 102a-10256 and the known spatial spacing
between the plurality of acoustic-sensing optical fibers, the
processor 105 is configured to generate the propagation
direction 8, of the acoustic wave from the acoustic event 103
in the acoustic wave transmitting medium 104.

[0026] Beginning with the known angle 8, of the diverg-
ing pattern of the plurality of acoustic-sensing optical fibers
1024-1025, Formula 1 provides:

. Y 1
sm01 = m ( )

The values for y, x,, and x, are provided by Formulas 2, 3,
and 4, respectively, which are

y=(dy—dp)sin 8, 2)
x1=(dy—dp)cos 8, 3
Xo=(d—dp)—x, 4

With these values, Formula 5 provides the propagation
direction 8, of the acoustic wave from the acoustic event 103
in the acoustic wave transmitting medium 104.

17 ®

0, =tan™ —
X2

Where t, and t, provide velocity of wave travel.

[0027] Another aspect is directed to a DAS device com-
prising an OTDR 101 to be coupled to a plurality of
acoustic-sensing optical fibers 102a-1025 having known
relative positions within an acoustic wave transmitting
medium 104, and a processor 105. The processor 105 is
configured to determine a propagation direction 6, of an
acoustic wave from an acoustic event 103 in the acoustic
wave transmitting medium 104 based upon the known
relative positions of the plurality of acoustic-sensing optical
fibers 102a-102b.

[0028] Yet another aspect is directed to a method of
operating a DAS device. The DAS device comprises an
OTDR 101 to be coupled to a plurality of acoustic-sensing
optical fibers 102a-1025 having known relative positions
within an acoustic wave transmitting medium 104. The
method includes determining a propagation direction 0, of
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an acoustic wave from an acoustic event 103 in the acoustic
wave transmitting medium 104 based upon the known
relative positions of the plurality of acoustic-sensing optical
fibers 1024-1025.

[0029] Yet another aspect is directed to a method of DAS
using a plurality of acoustic-sensing optical fibers 102a-
1026 having known relative positions within an acoustic
wave transmitting medium 104. The method includes oper-
ating an OTDR 101 in cooperation with a processor 105 to
determine a propagation direction of an acoustic wave from
an acoustic event 103 in the acoustic wave transmitting
medium 104 based upon the known relative positions of the
plurality of acoustic-sensing optical fibers 102a-1026b.
[0030] Referring now additionally to FIGS. 4-5, another
embodiment of the DAS system 200 is now described with
reference to a flowchart 1300, which begins at Block 1301.
In this embodiment of the DAS system 200, those elements
already discussed above with respect to FIGS. 1-3B are
incremented by 100 and most require no further discussion
herein. This embodiment differs from the previous embodi-
ment in that this DAS system 200 illustratively includes the
optical coupler comprising an optical switch 207. The opti-
cal switch 207 may comprise a bidirectional optical switch,
thereby allowing signal propagation without significant dis-
ruption of phase, etc. The optical switch 207 is fast enough
to make a stable transition between the plurality of acoustic-
sensing optical fibers 202a-2026 in the time that it would
take the acoustic wave to travel from a given first acoustic-
sensing optical fiber 202a to a second acoustic-sensing
optical fiber 2025.

[0031] Illustrated with dashed lines, the processor 205 is
be configured to detect the acoustic event 203 via the given
first acoustic-sensing optical fiber 2024 (Blocks 1302-1303),
and cause the optical switch 207 to switch from the given
first acoustic-sensing optical fiber to the second acoustic-
sensing optical fiber 20256 (Block 1304), which is shown
with dot-dot-dashed lines. In some embodiments, the pro-
cessor 205 is part of a typical DAS system modified with the
teachings of the present disclosure, and the processor per-
forms the acoustic event detection and switching with no
external computational assistance. In other embodiments,
the processor 205 cooperates with external processing
resources, such as a networked computing device, to per-
form the acoustic event detection and switching.

[0032] The processor 205 is configured to monitor the
second acoustic-sensing optical fiber 20256 and detect the
acoustic event 203 on the second acoustic-sensing optical
fiber. (Block 1306). In the illustrated embodiment, the
processor 205 would switch the optical sensing signal back
to the given first acoustic-sensing optical fiber 202a. (Blocks
1306 & 1303). The processor 205 is configured to operate
the optical switch 207 to sequentially couple the OTDR 201
to the plurality of acoustic-sensing optical fibers 202a-2025.
Helpfully, this embodiment of the DAS system 200 may
permit return signals to be processed with less noise.
[0033] Of course, in other embodiments, the DAS system
200 comprises more than the illustrated two acoustic-sens-
ing optical fibers 2024-2024. In these embodiments, the
optical switch 207 is configured to continue to switch from
the second acoustic-sensing optical fiber 2025 to additional
acoustic-sensing optical fibers 202¢-2025 to provide more
data for determining the propagation direction 6, of the
acoustic wave from an acoustic event 203 in the acoustic
wave transmitting medium 204. (Block 1307).
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[0034] Advantageously, the DAS systems 100, 200 may
provide directional wave propagation information, which
can greatly increase the utility of DAS, as it can more
effectively help to localize acoustic/seismic events. More-
over, the DAS systems 100, 200 may provide this function-
ality with a single OTDR unit.

[0035] Referring now additionally to FIG. 6, a diagram
1400 shows performance of the DAS systems 100, 200 as
compared to typical DAS approaches. As shown, the DAS
systems 100, 200 may provide for enhanced sensitivity. In
particular, the signal responses visible on the left half of the
diagram 1400 refer to a fiber spool connected to a typical
DAS system (approximately 1 km of fiber). The right half of
the diagram 1400 shows the fiber spools connected after the
Y-branch which connects them both to the first 1 km spool
on the left side in the DAS systems 100, 200. Thus, for the
time segments with both spools connected (solid arrows),
the overall sensitivity is increased for the right half of the
diagram 1400 as evidenced by the entire spool length
producing a return signal instead of the periodic returns
obtained on the left hand side (from the first km of fiber).
This effect is pronounced by observing the dashed arrow
time segments which correspond to only one of the spools
after the Y-branch being connected. The signal returning
from the secondary spool in these cases is greatly reduced
compared to both the first km spool and the fully branched
time segments.

[0036] Many modifications and other embodiments of the
present disclosure will come to the mind of one skilled in the
art having the benefit of the teachings presented in the
foregoing descriptions and the associated drawings. There-
fore, it is understood that the present disclosure is not to be
limited to the specific embodiments disclosed, and that
modifications and embodiments are intended to be included
within the scope of the appended claims.

1. A distributed acoustic sensing (DAS) system compris-
ing:

an optical time domain reflectometer (OTDR);

a plurality of acoustic-sensing optical fibers coupled to the
OTDR, the plurality of acoustic-sensing optical fibers
having known relative positions within an acoustic
wave transmitting medium; and

a processor cooperating with the OTDR to determine a
propagation direction of an acoustic wave from an
acoustic event in the acoustic wave transmitting
medium based upon the known relative positions of the
plurality of acoustic-sensing optical fibers.

2. The DAS system of claim 1 comprising an optical
coupler between the OTDR and the plurality of acoustic-
sensing optical fibers.

3. The DAS system of claim 2 wherein the optical coupler
comprises an optical switch.

4. The DAS system of claim 3 wherein the processor is
configured to detect the acoustic event via a given acoustic-
sensing optical fiber, and cause the optical switch to switch
from the given acoustic-sensing optical fiber to another
acoustic-sensing optical fiber.

5. The DAS system of claim 3 wherein the processor is
configured to operate the optical switch to sequentially
couple the OTDR to the plurality of acoustic-sensing optical
fibers.

6. The DAS system of claim 2 wherein the optical coupler
comprises a fixed optical coupler.
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7. The DAS system of claim 1 wherein the OTDR
comprises an optical source configured to inject a sensing
optical signal into a coupled acoustic-sensing optical fiber,
and an optical detector configured to receive a return optical
signal from the coupled acoustic-sensing optical fiber.

8. The DAS system of claim 1 wherein the plurality of
acoustic-sensing optical fibers are arranged in a diverging
pattern.

9. The DAS system of claim 1 wherein the acoustic wave
transmitting medium comprises ground.

10. The DAS system of claim 1 wherein each of the
plurality of acoustic-sensing optical fibers has a length
greater than 10 km.

11. A distributed acoustic sensing (DAS) device compris-
ing:

an optical time domain reflectometer (OTDR) to be

coupled to a plurality of acoustic-sensing optical fibers
having known relative positions within an acoustic
wave transmitting medium; and

a processor configured to determine a propagation direc-

tion of an acoustic wave from an acoustic event in the
acoustic wave transmitting medium based upon the
known relative positions of the plurality of acoustic-
sensing optical fibers.

12. The DAS device of claim 11 comprising an optical
coupler between the OTDR and the plurality of acoustic-
sensing optical fibers.

13. The DAS device of claim 12 wherein the optical
coupler comprises an optical switch.

14. The DAS device of claim 13 wherein the processor is
configured to detect the acoustic event via a given acoustic-
sensing optical fiber, and cause the optical switch to switch
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from the given acoustic-sensing optical fiber to another
acoustic-sensing optical fiber.

15. The DAS device of claim 13 wherein the processor is
configured to operate the optical switch to sequentially
couple the OTDR to the plurality of acoustic-sensing optical
fibers.

16. The DAS device of claim 12 wherein the optical
coupler comprises a fixed optical coupler.

17. The DAS device of claim 11 wherein the OTDR
comprises an optical source configured to inject a sensing
optical signal into a coupled acoustic-sensing optical fiber,
and an optical detector configured to receive a return optical
signal from the coupled acoustic-sensing optical fiber.

18. A method of distributed acoustic sensing (DAS)
device using a plurality of acoustic-sensing optical fibers
having known relative positions within an acoustic wave
transmitting medium, the method comprising:

operating an optical time domain reflectometer (OTDR)

in cooperation with a processor to determine a propa-
gation direction of an acoustic wave from an acoustic
event in the acoustic wave transmitting medium based
upon the known relative positions of the plurality of
acoustic-sensing optical fibers.

19. The method of claim 18 comprising detecting the
acoustic event via a given acoustic-sensing optical fiber, and
causing an optical switch to switch from the given acoustic-
sensing optical fiber to another acoustic-sensing optical
fiber.

20. The method of claim 19 comprising operating the
optical switch to sequentially couple the OTDR to the
plurality of acoustic-sensing optical fibers.
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