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OPTICAL SENSING CABLE WITH ACOUSTIC LENSING OR
REFLECTING FEATURES

PRIORITY APPLICATION

16601} This application claims the benefit of U.S. Provisional Application No. 62/513,024,
filed on May 31, 2017, the content of which is relied upon and incorporated herein by
reference 1 is entirety.

BACKGROUND
[3602] The disclosure relates generally to a strain sensing fiber-optical cable configured for
strain sensing and more particularly to a fiber optic cable configured for enhanced sensitivity
to strain and/or vibration sensing. Strain within an optical fiber can be measured by
measurning the change in a transmission property of a signal along the optical fiber (e g,
Rayleigh scattering of an optical signal carried along the fiber). Vibrations in an environment
in contact with an optical fiber cable cause dynamic strain within the optical fibers of the
cable, which in turn can be monitored/detected by measuring/detecting the strain induced
scattering, for example measuring/detecting the strain-induced changes n the amplitude
and/or phase of the scattered signal. Some vibration detection systems are configured {o
detect specific strain events and are able to indicate where along the length of the cable the
strain event occurs. In addition, svsiems may be able to detect/monitor a dynamuc or static
strain signature, strain magnitude, and stramn duration of the event. Typical systems have
along the length detection channels about every 3-10 m. So for example a 1 km long system
would have 200-100 detection channels,

SUMMARY

[0803] One embodiment of the disclosure relates to a vibration sensing cable. The cable
includes a cable jacket formed from a first material. The cable includes a vibration sensing
optical fiber embedded within the cable jacket and a tensile strength element embedded in the
cable jacket. The cable includes an acoustic reflector embedded in the cable jacket. The
acoustic reflector is formed from a second material having an acoustic impedance greater
than an acoustic impedance of the first material. The acoustic reflector has a vibration
reflecting surface contacting the first matenal of the cable jacket and facing toward the
vibration sensing optical fiber such that vibrations traveling through the cable jacket incident

on the vibration reflecting surface are reflected toward the vibration sensing optical fiber.
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[0804] An additional embodiment of the disclosure relates to a vibration sensing cable.
The cable includes a cable jacket and a vibration sensing optical fiber embedded within the
cable jacket. The cable includes an outer surface defined at least in part by the cable jacket
and surrounding the vibration sensing optical fiber. The outer surface includes a curved
section having a concave shape when viewed in cross-section taken perpendicular to a
longrtudinal axis of the cable jacket.

[06035]  An additional embodiment of the disclosure relates to a method of detecting
vibrations in an environment. The method mehudes placing a vibration sensing cable in the
environment. The vibration sensing cable includes a cable jacket defining an outer surface of
the vibration sensing cable and a vibration sensing optical fiber embedded within the cable
tacket. The outer surface of the vibration sensing cable 1s 1n contact with the environment
forming an interface between the outer surface and the environment. The method includes
transmitting vibrational waves within the environment into the cable jacket through the
mterface. The vibrational waves bave a direction of travel within the envitonment. The
method mclades altering the direction of travel of the vibrational waves within the
environment {0 a path of travel within the cable jacket that mtersects the vibration sensing
optical fiber.

[3806] Additional features and advantages will be set forth n the detailed description which
follows, and m part will be readily apparent to those skilled in the art from the description or
recognized by practicing the embodiments as described in the written description and claims
hereof, as well as the appended drawings.

{0807} It 1s to be understood that both the foregoing general description and the following
detailed descrption are merely exemplary, and are intended o provide an overview or
framework to understand the nature and character of the claims.

[3008] The accompanying drawings are included to provide a further understanding and are
mncorporated in and constitute a part of this specification. The drawings illastrate one or more
embodiment(s), and together with the description serve to explain principles and operation of
the various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[3609] FIG. 1 shows a schematic view of a system for monitoring/detecting vibration
utilizing a fiber optic cable according to an exemplary embodiment.

16016} FIG. 2 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to an exemplary embodiment.

2
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{0811} FIG. 3 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to another exemplary embodiment.

{6612} FIG. 4 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, accordmg to ancther exemplary embodiment.

{3613} FIG. S shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to ancther exemplary embodiment.

16014} FIG. 6 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, accordimg to another exemplary embodiment.

[6815] FIG. 7 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to another exemplary ermnbodiment.

3016} FIG. 8 shows a longitadinal cross-sectional view of a vibration sensing fiber optic
cable, according to ancther exemplary embodiment.

1068617} FIG. 9 shows a longitudinal cross-sectional vigw of a vibration sensing fiber optic
cable, according to ancther exemplary embodument.

[0618] FIG. 10 is a plot showing the relationship of acoustic mmpedance of an impedance
matching material to vibration power transmission through a cable jacket, according to an
exemplary embodiment.

[B819] FIG. 11 shows a plot of the relationships of impedance and speed of sound vs.
modulus of elasticity assuming TPU density of 1.2 g/om’ according to an exemplary
embodiment.

[6620] FIG. 12 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to another exemplary embodiment.

{6021} FIG. 13 shows a detailed view of an acoustic reflecior of the cable of FIG. 12,
according to an exemplary embodiment,

[3822] FIG. 14 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to ancther exemplary embodument.

10623] FIG. 15 shows a longitudinal cross-sectional view of a vibration sensing fiber optic
cable, according to ancther exemplary embodiment.

[6624] FIG. 16 shows a jongitudinal cross-sectional view of a vibration sensing fiber optic
cable, accordimg to another exemplary embodiment.

[6825] FEGS. 17A and 178 show a schematic diagram and a plot of cable radius ve. angle of

refractive energy transfer for a vibration sensing cable modcl that takes into account the
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radius of curvature and dimensions of the cable jacket and fiber and how they apply to
calculate a maxinnum potential angle for direct energy transfer.
[6026] FIG. 18 shows a longitudinal cross-sectional view of a vibration sensing fiber optic

cable, accordmg to ancther exemplary embodiment.

DETAILED DESCRIPTION

16627} Referring generally to the figures, various embodiments of an optical fiber cable
configured for sensing strain 1s shown and described. In specific embodiments, the optical
fiber cables discussed herein are configured to detect vibration applied to the cable body.
Vibration experienced by optical fibers within a cable cause scattering of optical signals
within the optical fiber which can be detected/monitored such that the optical cable can
function as a vibration sensor/detector. Such vibration sensors may be usefud in variety of
applications mcluding perimeter monitoring applications, pipehine monitoring applications,
ete.

13028} For cxample, in a perimeter-monitoring application, the vibration sensing optical fiber
cable is buried in the ground. Vibration within the ground {(¢.g., from a vehicle, person, ctc.
moving near or over the penimeter) 1s fransmitted into the cable causing change m the
scattering of the optical signal within the optical fibers of the cable. Detection electronics are
connected to the cable to detect/monitor the scattering of the optical signal and to provide an
indication/alarm when vibration indicative of perimeter breach are detected. The optical
cable embodiments discussed herein can be utilized m other vibration monitoring
apphications, including pipeline line leak/breakage monitoring. In various embodiments, the
sensing systems discussed herein may utilize a varicty of sensing modalities, including
monitoring/sensing changes in Rayleigh, Raman and/or Brillioun scattering. In some
embodiments, the optical cable embodiments discussed herein are vsed m distributed acoustic
sensing {DAS) systems or distributed strain sensing {D55) systems, and in other
cmbodiments, the optical cable embodiments discussed herein used m distrbuted temperature
sensing systems, In some embodiments, the optical cable embodiments discussed herem
combing vibration monitoring applications {¢.g.

Pl

DAS or DSS applications) and temperature
monitoning applications {¢.g., DTS applications). As will generally be understood DTS
applications utilize measurement of Raman scattering for temperature detection,

10829} As discussed in more detail herein, 1n order to improve vibration detection, Apphicant

has to develop a number of optical fiber cable designs configured to improve vibration
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transmission into the cable jacket and into the optical fiber. By increasing the transmission of
vibration from the environment {¢.g., the ground, monitored pipeling, etc ) into the cable
jacket and ultimately into the optical fiber, Applicant belicves that the cable design discussed
herein increases the sensitivity of the cable for vibration detection,

[3630] As will generally be understood regarding vibration transmission, the amount of
vibrational energy transmitted across an interface between two materials is inversely related
to the difference 1n acoustic impedances of the two materials. In gencral, the percentage of
vibrational power reflected from an interface, R, is governed by the following Equation 1

\ 2

/Z’;—Z}.‘
. (& 2= 2)

\(Zy +21)
where 21 and Z» are the acoustic impedances of the two materials that form the interface.
Thus, the more similar the acoustic impedances of matenals forming the interface, the greater
the percentage of vibrational energy transmitted across the interface and the lower the
percentage of vibrational energy reflected off of the interface. Similarly, the fewer material
interfaces that a vibration/sound wave needs to traverse, the greater the vibration transmission
will be.
16631} In specific embodiments, the optical fiber cable embodiments discussed herein are
configured to improve/facilitate vibration transmission from the environment and to the
sensing optical fibers of the cable. For example, in various embodiments {as shown for
example m FIGS. 2-8), cables discussed herein are designed to position the sensing optical
fibers within the cable jacket and relative to other cable components (¢ .g., strength members,
armor layers, ¢tc.) in a manner that increases vibration transmuission to the sensing optical
fibers. For example, in vanous embodiments, the sensing fiber(s) of the cable embodiments
discussed herein are located adjacent to the surface of the cable and positiongd to mimimize
the extent to which other cable components, such as strength elements, block or shield the
sensing optical fibers from mcoming vibrations. {n such embodiments, the sensing optical
fiber(s) are positioned external fo the strength clements such that the optical fibers have a
large, unobstructed radial ficld of view to the ouier surface of the optical fiber cable. In
addition, in some embodiments, a pair of optical fibers are located on cither side of the
strength member(s) such that the cable provides sensing fibers that have unobstrucied views
of vibrations entering the cable jacket from either lateral side of the cable and from above and

below the cable.
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{0632} In addition to (or instead of} positioning of the sensing optical fibers relative to the
cable jacket and cable components, in various embodimentis, an impedance matching matenial
is utilized between the vibration-containing environment and the vibration sensing cable to
increase sensitivity for vibration detection. In general, Applicant believes that use of an
impedance matching material as discussed herein decreases the proportion of vibrational
power reflected off interfaces between the environment and the sensing optical fiber. In
some embodiments, the impedance matching material is an outer laver of the cable jacket,
and in other embodiments, the impedance matching material 1s a material added to the
environment adjacent the vibration sensing cable.

G033} Further, in various crobodiments, sensing optical fiber cables discussed herein utilize
one or more aspect of cable design to focus vibrational energy onto the sensing optical
fiber(s). In some embodiments, vibration sensing cables discussed herein include one or
more accustic reflectors embedded in the cable jacket that reflect vibrations toward the
optical fiber. In vet additional embodiments, the cable jacket may have an outer surface
shaped to direct vibrations toward the sensing optical fiber via refraction as the vibration is
transmitted into the cable jacket. In vet additional embodiments, the outer radius of curvature
of the cable jacket may be sized relative to the radius fiber to increase the amount of
vibrational energy that 1s directed toward the sensing optical fiber via refraction as the
vibration 1s transmitted into the cable jacket.

10634} Referring to FIG. 1, a system 10 for detecting vibration in an environment, such as
ground 12, 1s shown according to an exemplary embodiment. In general, system 10 inclades
vibration sensing electronics 14 and a strain or vibration sensing cable, shown as optical fiber
cable 16, In general, cable 16 inchides one or more vibration sensing optical fibers, and
sensing electronics 14 are configured to detect changes in scattering of the optical signal
carried within the optical fiber(s) of cable 16 indicative of vibration within ground 12,
Vibration sensing electronics are coupled to the cable 16 and are configured to determine an
aspect of vibration in the environment {¢.g., vibration occurrence, vibration magnitude,
vibration duration, vibration direction, etc.) based on optical scattening of an optical signal
within the sensing optical fiber{s} of cable 16 that 15 caused by the vibrations transnutied nto
cable 16.

{8835} For example, vibrations detected in ground 12 may include vibrations 18 traveling
upward {e.g., vibrations reflected off of bedrock) and/or vibrations 20 traveling horizontally

from a vibration source. Sensing electronics 14 may be configured o log, store, process,
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provide alerts, ete. in response to detected vibrations that are mdicative of an event that
system 10 s configured to monitor. For example, in a perimeter monitoring application,
systern 10 may be configured to detect vibrations associated with movement {¢.g., people,
vehicles, ete.) erossing or approaching cable 16. In other embodiments, the monitored
environment may be a pipeline or other conduit, and system 10 is configured to detect
vibrations asscciated with a leak or break in the pipeling. It should also be understood that
cable 16 of system 10 may be any one of the cable embodiments discussed herein. Simalarly,
i some embodiments, cable 16 may be an optical fiber cable including any combination of
cable features, and specifically any of the vibration detection enhancement features of any of
the cable embodiments discussed herein.

[3836] Referning to FIG. 2, a cross-sectional view of a strain (¢.g., dynamic strain} or
vibration sensing optical fiber cable 30 s shown according to an exemplary embodiment.
Cabie 30 includes a cable jacket, outer jacket or sheath, shown as jacket 32. In specific
embodiments, jacket 32 is formed from one or more layer of an extruded material (e.g.. an
extruded polymer material) that supports the other components of cable 30, In the
embodiment shown, jacket 32 is the outer layer of cable 30 and forms outermost surface 34
of cable 30. In this arrangement, when viewed in the longitudinal cross-section of FIG. 2,
outer surface 34 18 a contiguous surface that surrounds the vanious mternal components {e.g.,
sensing fibers, strength elements, etc. as discussed below} of cable 30,

10637} As can be seen in FIG. 1, when cable 30 is located within the destred environment
{c.g.. within ground 12}, outer surface 34 is the surface of cable 30 that engages or interfaces
with the environment carrving the vibrations to be detected/monitored using cable 30. The
material of jacket 32 may be any material used in cable manufacturing, such as polyethylene,
polyvinyl chlonde (PVC), polyvinyiidene difluonide (PVDF), nvlon, polvester or
polvcarbonate and their copolymers, polyurethane and specifically thermoplastic
polyurethane. In a specific embodiment, the material of cable jacket 32 may be a material
that has an acoustic impedance selected that is similar/the same as the acoustic impedance the
cnvironment. For example, in one embodiment where the vibration-carrying environment s
the ground, jacket 32 may be formed from a material, such as medium density polvethviene,
having an acoustic impedance less than 2 MRayl, specifically between 1 and 2 MRayl, and
even more specifically between 1.5 and 2 MRavl. In some other embodiments, jacket 32 is
formed from a TPU matenal having an acoustic impedance of between 0.8 and | MRavl and

specifically of 0.85 t0 0.95 MRayl
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[0638] Cable 30 mcludes at least one strain sensing or vibration sensing optical fiber, shown
as first sensing optical fiber 36 and second sensing optical fiber 38, coupled to jacket 32, As
shown in FIG. 2, sensing optical fibers 36 and 38 s located within jacket 32 and, specifically,
are embedded within the material of jacket 32, In this embodiment, outer surfaces of sensing
optical fibers 36 and 38 are in contact with and are counpled o the matertal of jacket 32 such
that vibrations experienced by cable 30 arc transmitted effectively to sensing optical fibers 36
and 38. In specific embodiments, the cuter surfaces of sensing optical fibers are defined by
an outer polvmer coating 52 {g.g., a UV cured acrylate coating} that surrounds a glass core
and cladding layers, shown generally together at 50, in FIG. 2.

[B639] In some embodiments, to facilitate transmission of vibrational energy from the
environment to sensing fibers 36 and 38, sensing fibers 36 and 38 may have a low level of
excess fiber length (EFLY. Low levels of EFL help ensure that fiber strain-inducing
vibrations are efficiently transmitted from the environment, to cable jacket 32 and to sensing
fibers 36 and 38. In specific embodiments, EFL of sensing fibers 36 and 38 can be expressed
in relation to the longitudimal length of cable jacket 32 and/or to the longitudinal length of
strength elements 40 and 42, In specific embodiments, sensing fibers 36 and 38 cach have a
longitudmal fength within plus or minus 0.5%, specifically plus or minus 0.1%, more
specifically plus or minus 0.05% and even more specifically, plus or minus 0.01% of the
longitudinal length of strength member 40, strength member 42 and/or jacket 32.

10840} In various embodiments, cable 30 includes one or more clongate tensile strength
clement, shown as strength members 40 and 42, In general, strength members 40 and 42 act
to provide structural and tensile support to cable 30, In the embodiment shown, strength
members 40 and 42 are elongate, generally cylindrical or rod-like members embedded within
the material of jacket 32, In these embodunents, strength members 40 and 42 bave outer
surfaces that are coupled to the material of jacket 32 such that the material of jacket 32 15 1n
contact with the outer surfaces of strength members 40 and 42, Strength members 40 and 42
may generally be formed from a rigid material, more rigid than the matenial of cable jacket
32, and in various embodiments, strength members 40 and 42 may be metal, braided steel,
glass-reinforced plastic, fiber glass, fiber glass vams or other suitable material.

(0841} While strength members 40 and 42 provide strength to cable 30, the strong matenals
that form strength members 40 and 42 typically have high acoustic impedances, and thus, will
tend to reflect a significant portion of vibrational encrgy that 1s transmitted on a path to

sensing fibers 36 and 38 that intersects strength members 40 and/or 42, To himit the vibration
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blocking that may otherwise be caused by strength members 40 and 42, cable 30 is structured
in a variety of ways in order to facilitate exposure of sensing fibers 36 and 38 to the
vibrations that cable 30 reccives from the environment. For example, cable jacket 32,
sensing fibers 36 and 38 and strength elements 40 and 42 may be shaped and/or arranged n a
manner that Applicant believes will increase the amount of vibrational energy transmutted to
sensing fibers 36 and 38. For example, as shown in FIG. 2, scnsing fibers 36 and 38 are
located adjacent lateral or minor outer surfaces of cable jacket 32 with both strength members
40 and 42 located toward the midpoint of cable jacket 32, As will be explained in more detail
below, Applicant believes that this positioning allows sensing fibers 36 and 38 to be more
directly exposed to vibrations from the environment while liniting the vibration blocking
effect of strength members 40 and 42.

13642} FIG. 2 shows a cross-sectional view taken perpendicular to the length or longitudinal
axis of cable 30. In this view, cable 30 defines a first axis, shown as horizontal axis 44, and a
second axis, shown as vertical axis 46, As shown, horizontal axis 44 and vertical axis 46 arce
perpendicular to each other and intersect at the central position of the longitudinal axis. As
shown in FIG. 2, cable 30 is arranged such that horizontal axis 44 intersects sensing fibers 36
and 38 and intersects strength members 46 and 42 with strength members 40 and 42 being
located between sensing fibers 36 and 38 along horizontal axis 44, In the specific
embodiment shown in FIG. 2, horizontal axis 44 intersects the longitudinal conter points of
sensing fibers 36 and 38 and of strength members 40 and 42.

16043} Further, sensing fiber 36 is located on the opposite side of vertical axis 46 from
sensing fiber 38, and strength member 40 15 located on the opposite side of vertical axis 46
from strength member 42, Applicant believes that by positioning sensing fibers 36 and 38
along axis 44 (c.g., which is typically referred 1o as the cable's neutral axis) hmits the amount
ot tensile and compressive strain that sensing fibers 36 and 38 experience during normal
bending and handling of cable 30. By limiting these unwanted sources of strain, the optical
scatiering associated with bending and handling is reduced, which, in tarn, improves the
sensitivity {¢.g., decreases the signal to noise ratio) of cable 30 to vibration-induced strain.
[6644] Further, sensing fibers 36 and 38 may be positioned close to outer surface 34, In
various embodiments, sensing fibers 36 and 38 are located adjacent to outer surface 34 of
cable jacket 32 such that a minimum distance, shown as D1, from the outer surface of sensing
fibers 36 and 338 to the outer surface 34 is less than or equal to 0.3 mum. Further, in the cable

arrangement/shape of the embodiment of FIG. 2, D1 for both sensing fibers 36 and 38 reside



WO 2018/222541 PCT/US2018/034672

along horizontal axis 44. However, in other embodiments, jacket 32 may have other shapes
and/or sensing fibers 36 and 38 may be positioned such that the miminnim distance
represented by D1 does not lic along horizontal axis 44.

3045} In such embodiments, Applicant belicves that by positioning sensmg fibers 36 and 38
close to outer surface 34 (and further away from strength elements 40 and 42) vibration
reception may be enhanced by decreasing the vibration blockage/reflection that may
otherwise be caused by strength clements 40 and 42, Similarly, by positioning sensing fibers
36 and 38 near outer surface 34, the degree to which the material of jacket 32 attenuates the
vibrations traveling through jacket 32 to sensing fibers 36 and 38 is decreased {(as compared
to sensing fibers buried deeper with the matenial of a cable jacket).

[3046] Further, cable 30 may be shaped in a manner to further facilitate use of cable 30 ina
vibration sensing application. For example, as shown in FIG. 2, an outer dimension of cable
jacket 32 taken along horizontal axis 44 is greater than an outer dimension of cable jacket 32
taken along vertical axis 46. In a specific embodiment, cable jacket 32 has an oblong shape
such that the outer dimension of cable jacket 32 taken along horizontal axis 44 1s at least
twice the outer dimension of cable jacket 32 taken along vertical axis 46. In a specific
cmbodiment, the maximum outer dimension of cable tacket 32 in the direction of vertical axis
46 15 less than or equal to 2 mum, which as discussed below regarding FIGS. 17A and 178, 15
believed to provide for improved refractory channeling of acoustic waves toward sensing
fibers 36 and 38, This shape facilitates the outward, shaliow positioning of sensing fibers 36
and 38. The preferential bend characieristics may also facilitate horizontal positioning {(¢.g.,
burving} of cable 30 within the ground via a tool such as a vibratory plow.

6047} Still referring to FIG. 2, the shape of cable jacket 32 and the positioning of sensing
fibers 36 and 38 relative to strength members 40 and 42 allows sensing fibers 36 and 38 1o
have a hugh level of direct exposure to vibrations transmitted into cabie jacket 32, As shown
in FIG. 2, this high level exposure is shown as the unobstructed field of view that each
sensing fiber 36 and 38 has o a portion of outer surface 34 of cable 30, As used herein, the
field of view of sensing fiber 36 and 38 rclates to the portion of outer surface 34, measured in
terms of the labeled arc angle, that has only the material of jacket 32 located between the
outer surface 34 and sensing fiber 36 and 38 (e.g., without any intervening blocking
structures). This parameter provides an indication of the extent to which vibrations are

permitied to travel directly through jacket 32 to sensing fibers 36 and 38 without other cable
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structures, such as strength clements 40 and 42, blocking/reflecting vibrations before they
reach sensing fibers 36 and 38.

[6048] As shown in FIG. 2, sensing fiber 36 has an unobstructed ficld of view of outer
surface 34 represented by arc 54, and sensing fiber 38 has an unobstructed field of view of
outer surface 34 represented by arc 56, As shown, the unobstracted field of views 54 and 56
of sensing fibers 36 and 3% are uninderrapted in that they provide a continuous view of cuter
surface 34 along the entire arc angle shown. In various embodiments, unobstructed ficld of
views 54 and 56 have arc angles greater than 180 degrees, specifically are between 130
degrees and 300 degrees and more specifically are between 180 degrees and 270 degrees. As
shown in FIG. 2, unobstructed views 54 and 56 face in opposite directions from cach other
and both are symmetric vertically about honzontal axis 44. As can be seen m FIG. 2, the
posthioning of sensing fibers 36 and 38 provides for unblocked vibration reception from a
large portion of potential vibration transmission directions around the perimeter of cable 30.
{06649} Further refernng to FIG. 2, cable 30 may also include one or more additional optical
fibers 60. Optical fibers 60 are located toward the center of cable jacket 32 along horizontal
axis 44. In this arrangement, honzontal axis 44 intersects additional optical fibers 60 and
additional optical fibers 60 arc located between sensing fibers 36 and 38 and between
strength elements 40 and 42 along horizontal axis 44

[3850] In specific embodiments, additional optical fibers 60 may be additional
vibration/strain sensing optical fibers erabedded within jacket 32 and having a low EFL as
discussed above regarding sensing fibers 36 and 38, In such embodiments, additional sensing
optical fibers 60 may provide unobstructed fields of view to the upper and lower central
portions 38 of outer surface 34 for which sensing fibers 36 and 38 do not have unobstructed
views. In addition, by providing additional sensing fibers 60 at diffcrent spatial positioning
along axis 44, cable 30 allows system 10 to be configured to determune vanous additional
characternistics of vibration within the ground, such as directionality of the vibration waves,
based on the differential response of sensing fibers 36, 38 and 60 when exposed to a
particular vibration. In other embodiments, the one or more additional optical fibers 60 may
be telecommunications optical fibers. In various embodiments, additional fibers 60 may be
in the form of an optical fiber ribbon supported by cable jacket 32.

{6851} In addition to the varicus features discussed above to tmprove sensitivity to vibration,
aspects of cable 30 may also facilitate use, deployment and handling of cable 30, For

example, in one embodiment, the oblong shape and strength element positioning of cable 30
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results in a fiber with a preferential bend characteristic such that cable 30 tends to bend in the
direction of vertical axis 46. Thig preferential bend characteristic may facilitate deployment
of cable 30 in the horizontal position {e.g., as shown m FIG. 2) via burving equipment such
as burying via vibratory plow equipment. In addition, cable jacket 32 mav have co-extruded
tear features 62 that factlitate access to fibers 36, 38 and 60 as may be needed for splicing to
other optical fiber cables and/or for connection o sensing ¢lectronics 14

16052] Referring to FIG. 3, a strain or vibration sensing optical fiber cable 70 1s shown
according to an exemplary embodiment. Cable 70 s substantially the same as cable 30,
exeept for the differences discussed herein. Cable 70 includes one or more additional optical
fibers, shown as a third optical fiber 72, located within a buffer tube 74 Third optical fiber
72 1s positioned between sensing fibers 36 and 38 along the horizontal axis 44, and gencrally
1s located at the center of cable 70 in both the vertical and horizontal positions.

10653] In specific embodiments, third optical fiber 72 is a strain-isolated optical fiber that has
a greater level of EFL than fibers 36 and 38 such that third optical fiber 72 docs not
experience strain/vibrations experienced by cable 70. In some such embodiments, third
optical fiber 72 has a longitudinal length that i3 at least 0.01% greater. In such embodiments,
third optical fiber 72 acts as a temperature-sensing fiber allowing system 10 to account for
the effect that temperature has on the Raman scatiering of optical signals transmitted on
fibers 36 and 38, In this arrangement, third optical fiber 72 provides a stress-free optical fiber
that provides a baseline level! scattering that is vtilized by system 10 {o improve the accuracy
of vibration/strain detection based on the optical scattering measured on sensing fibers 36 and
38. In some embodiments, the temperature reading from third optical fiber 72 may be
atilized to provide DTS functionality to cable 70.

[3054] Reforring to FIG. 4, a strain or vibration sensing optical fiber cable 80 is shown
according to an exemplary embodiment. Cable 80 is substantially the same as cable 30,
except for the differences discussed herein. Cable 80 18 configured to further increase the
unobstructed ficlds of view 34 and 56 by extending the spacing along horizontal axis 44
hetween sensing fibers 36 and 38 and strength members 40 and 42, respectively.

[6655] Cable 80 includes a pair of ribs, shown as ribs 82 and 84 that extend outward from
cable jacket 32 1n the direction along horizontal axis 44, Sensing fiber 36 13 embedded in the
material of 1ib 82, and sensing fiber 38 is embedded in the matenal of rib 84. In general, nibs
82 and 84 are protrudmg vibs that extend the entire longitudinal length of cable 80, In the

specific embodiment shown, ribs 82 and 84 are formed from the same material and are
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integral and continuous with the material of cable jacket 32, In specific embodiments, ribs 82
and 84 are formed during extrusion of the jacket polymer material along with the rest of cable
jacket 32, In a specific embodiment, ribs 82 and/or 84 are removable {(¢.g., via tearing) from
the remainder of cable jacket 32, The ability to remove ribs 82 and 84 may also allow cotling
of fibers 36 and 38 for local access or an improved point location for acoustie signal.

{3056} As can be seen in FIG. 4, by shifting the positioning of sensing fibers 36 and 38
further away from strength clements 40 and 42, respectively, the arc angles of the
anobstrocted field of views 54 and 536 of sensing fibers 36 and 38 can be increased. In the
embodiment shown in FIG. 4, the arc angles of the unobstructed field of views 34 and 56 arg
greater than 270 degrees, specifically are between 270 degrees and 320 degrees, and more
specifically are between 290 degrees and 310 degrees.

[3657] In addition, as shown in FIG. 4, nbs 82 and 84 have a relatively small cross-sectional
width and height, compared to the diameter of sensing fibers 36 and 38, which allows sensing
fibers 36 and 38 to reside close the outer surfaces of ribs 82 and 84, Thus, bv embedding
sensing fibers 36 and 38 within ribs 82 and 84, a larger portion {compared to cable 30} of the
circumference of sensing fibers 36 and 38 is separated from the environment only by a thin
laver of cable jacket material. In a specific cmmbodiment, more than 180 degrecs of the
circumterence of sensing fibers 36 and 34 is less than 0.5 mm from the outer surfaces of nibs
82 and 84. By decreasing the amount of jacket material that vibrations from a wide degree of
angles must travel through before reaching sensing fibers 36 and 38, the vibration attenuation
that occurs within the jacket material 1s decreased, which in tum is believed to increase the
sensitivity of cable 80 to vibration detection.

G058} Referring to FIG. 5, a strain or vibration sensing optical fiber cable 90 is shown
according to an excrplary embodiment. Cable 90 is substantially the same as cable 80,
except for the differences discussed herein. Cable 90 includes one or more strain 1solate
optical fiber 72 located within tube 74 as discussed above regarding cable 70.

10659} Referring to FIG. 6, a strain or vibration sensing optical fiber cable 100 is shown
according to an cxemplary ermbodiment. Cable 100 i1s substantially the same as cable 30,
except tor the differences discussed herein. Cable 100 includes rectangular shaped cable
jacket 102

{0868} Cable 100 includes a single, centrally located strength element 104 embedded in cable
jacket 102, Strength element 104 15 a non-round strength element that 1s positioned within

cable jacket 102 such that the major axis of strength element 104 is generally aligned with the
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horizontal axis 44 of cable 100. In the specific embodiment shown, strength element 104 has
a generally rectangular cross-sectional shape.

G061} As shown in FIG. 6, strength element 104 is located between sensing fibers 36 and 38
such that the major axis of strength element 104 is aligned with sensimg fibers 36 and 38, In
this arrangement, sensing fibers 36 and 38 arc embedded in cable jacket 102 such that sensing
fibers 36 and 38 are located between the shorter sides 106 of rectangular strength element
104 and the shorter sides 108 of rectangular cable jacket 102, In such embodiments, the flat,
rectanguiar shape of cable 100 may facilitate placement of cable 100 in the ground with axis
44 aligned horizontally {¢.g., perpendicular to gravity}. Applicant belicves that such
horizontal positioning may tmprove sensitivity of cable 100 to sound/vibration waves {e.g.,
see vibrations 18 and 20 mn FIG. 1) by ensuring an orientation of cable 100 in the ground that
posttions sensing fibers 36 and 38 to receive sound/vibration waves traveling horizontally or
vertically within the ground.

16062} Referring to FIG. 7, a strain or vibration sensing optical fiber cable 110 is shown
according to an exemplary embodiment. Cable 110 is substantially the same as cable 100,
exeept for the differences discussed herein. Cable 110 imcludes two additional sensing fibers,
shown as sensing fibers 114 and 116. Sensing tibers 114 and 116 are located on oppositc
sides of strength element 112 along the vertical axis of cable 110, In this arrangement,
sensing fibers 114 and 116 are located between the long sides 118 of rectangular jacket 102
and the fong sides 120 of strength clement 112, Sensing fibers 114 and 116 are positioned to
provide unobstructed ficlds of view to the upper and lower (in the orientation of FIG. 7)
surfaces of cable jacket 102, Thus, sensing fibers 114 and 116 when combined with sensing
fibers 36 and 38 provide unobstructed ficlds of view to the entire perimeter/outer surface of
cable 110.

[3863] in specific embodiments, strength element 117 13 shaped to facilitate placement of
sensing fibers 114 and 116 as shown in FIG. 7. In this embodiment, strength clement 112 1
shaped to include a pair of depressions, cut-outs or channels 122 located along the long sides
120 of strength element 112, Sensing fibers 114 and 116 are cach located at least partially
within one of the channels 122, This allows for cable 110 to support the additional sensing
fibers 114 and 116 as shown in FIG. 7, without increasing the vertical outer dimension of
cable jacket 102,

[3864] in addition, placement of sensing fibers 114 and 116 within channels 122 brings

sensing fibers 114 and 116 closer to the neutral bending axis (shown as the horizontal axis 44
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m FIG. 7 which in tumn hnnts the amount of bending-based strain experienced by fibers 114
and 116. However, in some embodiments, because sensing fibers 114 and 116 do expernience
some bending-based strain, the strain-based scattering on fibers 114 and 116 can be
measured/analyzed to determine the shape of cable 110 when deploved. As will be
understood, positive strain on one of fibers 114 or 116 indicates that the fiber is on the
outside of a bend and a negative strain on one of fibers 114 or 116 indicates that the fiber is
on the mside of a bend. This strain information can be used to determine the position of and
degree of bends along the length cable 110,

{8065} Referring to FIG. 8, a strain or vibration sensing optical fiber cable 130 is shown
according to an excmplary embodiment. Cable 130 is substantially the same as cable 30,
except for the differences discussed herein. Cable 130 includes a generally cvlindrical cable
1acket 132 that defines an outer surface 134 having a generally circular cross-sectional shape.
In this embodiment, the outer surface 134 is radially symmetric about the cable's longitudinal
axis, while sensing fibers 36 and 38 and strength clements 40 and 42 are generally aligned
along a common axis, shown as horizontal axis 44 o the onentation of FIG. 8. In this
arrangement, even though outer surface 134 is radially symmetric, the arrangement of
strength elements 40 and 42, as shown in FIG. 8, creates a preferential bend axis and sensing
fibers 36 and 34 are located along the neutral axis, which limits their exposure to bending-
related strain, as discussed above.

10666] Referring to FIG. 9, a strain or vibration sensing optical fiber cable 200 is shown
according to an cxemplary ermbodiment. Cable 200 i1s substantially the same as cable 30,
exeept for the differences discussed herein. Cable 200 includes a cable jacket 202 that like
cable jacket 32 surrounds and protects sensing fibers 36 and 38, strength members 40 and 42
and additional optical fiber(s) 60. However, cable 200 utidizes an impedance matching
maternial, shown as outer cable jacket laver 204, and an inner cable jacket, shown as inner
laver 206. In the embodiment shown in FIG. 9, sensing fibers 36 and 38 are embedded in the
inner layer 206 such that laver 206 provides protection to fibers 36 and 38 from mechanical
damage.

[6667] Outer tayer 204 at least partially surrounds inner layer 206 {(e.g., when viewed in
longitudinal cross-section as shown in FIG. 93, In the specific embodiment shown in FIG. 8,
outer laver 204 defines the outer most surface 34 of cable jacket 202 and completely

surrounds inner layer 206, Outer layer 204 and inner layer 206 are cach continuous,
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contiguous lavers of material that extend the length of cable 200 (e.g., the entire length
between the opposing first and second ends of the cable).

G068} in goneral, outer laver 204 s formed from a maternial that provides for acoustic
wmpedance matching between the material of the environment in which cable 200 is installed
(e.g., ground 12 as shown in FIG. 1) and the material of inner layer 206. In such
embodiments, the environment {e.g., ground 12 as shown in FIG. 1) has an acoustic
impedance, Z1, outer laver 204 is formed from a first material that has an acoustic
mapedance, Z2, and inner layer 206 is formed from a second material that has an acoustic
tmpedance, Z3.

63069} in various embodiments, such as a buried cable, perimeter monttoring application
shown in FIG. 1, Z2 15 less than 23 In such embodiments, outer laver 204 has an acoustic
impedance Z2 that is greater than Z1 and 1s less than Z3. As can be seen through an
application of Equation 1 and as will be discussed in more detail below regarding FIG. 10
and Table 1, interposing the tmpedance matching material of outer layer 204 between the
environment and muner layer 206 decreases the amount of vibrational power reflected at the
material interfaces between the environment and sensing fibere 36 and 38, This decrease in
reflected vibrational power provided by the acoustic impedance matching of outer layer 204
translates into a significant increase in the proportion of vibrational encrgy that 1s allowed to
reach sensing fibers 36 and 38.

10670] As will geoerally be understood, the acoustic impedance Z2 of the material of outer
laver 204 typically 1s sclected based on a balance between the matching acoustic impedance
of the environment and matching the acoustic impedance of inner layer 206. This balance
related to the acoustic impedance of an impedance matching material in a buried cable
application s depicted in FIG. 10, In specific embodiments, 22 1s less than 85% of 73,
specifically is between 10% and 80% of Z3 and more specifically 1s between 20% and 70%
of Z3. However, in some embodiments where the environment has a high acoustic
impedance {2.g., a metal conduit or other structure), Z2 may be greater than 73,

16071} In specific embodiments, outer layer 204 s formed from a first polymer material, and
mnner laver 206 1s formed from a second polymer matenial. In general, the first polymer
material has a different acoustic impedance than the second polymer material, and in
applications for use in environmenis where Z1 is less than Z3, 72 is less than Z3 and greater
than Z1 m order to decrease the impedance mismatch from the environment to the cable

1acket. In specific embodiments, Z2 i1s between 0.3 and 2 MRayl, and 73 is between 1 and
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2.5 MRayl. In other specific embodiments, 22 is between 0.4 and 1.4 MRayl, and Z3 is
between 1.5 and 2 MRayl. In ancther specific embodiment, Z2 is between 0.8 and 2 MRayl,
and specifically is 0.9 MRayl. In some embodiments, cable 200 with these acoustic
wpedances ranges is infended for use in a ground-based vibration detection system, where
the ground typically has an acoustic impedance between 0.1 MRayl and 0.3 MRayl. In
various embodiments, inner layer 206 is an olefin material, such as low density polyethylene
medium density polyethyiene, a high density polyethyiene, polypropylene, etc., and outer
layer 204 13 at least one of a silicone rubber material, an ethylene vinyl acetate material and a
polyurethane material,

{6672} Further as will gencrally be understood, specific acoustic impedance is a function of
the modudus of elasticity of the material, E, and the density of the maternial, p, as shown by
the following equation, Equation 2: Z= (pEY” . In various embodiments, outer layer 204 is
formed from a material having a density, p1, and a Young's modulus of elasticity, Ei, and
inner layer 206 is formed from a material that has a density, po, and a Young's modudus of
elasticity, E2. Thus, in specific embodiments, the materials of outer layer 204 and inner layer
206 are selected such that (piE1}Y? is less than (poEa)2

[0873] In specific embodiments, outer laver 204 15 formed from a polymer material that has a
Young's modulus of elasticity between 130 and 700 MPa, specifically 160 MPa to 650 MPa,
and more specifically of 165 MPa or 640 MPa, and inner laver 206 is formed from a polyvmer
matenal that has a Young's modulus of elasticity between 300 and 1000 MPa. In such
embodiments, outer laver 204 1s formed from a polymer material that has a density between
1.1 and 1.3 g/em’, and inner laver 206 is formed from a polymer material that has a density
between .91 and 97 g/em’. In a specific embodiment, outer layer 204 is a thermoplastic
polvurcthane elastomer material having a density of 1.2 g/ em® and a Young's modalus of
clasticity between 200 and 500 MPa.

[6674] Stll referring to FIG. 9, in various embodiments, the relative thicknesses of layers
204 and 206 are selected to limiut attenuation of vibrations during transnussion through jacket
202, Limiting this attenuation within outer layer 204 may be particularly important when a
low modulus material, but higher attenuation material, is used for outer layer 204. Thus as
shown in FIG. 9, outer layer 204 has an average thickness, represented by T1, and mner layer
has an average radial dimension, represented by R1. The average thickness T1 s the average
thickness of outer layer 204 around the entire perimeter of inner layer 206, and the average
radial dimension R1, is the average radial dimension of inner layer 206 around the entire
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perimeter of mner layer 206, In various embodiments, T1 is less than 30% of R1, specifically

7

is fess than 15% of R and more specifically is less than 10% of R1. In various
crmbodiments, T1 s 10%to 30% of R1, and specifically T1is 10% 10 153% of R1.

30875} Referring to FIG. 9 and FIG. 1, system 10 may utilize an impedance matching
material to improve the sensitivity of cable 16 to vibrations within the environment. In such
embodiments, cable 16 is in contact with the environment, specifically ground 12, such that
vibrations in the ground are transmitted mio cable 16. In vanous embodiments, system 10
mehudes an impedance matching material located between ground 12 and the outer soarface of
cable 16. In such embodiments, the impedance matching maternial is in contact with ground
12 and with the cable jacket of cable 16 such that vibrations within ground 12 are transmitied
from ground 12 mnto the impedance matching matenial then into the cable jacket of cable 16.
The vibrations are then transmitted through the cable jacket to the sensing optical fiber of
cable 16 (e g., sensing fibers 36 and 38} which in tum causes optical scattering which is
detected by vibration sensing electronics 14, as discussed above.

[0876] In embodiments of system 10 that utilize cable 200, this impedance matching material
is outer laver 204, as discussed above. However, in other embodiments, the impedance
matching matcrial may be a separatc component or material positioned hetween the
environment and cable 16 to provide the impedance matching functionality discussed above
regarding outer layer 204, I embodiments where the acoustic impedance of the environment
{c.g., ground 12} is less than the acoustic impedance of the material of the cable jacket of
cable 16, the acoustic impedance of the tupedance matching material is greater than the
acoustic impedance of the environment and less than the acoustic impedance of the cable
jacket.

6077} For examaple i some such embodiments, the separate impedance matching material
may be an o1l material (e.g., mineral 011}, a gel material and/or a polymer matenal (e.g., SAP
polymer material) that s added to ground 12 in order to raise the impedance of the arca of the
ground immediately adjacent cable 16, In specific embodiments, cable 16 is at least partially
buried within ground 12 and the separate impedance maiching material is added to ground
within the trench or channel adjacent cable 16. In some embodiments, a separate impedance
matching material may be used in combination with cable 200 to provide two layers of
impedance matching material.

30878} In various embodiments, the sensitivity of system 10 utilizing a vibration sensing

cable, such as cables 30, 200, ete., can be evaluated in terms of vibrational power transfer
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across the cable jacket to the sensing optical fiber(s} 36 and/or 38. In specific embodiments,
the cable jacket of cable 16 is configured such that at least 25% of the power of vibrations 1n
the environment, such as ground 12, that are incident on the outer surface of the cable jacket
of cable 16 is transmitted through the cable jacket to at least one of sensing optical fibers 36
and 38 In a more specific embodiment, the cable jacket of cable 16 1s configured such that at
least 30% of the power of vibrations in the environment, such as ground 12, that are incident
on the outer surface of the cable jacket of cable 16 is transmitted through the cable jacket to
at least one of sensing optical fibers 36 and 38. In specific embodiments, power transfer
proportions are calculated based on the environment and cable jacket materials utilizing
cquation 1 above, and in other embodiments, power transfer proportions are determined via
testing.

[3679] In a spectfic embodiment, the cable jacket of cable 16 1s configured such that at least
25% of the power of vibrations in the environment, such as grouand 12, that are incident on
the outer surface of the cable jacket of cable 16 is transmitted through the cable jacket to at
least one of sensing optical fibers 36 and 38, when the acoustic impedance, Z1, of ground 12
15 0.1 MRayl. In another specific embodiment, the cable jacket of cable 16 is configured
such that at least 50% of the power of vibrations in the environment, such as ground 12, that
are incident on the outer surface of the cable jacket of cable 16 is transmitted through the
cable jacket to at least one of sensing optical fibers 36 and 38, when the acoustic impedance,
Z1, of ground 12 1s 0.3 MRayl

[6680] As will be understood, in order to provide a desired lovel of impedance matching, the
acoustic impedance of the impedance matching material, whether in the form of oater layer
204 of cable 200 or a separate impedance matching material added to the environment, will
be selected to be relativelv close to the acoustic impedance of the environment carrving the
vibrations. In specific embodiments, the acoustic impedance of the impedance maitching
material, 22, is within 2 MRayl, specifically within 1.1 MRayl and more specifically within
(.4 MRayl, of the acoustic impedance of the environment, Z1. In a specific embodiment
where the environment 15 ground 12, ground 12 may have an acoustic impedance of 0.1 10 0.3

MRayl.
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{0681} Referning to FIGS. 10 and 11 and Table 1 below, modeling data for acoustic
transmission from the ground through a variety of cable jackets having different material

propertics and layer configurations are shown and deserbed.
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10682} Table 1 shows modeling data for vibration power transmigsion from the ground

through cable jackets having onc layer of cither HDPE or MDPE (fop six rows). In addition,

Table 1 shows modeling data for vibration power transnussion from the ground through cable
fackets having outer layers 204 of gither Silastic Rubber GP43 from Dow Chemical or a

calculated Impedance Matched Material and an inner layer 206 of MDPE.

[B683] As can be scen in Table 1, both Silastic Rubber GP435 and the Impedance Maiched
Material increase vibration power transmission percentage (shown m column P13} compared
to the single laver MDPE or HDPE jacket materials {shown in column P12}, Specifically,
Table 1 shows the estimated power fransmission gains through use of the calculated acoustic
Impedance Matched Matenal 1s between about 22% and 27% relative to a tvpical HDPE
cable jacket and between about 8-13% for use Silastic Rubber GP43 matenal relative to a
typical HDPE cable jacket.

[60684] FIG. 10 13 a plot showing the effect of the acoustic impedance, Z2, of the matenal of
outer layer 204, on vibration power fransmission utilizing a mner layer 206 of MDPE having
a Z3 of 1.8 MRayl for soil having a Z1 of both 0.1 and 0.3. As will be understood, the shape
of the curves in FIG. 10 iHustrate the balance between matching the environment's acoustic
impedance and the cable jacket's acousuc impedance when selecting an acoustic impedance
matching material. In addition, from these plots the 0.43 MRayl and 0.73 MRayl values for
22 of the calculated Impedance Matched Material, shown in Table 1, are determined. In such
embodiments, the TPU material having the acoustic impedance 0.43 MRayl has a modulus of
clasticity of 155 MPa, and the TPU material having the acoustic impedance 0.73 MRayl has a
modulus of ¢lasticity of 640 MPa,

10683} FIG. 11 shows a plot of the relationships of impedance and speed of sound vs.

modulus of elasticity assuming TPU density of 1.2 g/om’®. Thus. FIG. 11 shows that fora
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TPU density of 1.2 g/lom®, a TPU materials (specifically Irogran A80P with a specific gravity
of 1.09, available from Huntsman) a speed of sound based calculated modulus of elasticity in
the range of 155 MPa and 640 MPa would result in acoustic impedances of 0.43 10 0.73
MRayl, respectively.

13086} Referring to FIG. 12, a strain or vibration scnsing optical fiber cable 300 is shown
according to an exemplary embodiment. Cable 300 is substantially the same as cable 30,
except for the differences discussed herein. Cable 300 includes one or more acoustic
reflector, shown as reflectors 302 and 304, embedded in cable jacket 32, In general,
reflectors 302 and 304 arc formed from a matenial that has an acoustic impedance greater
than the acoustic impedance of the material of cable jacket 32. Reflector 302 has a vibration-
reflecting surface, shown as concave surface 306, and reflector 304 has a vibration-reflecting
surface, shown as concave surface 308. As shown in FI(G. 12, reflectors 302 and 304 are
embedded in the matenal of cable jacket 32 such that the material of cable jacket 32 1sin
contact with surfaces 306 and 308, and specifically, cable jacket 32 may surround reflectors
302 and 304 such the reflectors are completely embedded within cable jacket 32.

{6887} Refornng to FIG. 13, a detailed view of reflector 304 s shown illustrating vibrational
reflection provided by reflector 304. It should be understood that reflector 302 functions the
same as reflector 304, Vibrational waves, shown schematically as horizontal vibrations 310,
are transmitted through a portion of outer surface 34 into cable jacket 32. The horizontal
vibrations 310 continue to travel through cable jacket 32 until they encounter reflector 304.
As illustrated by Equation | above, a large portion of the power of vibrations 310 reflect off
of reflector 304 due to the acoustic impedance difference between the material of reflector
304 and of the material of jacket 32. The concave shape of surface 3038 reflects portions of
vibrations 310 (that would have otherwise missed sensing fiber 38) toward sensing fiber 38,
[B888] As will be understood from Equation 1, the greater the acoustic impedance difference
between the material of reflectors 302 and 304 and of cable jacket 32, the larger the
proportion of vibrational power that is reflected back toward sensing fibers 36 and 38, In
various embodiments, the acoustic tmpedance of the material of reflectors 302 and 304 s at
least twice, specifically is at lease 53X and more specifically is at least 10X of the acoustic
mmpedance of the material of cable jacket 32.

G083} A wide vancty of materials may be used to form reflectors 302 and 304, fn some
embodiments, reflectors 302 and 304 may be formed from a high acoustic impedance

polymer material, and in such embodiments reflectors 302 and 304 may be coextruded with
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jacket 32. In other embodiments, reflectors 302 and 304 may be separate struchires around
which jacket 32 1s extruded. In exemplary embodiments, reflectors 302 and 304 may be a
metal material or a high density polymer material, and in a specific embodiment, reflectors
302 and 304 may be formed from an aluminum Mylar material,

13098} Asshownin FIG. 12, sensing fibers 36 and 38 are located along horizontal axis 44
and are positioned adjacent opposite ends of cable jacket 32 with strength member 40 i
between the two sensing fibers. In this arrangement, reflector 302 is jocated between sensing
fiber 36 and tensile strength member 40 along horizontal axis 44, and reflector 304 is located
between sensing fiber 38 and tensile strength member 40 along horizontal axis 44, In this
arrangement, reflecting surfaces 306 and 308 face 1 opposite directions from each other
along honizontal axis 44. In the particular embodiment shown in FIG. 12, strength element
40 1s a centrally located strength clement that is coaxial with the longitadinal axis of cable
300 and is equidistant from reflectors 302 and 304 and from sensing fibers 36 and 38. In
other embodiments, two strength clements and/or additional optical fibers may be located
along horizontal axis 44 between reflectors 302 and 304,

{6091} As shown i FIG. 12, reflectors 302 and 304 are positioned and shaped different from
other materials/layers that may be found in typical fiber optic cables. For example, unlike
typical buffer tubes or wrapped armor layers, concave surfaces 306 and 308 of reflectors 302
and 304 are in contact with the material of cable jacket 32, In addition, concave surfaces 306
and 308 of reflectors 302 and 304 define arc angles less than 360 degrees (1.¢., they do not
circumscribe fibers 36 and 38), specifically less than 270 degrees, and more specifically less
than 180 degrees.

{6892} In specific embodiments, cable 300 hag a width dimension (in the horizontal direction
in the ornentation of FIG. 12) between 3 mm and 4 num, specifically of 3.5 mm, and a height
dumension (in the vertical direction in the onientation of F1G. 12) between | mm and 2 mm,
specifically of 1.8 mm. In such embodiments, strength member 40 has an outer diameter of 1
mm. in such embodiments, the height of reflectors 302 and 304 is between 0.5 mm and 2
mm and specifically is 1 nun. In such cmbodiments, sensing fibers 36 and 38 arc located a
distance of between 1 mm and .5 mum, and specifically 0.25 mm from surfaces 306 and 308,
respectively, along horizontal axis 44.

6093} Referring to FIG. 14, a strain or vibration sensing optical fiber cable 320 is shown

according to an exemplary embodiment. Cable 320 1s substantially the same as cable 300,
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except for the differences discussed herein. Cable 320 includes a single sensing optical fiber
36 generally located along the central longitudinal axis of cable 320.

[6694] Cable 320 includes a first pair of acoustic reflectors, 322 and 324, and a second pair
of acoustic reflectors, 326 and 328. Like the reflectors of cable 300, acoustic reflectors 322,
324, 326 and 328 are formed from a matenial having an acoustic impedance greater than the
acoustic impedance of the material of cable jacket 32 and each has a concave vibration
reflecting surface 329, 330, 332, 334, respectively.

10895} The reflecting surfaces 329, 330, 332, 334, are shaped and positioned such that
incoming vibration waves, shown schematically at 310, are reflected off of reflecting surfaces
329,330, 332, 334 and directed toward sensing fiber 36. Specifically, concave retlecting
surfaces 329, 330, 332, 334 cach face sensing fiber 36 and are concave relative to sensing
fiber 36, In other embodiments, acoustic reflectors 322, 324, 326 and 328 mav have a variety
of other shapes including bead shaped or rectangular shapes.

[06696] In the embodiment shown m FIG. 14, refloctors 322, 324, 326 and 328 are coupled to
strength elements 40 and 42, In specific embodiments, reflectors 322, 324, 326 and 328 may
be integral (o.z.. coextruded, molded, etc ) with strength members 40, and 1o other
cmbodiments, reflectors 322, 324, 326 and 328 may separate components embedded in jacket
32 adjacent to and contacting strength members 40 and 42, In some embodiments, strength
members 40 and 42 and reflectors 322, 324, 326 and 328 are all formed from the same high
acoustic impedance material as each other, and in ancther embodiment, reflectors 322, 324,
326 and 328 are formed from a matenal that is different from and has a higher acoustic
mmpedance than the material of strength members 40 and 42.

{8897} As shown, cach of strength clements 40 and 42 have a convex uter surface 336, and
reflectors 322, 324, 326 and 328 are cach coupled to the convex outer surface 336 of one of
strength members 40 and 42, Tn such embodiments, reflectors 322, 324, 326 and 328 may
provide both acoustic reflecting and additional strength to cable 320. In the particular
arrangement shown, reflectors 322 and 324 are located on opposite sides of horizontal axis 44
from cach other, and specifically are spaced 180 degrees from cach other around strength
clement 40. Smularly, reflectors 326 and 328 are located on opposiie sides ot horizontal axis
44 from each other, and specifically are spaced 180 degrees from each other around strength
clement 42,

[3898] Referning to FIG. 15, a stram or vibration sensing optical fiber cable 340 1s shown

according to an exemplary embodiment. Cable 340 is substantially the same as cable 320,
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except for the differences discussed herein. Cable 340 has a cylindnically shaped cable jacket
342 that defines a cvlindrical outer surface 344, Cable 340 has a centrally located strength
member 40,

[3899] Cable 340 includes a plurality of acoustic reflectors, shown as reflectors 346, 348, 350
and 352 coupled to and surrounding strength member 40, Reflectors 346, 348, 350 and 352
may be inegral (¢.g.. coextruded, molded, eic.} with strength members 40, and in other
embodiments, reflectors 346, 348, 350 and 352 may separate components cmbedded in jacket
342 adjacent to strength member 40. In some embodiments, strength member 40 and
reflectors 346, 348, 350 and 352 are all formed from the same high acoustic impedance
material as cach other, and 1n another embodiment, reflectors 346, 348, 350 and 352 are
formed from a material that is different from and has a higher acoustic impedance than the
matenial of strength member 40,

1081066] As shown in FIG. 15, cable 340 includes sensing fibers 36 and 38 spaced from cach
other along horizontal axis 44 and a pair of additional sensing fibers 356 and 338 that are
spaced from each other along the vertical axis of cable 340, Reflectors 346, 348, 350 and 352
have concave acoustic reflecting surfaces 360, 362, 364 and 366. Reflecting surfaces 360,
362, 364 and 366 cach face and are concave relative to an associated sensing fiber such that
mncoming vibrations are reflected toward the associated sensing fiber.

[36101] In this arrangement, cable 340 includes four sensing fibers cach spaced
approximately 90 degrees from each other. In this arrangement cable 340 is radially
symmetric. In this arrangement, cable 340 is configured to detect vibrations received from
360 degrees around the perimeter of cable 340 with one sensing fiber in each quadrant of the
cable, while mamtaining a small, compact form factor.

[66162] In a specific embodiment, cable 340 has an outer diameter between 1.5 mym and 3
mm, and specifically of 2 mm. In such embodiments, sensing fibers 36, 38, 356 and 358
have outer diameters of 250 microns. In such embodiments, the radial distance from the
center point of strength member 40 to the center point of each sensing fibers 36, 38, 356 and
358 is between 0.2 nun and 1.3 rom and more specifically 1s 0.6 mam. In a specific
embodiment, strength element 40 18 a steel strength clement having an outer diameter of 0.7
mm. Table 2 below shows the relation between the fiber offset positioning, bend radius and

fiber strain for different arrangements of cable 340
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Table 2

0.50%

0.45%

oloiojoloiols

[B8163] Refernng to FIG. 16, a straim or vibration sensing optical fiber cable 380 is shown
according to an exemplary embodiment. Cable 380 is substantially the same as cable 30,
except for the differences discussed herein. Cable 380 has a cable jacket 382, and a single
optical sensing fiber 36. In this embodiment, sensing fiber 36 is a tight-buffercd optical fiber
having a tight buffer laver 384 coupled to and surrounding sensing fiber 36.

[06184] Cable 380 mnchudes an outer surface 388 that swrrounds sensing fiber 36, In the
particular embodiment shown, cable jacket 382 defines a part or all of outer surface 388, In
contrast to tyvpical cable arrangements, outer surtace 388 mchudes a concave portion 390 that
is concave relative to the exterior of cable 380

108105] In general, concave surface 390 is shaped and positioned relative to sensing fiber 36
such that incoming vibrations, represented schematically at 310, are refracted as the incoming
vibrations are transmitted 1oto cable jacket 382, As shown schematically in FIG. 16, as
vibrations 310 enter cable jacket 382 they are refracted to a new direction of travel or path
392. Concave surface 390 is shaped and/or positioned relative to sensing fiber36mna
manner that increases the proportion of vibrations 310 that are directed toward sensing fiber
36. In particular, concave surface 390 is positioned such that is symmetric about an axis,
shown as horizontal axis 44 that intersects sensing fiber 36,

108106] Ag will be understood, the appropriate radius of carvature for the concave surface
390 will be deternined based on the speed of sound o the jacket material used. The exact
shape of the cable transition between region of planar only sensitivity to combined
planar/reflected energy can be optimized depending on the strength of the planar wave vs.
reflected wave. 1t is believed that the transition would be a function of depth of bedrock and
distance from the vibration producing event to determine the ratio of planar wave energy 1o
reflected wave energy.

106167] Referriog to FIGS. 17A, 178 and 18, m various embodiments, the radiuses of cable

jackets (e.g., the radius of cylindrical cable jackets, the radiuses at the comers of oblong cable

[N
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tackets, etc.} may be selected in relation to sensing fiber size and positioning to increase the
proportion of vibrational energy directed toward the sensing fiber via refraction as the
vibrations are transmitted utto the cable jacket material. Referring to FIG. 17A and FIG.
178, a model that takes into account the radius of cwrvature and dimensions of the cable
1acket and of the fiber and how they apply to calculate a maximum potential angle for direct
cnergy transfer are shown.

[66108] Based on this model, a limiting angle is determined based on the potential angular
profile and the critical angle for reflectance that increase the proportion of vibrational energy
directed toward the sensing fiber via refraction. Since the speed of sound in the cable jacket
is higher than the surrounding soil, FIG. 178 shows that acoustic waves will be refracted out
away from the center of the cable. Thus, to counter the tendency to refract acoustic waves
away from the sensing fiber at the center of the cable, the curvature of the cable can be
selected to increase the proportion of acoustic waves refracted toward the sensing fiber.
160109] Referring to FIG. 17A and 178, the ability to transfer increased or maximum
acoustic energy o a sensing fiber, such as fibers 36 and 38, from the soil 15 a function of both
the cable materials and component dimensions. Assuming the sensing fiber is centered inside
the radius of curvature of the cuter surface of the jacket, the component dimensions for the
sensing fiber and cable radius deternune the potential angle for direct energy transfer (20cr)
from the acoustic wave {seg FIG. 17A). The cntical angle for refractive energy transfer
(Snell’s Law} 8c11s a function of material properties between the soil (or other environment)
and the cable jacket. A limiting angle for energy transfer is determined by the liniting
{smallest) value between the dimensional cable properties and the critical angle. This is
observed in FIG. 178 where the speed of sound for soil 15 assumed to be 250 m/s. For this
case, transter of vibrations from soil 1o a polyethylene cable jacket, is limited to a maximum
angular surface for energy transfer of 14.7 degrees due to the enitical angle between the two
materials. Above a cable radius of about 1 mm for 250 micron optical fiber and a cable
radius of about 3.5 mm for 900 micron tight butfered optical fiber, the maxinmum angular
surface for encrgy transfer is limited by the potential angle 28

[66118] Incorporating a material with a lower speed of sound will increase the effective
region of acoustic energy transter (see cable 200 in FIG. 9). For example, Dow Silastic
Rubber (shown in Table | above) is Hmited to a maximum angular surface for energy transfer
ot 28 4 degrees (significantly greater than polyethyvlene). To obtain the benefit for 250

micron fiber, the cable radius should be below 1 mm, preferably at ~ 0.5 mm. To obtain the
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benefit for 900 micron tight buffered fiber, the cable radias should be below 3.5 mm,
preferably at or below ~ 1.8 mm.

[66111] Thus, based on this analysis, refative sizing/positioning for the cable jacket radius
and fiber diameter and positioning can be determuned to increase transfer of vibrational
encrgy to sensing fibers. In an exemplary embodiment, FIG. 18 shows a vibration sensing
cable 400 that utilizes these concepts. Vibration sensing cable 400 1s substantially the same
as cable 200 except as discussed herein. Vibration sensing cable 400 is arranged based on the
modeling shown in FIGS. 17A and 17B to increase refraction-based vibration direction to
sensing fibers 36 and 38,

[66112] Asshown in FIG. 18, sensing fibers 36 and 38 cach include a tight buffered layer
402, In this embodiment where sensing fibers 36 and 38 are tight buffered optical fibers, the
tight buffer layer 402 defines the outer fiber radius shown as R3. In embodiments, where
sensing fibers 36 and 38 are not surrounded by tight buffer layer 402, R2 is measured to the
outer surface of coating layer 52 shown for example in FIG. 2. In addition, the end sections
of cable jacket 200 (adjacent to and surrounding sensing fibers 36 and 38) are defined by a
radius shown as R2.

[B0113] As discussed above regarding FIGS. 17A and 178, R2 may be selected to improve
the proportion of vibrational energy directed toward sensing fibers 36 and 38 via refraction.
Specifically, Applicant has determined that by shaping cable jacket 200 such that R2 is less
than 8 times R3, vibrational energy transfer {o sensing fibers 36 and 38 can be increased. In
specific embodiments, R2 is less than eight times R3. In even more specific embodiments,
R3 18 450 microns and R2 1z less than 3.6 mum and more specifically is less than or equal to
1.8 mm. In another specific embodiment, R3 is 125 microns and R2 is less than 1 mm and
more specifically is less than or equal 10 0.5 mum.

[B8114] In various embodiments, a method of detecting vibrations in an environment
utilizing a vibration sensing optical cable 1s provided. In various embodiments, the method
discussed herein mav utilize any combination of the acoustic sensing enhancement designs of
any of the cable cmbodiments discussed herein. In specific embodiments, the method
mecludes the step of placing a vibration sensing cable m the environment {e.g., ground 12}, In
such embodiments, the vibration sensing cable includes a cable jacket defining an outer
surface of the vibration sensing cable, and a vibration sensing optical fiber embedded within
the cable jacket. The cable 1s positioned such that the outer surface of the vibration sensing

cable 18 in contact with the environment forming an mterface between the outer surface and
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the environment. The cable utilized in this method may be any of the cable embodiments
discussed herein.

[66115] The method includes transmitting vibrational waves within the environment into the
cable jacket through the mierface. As will be understood, the vibrational waves have a
direction of travel within the environment. The method includes altering the direction of the
vibrational waves from the direction of travel within the environment to a path of travel
within the cable jacket that intersects the vibrational-sensing optical fiber,

[08116] In onc embodiment, the step of altering the direction of the vibrational waves is
accomphished with an acoustic reflector (such as the reflectors of cables 300, 320 and/340
discussed above) positioned within the cable jacket that reflocts vibrational waves traveling
within the cable jacket toward the vibration sensing optical fiber. In another embodiment, the
step of altering the direction of the vibrational waves s accomplished with a concave surface
{c.g., the concave surface of cable 380 discussed above) located along the outer surface of the
cable jacket. The concave surface is positioned relative o the vibrational waves such that
refraction of the vibrational waves incident at the concave surface directs the vibrational
waves traveling within the cable jacket toward the vibration sensing optical fiber.

{66117} In yet other cmbodiments, the direction of vibrational wave travel is altered
uiilizing refraction by sclecting the radius of curvature ot the cable jacket based on the size
and positioning of the sensing fiber. In one such embodiment, the cable used in the method is
cable 400 as discussed above. In such embodiments, the direction of vibrational waves is
altered through refraction by forming the cable jacket such that B2 is less than 8 times K3, In
a specific embodiment, the direction of vibrational waves is altered through refraction by
forming the cable jacket such that R2 is less than 3.6 mum when R3 is 450 microns and more
specifically RZ is less than or equal to 1.8 mm when K3 is 450 microns. In a specific
embodiment, the direction of vibrational waves is altered through refraction by forming the
cable jacket such that R2 1s less than 1 mm when R3 15 125 microns and more specifically R2
ig fess than or equal to 0.5 mm when R3 is 125 microns.

[66118] The optical fibers discussed herein include optical fibers that may be flexible,
transparent optical fibers made of glass or plastic. The fibers may function as a waveguide to
transmit light between the two ends of the optical fiber. Optical fibers may inclade a
transparent core surrounded by a transparent cladding material with a lower index of
refraction. Light may be kept in the core by total internal reflection. Glass optical fibers may

comprise silica, but some other materials such as fluorozirconate, fluorgaluminate, and
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chalcogenide glasses, as well as crystalline matenals, such as sapphire, may be used. The
light may be guided down the core of the optical fibers by an optical cladding with a lower
refractive index that traps hight in the core through total intemal reflection. The cladding may
be coated by a buffer and/or another coating{s) that protects it from moisture and/or physical
damage. These coatings may be UV-cured urethane acrylate composite materials applied to
the outside of the optical fiber during the drawing process. The coatings may protect the
strands of glass fiber. The optical transmission clements discussed herein can mclude a wide
variety of optical fibers including multi-mode fibers, single mode fibers, bend
insensitive/resistant fibers, otc. In other embodiments, the optical cables discussed herein
may include multi-core optical fibers, and in this embodiment, cach optical transmission
clement may be a single, integral optical structure having multiple optical transmission
elements {¢.g., multiple optical cores surrounded by cladding).

106119] In accordance with vet other aspects of the present disclosure, vibration sensing
cables may include a cable jacket defining an outer surface having specific contoured patterns
formed or provided on the outer surfaces of the cable to create an interference fit with the
ground environment when the cable is installed into the ground environment. For example,
the contoured pattem mayv include a pattern of ridges and valleys mechanically formed into
the outer jacket wherem aspects of the ground environment may fill in or, for example, m the
case of concrete or asphalt, flow into the contoured pattern to create increased friction when
the ground environment scttles or the concrefe or asphalt curcs. The increased friction in
combimation with aspects of a pliable polvethyienc jacket and the strength of the strain
sensing cables disclosed herein can assist in the survivability rate of cables when cracks ocear
in the ground environment, such ag in a concrete bridge section or roadway. In many cases,
the displacement that results from crack formation occurs instantancously. The contoured
patterns may enable the cable jacket to provide a degree of vield and absorb the infinite
forces created by mstantaneous displacement from zero to crack width so that the optical
fibers and cable survive.

[06128] Unless otherwise expressly stated, it is in no way intended that anv method set forth
herein be construed as requiring that 1ts steps be performed n a specific order. Accordingly,
where a method claim does not actually recite an order to be followed by its steps or it is not
otherwise specifically stated in the claims or descriptions that the steps are to be limited to a

specific order, it 15 in no way intended that any particular order be inferred. In addition, as
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used herein, the article "a" is mtended to include one or more than one component or element,
and is not intended to be construed as meaning only ong.

{60121} It will be apparcnt to those skilled in the art that various modifications and
variations can be made without departing from the spirit or scope of the disclosed
embodiments. Since modifications, combinations, sub-combinations and vanations of the
disclosed embodiments incorporating the spirit and substance of the embodiments may occur
1o persons skilled in the art, the disclosed embodiments should be construed to include

everything within the scope of the appended claims and their equivalents.

(78]
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What is claimed 1s:

i A vibration sensing cable compnsing:

a cable jacket formed from a first material;

a vibration sensing optical fiber embedded within the cable jacket;

a tensile strength element embedded m the cable jacket; and

an acoustic reflector embedded n the cable jacket, the acoustic reflector
formed from a second matenal having an acoustic impedance greater than an acoustic
tmpedance of the first material, wherein the acoustic reflector has a vibration reflecting
surface contacting the first matenal of the cable jacket and facing toward the vibration
sensing optical fiber such that vibrations traveling through the cable jacket incident on the

vibeation reflecting surface are reflected toward the vibration sensing optical fiber,

2. The vibration sensing cable of claim 1, wherein the acoustic impedance of the

second material is at least twice the acoustic impedance of the first matenial.

(a3

The vibration sensing cable of claims 1 or 2, wherein the vibration reflecting

surface is a concave surface.

4. The vibration sensing cable of claim 3, wherein the tensile strength clement
has a convex outer surface and the acoustic retlector 1s coupled o the convex surface of the

tensile strength element,

5. The vibration sensing cable of claim 4, wherein the cable jacket defines a
central longitudinal axis and the vibration sensing optical fiber 1s positioned in the cable

jacket such that the central longitudinal axis intersects the vibration sensing optical fiber.

6. The vibration -sensing cable of claims 1 to 5. wherein the tensile strength
clement is formed from a third material, and the acoustic impedance of the second material is

greater than the acoustic impedance of the third matenal.

~

The vibration sensing cable of claim 1, further compnising:

a second vibration sensing optical fiber embedded in the cable jacket, wheren
the vibration sensing optical fiber is a first vibration sensing optical fiber;

wherein the cable jacket defines a first axis and a second axis when the cable

i3 viewed in cross-section taken perpendicular to a longitudinal axis of the cable jacket;
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wherein the first axis intersects the first vibration sensing optical fiber, the
second vibration sensing optical fiber and the tensile strength clement and the tensile strength
clement is located between the first vibration sensing optical fiber and the second vibration
sensing optical fiber along the first axis;

wherein the second axis 13 perpendicular to the first axis and is located at the
midpoint between the first and second vibration sensing optical fibers;

wherein the first and second vibration sensing optical fibers each have a length

within plus or mines 0.5% of a length of the tensile strength element.

8. The vibration sensing cable of claim 7, turther comprising:

a second acoustic reflector embedded i the cable jacket, wherein the second
acoustic reflector 1s formed from the second matertal;

wherein the acoustic retlector is a first acoustic reflector that is located
between the first vibration sensing optical fiber and the tensile strength element along the first
axis;

wherein the second acoustic reflector is located between the sccond vibration
sensing optical fiber and the tensile strength element along the first axis;

wherein the first acoustic reflector includes a concave surface contacting the
first maternial of the cable jacket and facing the first vibration sensing optical fiber;

wherein the second acoustic reflector includes a concave surface contacting

the first material of the cable jacket and facing the second vibration sensing optical fiber.

9. The vibration sensing cable of claim 8, wherein both the first and second

acoustic reflector are coupled to the tensile strength clement.

10. The vibration sensing cable of claim 8, wherein an outer dimension of the
cable jacket along the first axis is greater than an outer dimension of the cable jacket taken
along the second axis, wherein the first vibration sensing optical fiber is located adjacent o
an outer surface of the cable jacket such that a minimum distance between the first vibration
sensing optical fiber and the outer surface of the cable jacket 15 less than or equal to 0.5 mm,
wheretn the second vibration sensing optical fiber is located adjacent to the cuter surface of
the cable jacket such that a mininum distance between the second vibration sensing optical

fiber and the outer surface of the cable jacket 1s less than or egual to 0.3 mm.

I The vibration sensing cable of claim 1, wherein the cable jacket comprises:
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an outer layer defining an outermost surface of the cable jacket; and
an mner layer surrounded at least in part by the outer layer;
wherein the outer layer is formed from a material having an acoustic

wmpedance that 1s less than an acoustic mmpedance of a maternal foroung the inner layer.

12, A vibration sensing cable comprising:
a cable jacket;
a vibration sensing optical fiber embedded within the cable jacket; and
an outer surface defined at least in part by the cable jacket and surrounding the
vibration sensing optical fiber, the outer surface including a curved section having a concave
shape when viewed in cross-section taken perpendicular to a longitudinal aws of the cable

jacket.

13. The vibration sensing cable of claim 12, wherein the cable jacket defines the

concave section of the outer surface.

14. The vibration sensing cable of claims 12 or 13, wherein the concave section is
symmetric about an axis intersecting the center of the vibration sensing optical fibers such
that the concave section directs vibrations mcident on the concave section toward the

vibration sensing optical fiber via refraction.

I5. The vibration sensing cable of claims 12 to 14, wherein the vibration sensing

optical fiber has a length within plus or minus 0.53% of a length of the cable jacket.

16.  The vibration sensing cable of claims 12 to 13, wherein the outer surface is a
convex curved surface that has a radius, Reate, and the vibration sensing optical fiber has a

radius, Riober, wherein Reale 15 selected such that Reaie 15 less than 8 times Riper.

i7. The vibration sensing cable of claim 16, wherein Reale 1s less than or equal to
-~ >

1 mm and Riber 18 less than or equal to 125 pm.

8. The vibration sensing cable of claim 16, wherein Reale 15 less than or equal to

3.6 mum and Reper 15 less than or equal to 450 um.

(98]
(8]
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19, A method of detecting vibrations in an environment comprising:
placing a vibration sensing cable in the environment, the vibration sensing
cable comprising:
a cable jacket defining an outer surface of the vibration sensing cable;
and
a vibration sensing optical fiber embedded within the cable jacket:
wherein the outer surface of the vibration sensing cable is in contact
with the environment forming an interface between the ouater surface and the environment;
transmitting vibrational waves within the environment into the cable jacket
through the interface, wherein the vibrational waves have a direction of travel within the
environment: and
altering the direction of travel of the vibrational waves within the
cnvironment to a path of travel within the cable jacket that intersects the vibration sensing

optical fiber.

20, The method of claim 19, wheremn the altering of the direction of the vibrational
waves 18 accomplished with an acoustic reflector positioned within the cable jacket that
reflects vibrational waves traveling within the cable jacket toward the vibration sensing

optical fiber.

21.  The method of claim 19, wherein the aliering of the direction of the vibrational
waves 18 accomplished with a concave surface located along the outer surface of the cable
jacket, the concave surface positioned relative to the vibrational waves such that refraction of
the vibrational waves incident at the concave surface directs the vibrational waves traveling

within the cable jacket toward the vibration sensing optical fiber.

22. The method of claim 19, wherein the outer surface 18 a convex curved surface
that has a radius, Reavte, and the vibration sensing optical fiber has a radius, Riiper, wherem

Reavte 18 selected such that Rewpie 18 less than 8 times Riiver.

23. The method of claim 22, wherein Reate 15 less than or equal to 1 ram and Reper

i3 fess than or equal to 125 pum.

24, The method of claim 22, wherem Reante 15 less than or equal to 3.6 mm and

Riwer 13 less than or equal to 450 um.
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