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ABSTRACT

Embodiments of the present disclosure include a low cross
talk, optical fiber based disturbance detection system that
includes single-mode optical fiber (SMF) arranged into dual
ring Sagnac interferometer wherein both rings share a com
mon sensing section of optical fiber path length. Certain
embodiments further include fiber Bragg gratings (FBG’s),
circulators and couplers to be able to separate the optical
signals of the two rings of the dual ring Sagnac interferom
eter and to perform processing of their individual signals.
Embodiments are also disclosed that enable the position of
a physical disturbance, the magnitude of the physical dis
turbance and the frequency of the physical disturbance to be
known.
5 Claims, 4 Drawing Sheets
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LOW CROSSTALK, COMMON PATH, DUAL
RING SAGNAC INTERFEROMETER FOR
DISTURBANCE SENSING

an interference pattern on detector 6. In such a system used
for intrusion detection, a coil 22 of fiber can be positioned
near the geometrical center of loop 8 to allow a physical
disturbance to be sensed near this position as will be
described in more detail herein after. A physical disturbance
(thermal, mechanical, etc) will cause a perturbation in the
core of the fiber resulting in a phase change Λθ^ in the
counterpropagating light beams.
Problems with such prior art interferometric based dis
turbance sensing systems include that they typically have a
high cost, the interrogation techniques are relatively com
plex and they have low spatial resolution. It is therefore
desirable to provide a distributed disturbance detection
system having a high spatial resolution, low false alarm rate,
simple interrogation technique, low cost, long operating
distance, and the ability to distinguish between different
types of disturbances.

CROSS-REFERENCE TO RELATED
APPLICATIONS
This application claims priority under 35 U.S.C. § 371 to
PCT Application No. PCT/US2018/044034 filed 27 Jul.
2018.
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BACKGROUND OF THE DISCLOSURE
Field of the Disclosure
15

The present disclosure relates to optical sensing systems,
and more particularly to fiber optic sensing systems for
event detection systems and for measuring disturbances.

SUMMARY OF THE DISCLOSURE
Description of the Related Art
Optical sensing devices have been used in the art for
physical intrusion detection systems (PIDS), pipeline detec
tion, seismic detection, acoustic detection and the like. The
various techniques employed can be broken into three broad
categories and include interferometry, scattering and fiber
Bragg grating (FBG) as well as combinations thereof. An
important aspect of such detection systems is spatial reso
lution or the ability to accurately locate the position of the
disturbance, sometimes referred to as the point of detection
(POD). Other important aspects include where the systems
can be mounted, the false alarm rate (FAR), the complexity
of the interrogation technique, the cost of the system, the
distances the system can cover, and the ability to sense
disturbances over the entire length of the system (distributed
as opposed to discrete point sensing). Yet another important
aspect of such systems is the ability to distinguish between
different types of disturbances in magnitude, nature and
temporal positioning. Some prior art disturbance sensing
systems include those disclosed in U.S. Pat. Nos. 5,194,847,
6,937,151, 7,173,690, 7,175,790, 8,705,020, 8,873,064,
8,875,164 and 9,557,441.
It is known that interferometric techniques are especially
useful for distributed sensing. Such techniques include opti
cal domain reflectometry (OTDR), Mach-Zehnder, Michaelson, Fabry-Perot, Sagnac ring interferometer (SRI) and
coherent optical time domain reflectometry (COTDR).
Referring to FIG. la, there is shown a Mach-Zehnder
sensing system 1 typical of the prior art that includes a
source 2, a first optical coupler 3, a reference leg 4, a second
optical coupler 5, a detector 6 and a sensing leg 7. FIG. lb
shows an SRI sensing system 10 typical of the prior art that
includes a source 2, an optical coupler 3, a detector 6 and a
loop 8. FIG. lc shows a Michelson sensing system 11 typical
of the prior art that includes a source 2, an optical coupler
3, a detector 6, a reference leg 9, a first mirror 12, a sensing
leg 13 and a second mirror 14. FIG. Id shows a Fabry-Perot
sensing system 15 typical of the prior art that includes a
source 2, an optical coupler 3, a detector 6, a first mirror 12,
a second mirror 14 and a sensing region 16.
Referring now to FIG. lb, in a typical SRI 10 of the prior
art the loop 8 having a total length of L comprises a common
optical path in which light from source 2 is split at optical
coupler 3 and the light travels the optical path in opposite
directions. Half of the light travels in the clockwise direction
20 and half travels in the counter-clockwise direction 21 and
they are recombined at optical coupler 3 and can present as
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In accordance with some aspects of the present disclosure,
systems and methods related to a distributed disturbance
sensing system are disclosed. In certain embodiments a dual
Sagnac ring interferometric system for sensing a physical
disturbance is disclosed.
It is an aspect of the present disclosure that the system
includes a light source that produces a source light and a first
interferometer coupled to the light source having a first
optical path length that is comprised of a sensing arm and a
first reflector that produces a first reflected light. The system
further includes a second interferometer coupled to the light
source having a second optical path length that is comprised
of the same sensing arm and a second reflector that produces
a second reflected light. The system further includes a
detector coupled to the first interferometer and the second
interferometer to detect a first phase shift in the first reflected
light and to detect a second phase shift in the second
reflected light.
In another aspect of the present disclosure, the sensing
arm is an optical fiber having a sensing optical path that can
sense the physical disturbance at a position along the sensing
optical path and the physical disturbance produces the first
phase shift and the second phase shift.
In another aspect of the present disclosure, the source
light and the first reflected light travel in a first direction and
a second direction along the first optical path length and the
source light and the second reflected light travel in a third
direction and a fourth direction along second optical path
length.
In still another aspect of the present disclosure, the first
phase shift is a difference between a phase of the first
reflected light travelling in the first direction and a phase of
the first reflected light travelling in the second direction and
the second phase shift is a difference between a phase of the
second reflected light travelling in the third direction and a
phase of the second reflected light travelling in the fourth
direction along second optical path length.
In yet another aspect of the present disclosure, the system
includes a processor with logic to determine a parameter of
the physical disturbance from the first phase shift and the
second phase shift where the parameter can be the position
of the physical disturbance and a magnitude of the physical
disturbance and a frequency of the physical disturbance.
It is also an aspect of the present disclosure to provide a
method for sensing a physical disturbance that includes
producing a source light and launching the source light into
a first interferometer having a first optical path length
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comprising a sensing arm and a first reflector and producing
a first reflected light from the first reflector and launching the
source light into a second interferometer having a second
optical path length comprising the sensing arm and a second
reflector and producing a second reflected light from the
second reflector and detecting a first phase shift in the first
reflected light from the first interferometer; and detecting a
second phase shift in the second reflected light from the first
interferometer.
In another aspect of the present disclosure, the method
includes exposing a sensing optical path of the sensing arm
to sense the physical disturbance at a position along the
sensing optical path and the physical disturbance produces
the first phase shift and the second phase shift. Using the first
phase shift and the second phase shift and a parameter of the
physical disturbance is determined that includes the position
of the physical disturbance, a magnitude of the physical
disturbance and a frequency of the physical disturbance.

More specifically, embodiments of the present disclosure
provide a low crosstalk, dual ring Sagnac interferometer,
wherein the dual rings share a common sensing optical path
length for sensing a disturbance. Certain embodiments fur
ther include fiber Bragg gratings (FBG’s), circulators and
couplers to be able to separate the optical signals of the two
loops of the SRIs and to perform processing of their indi
vidual signals. As will be described in more detail herein
after, the disturbance detection system of the present dis
closure can be used as a detection system for physical
disturbances, PIDS, pipeline leak detection, seismic detec
tion, and acoustic detection among other uses. Further,
embodiments of the present disclosure include a sensing
fiber, which can be deployed over several kilometers and
electronic instrumentation located either at one end or both
ends of the fiber string.
Referring now to FIG. 2, there is shown a disturbance
detection system 40 of the current disclosure that includes a
light source 41, a launching fiber 42 having an optical
isolator 43 positioned thereon, a first optical coupler 44, a
sensing arm 45, a non-sensing arm 46, a second optical
coupler 47, a first signal arm 48 having a first signal FBG 50
positioned therein and a second signal arm 51 having a
second signal FBG 52 positioned therein. Disturbance detec
tion system 40 further includes signal arrival arm 53, an
optical circulator 54, a reflecting filter 55, a first detector 56
and a second detector 57.
In the embodiment shown in FIG. 2, launching fiber 42,
sensing arm 45, first signal arm 48, second signal arm 51,
non-sensing arm 46 and signal arrival arm 53 are sensibly
comprised of SMF known in the art. In addition, sensing arm
45 can comprise a bare fiber, a fiber having a special coating,
a fiber disposed within protective materials and articles,
such as armored cabling, and other compositions without
departing from the present disclosure. Light source 41
produces a source light and is preferably a low coherence
source and can comprise a super luminescent diode (SLD) or
another type of low coherence source, for example, a light
emitting diode (LED), fiber amplified spontaneous emission
(ASE) or a white light source. Light source 41 of the present
disclosure preferably has a wide bandwidth that can effi
ciently inject light into an SMF. Optical isolator 43, which
can comprise an optical diode, allows the launching of light
from light source 41 along launching fiber 42 solely in the
direction of optical coupler 44 to prevent unwanted feedback
into the optical source. Optical couplers 44, 47 can comprise
single mode 2x2 optical couplers such as those available
from the Newport Corporation adapted to couple light into
and out of the various fibers of disturbance detection system
40. Optical circulator 54 is shown as a three port single mode
circulator known in the art and having ports 1, 2 and 3. First
signal arm 48 has a signal arm length which includes delay
coil 49 and FBG 50, which is a typical Bragg reflector
constructed by known methods in the fiber of first signal arm
48 to reflect a beam of light having a first characteristic
wavelength X1A and which can be a characteristic wave
length of 1545 nm. Second signal arm 51 has a shorter signal
arm length relative to that of first signal arm 48 and includes
FBG 52 which is constructed to reflect a beam of light
having a second characteristic wavelength X2 and which
wavelength can be a characteristic wavelength of 1552 nm.
These first and second reflected wavelengths are used as
examples in this disclosure but could be of any wavelength
contained in the spectrum of light source 41 and able to be
detected and distinguished (from each other) by detectors
56, 57 as will be described in more detail herein after. Only
light at wavelengths X1A and X2 will be reflected back to

BRIEF DESCRIPTION OF THE DRAWINGS
So that the manner in which the above-recited features of
the present disclosure can be understood in detail, a more
particular description of the disclosure, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of its scope, for the disclosure may
admit to other equally effective embodiments.
FIG. la is a schematic representation of a Mach-Zehnder
interferometric system of the prior art.
FIG. lb is a schematic representation of a Sagnac ring
interferometric system of the prior art.
FIG. lc is a schematic representation of a Michelson
interferometric system of the prior art.
FIG. Id is a schematic representation of a Fabry-Perot
interferometric system of the prior art.
FIG. 2 is a schematic representation of a double Sagnac
ring interferometric sensing system in accordance with
certain embodiments of the present disclosure.
FIG. 3 is a graphical representation of FBG characteristics
in accordance with certain embodiments of the present
disclosure.
FIG. 4 is a graphical representation of the output signals
of a double ring SRI sensing system in accordance with
certain embodiments of the present disclosure.
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In the following detailed description of the embodiments,
reference is made to the accompanying drawings, which
form a part hereof, and within which are shown by way of
illustration specific embodiments by which the examples
described herein may be practiced. It is to be understood that
other embodiments may be utilized and structural changes
may be made without departing from the scope of the
disclosure. Embodiments of the present disclosure address
the many issues raised hereinbefore using a novel systematic
optical apparatus and methods. The various component parts
and methods of embodiments presented herein can be used
in alone or in countless combinations while remaining
within the scope of the disclosure.
Embodiments of the present disclosure include an optical
fiber based disturbance detection system that includes
single-mode optical fiber (SMF) arranged into a pair of SRI
that share a common section of optical fiber path length.
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coupler 47 as will be described in more detail herein after.
Reflecting filter 55 is shown as an FBG coupled to optical
circulator 54 and detector 56 and is constructed to reflect
light at a third characteristic wavelength Xls to optical
circulator 54. Detector 56 is of any known type of detector
capable of absorbing light at least at wavelength X2 and
converting it to an electrical signal. Similarly, detector 57 is
of any known type of detector capable of absorbing light at
least at wavelength k1B and converting it into electrical
signals.
Still referring to FIG. 2, it is important to note that the
optical path that includes sensing arm 45, first signal arm 48,
and non-sensing arm 46 comprises a first Sagnac ring
interferometer (SRI^) having a total optical path length LA.
Further, the optical path that includes sensing arm 45,
second signal arm 51, and non-sensing arm 46 comprises a
second Sagnac ring interferometer (SRIg) having a total
optical path length Lg. Sensing arm 45 has an optical path
sensing length Ls that is positioned between optical couplers
44, 47 and is exposed to the environment to be sensed. The
sensing optical path length of sensing arm 45 can be a few
meters and up to tens of kilometers and it is depicted as
having a long length of fiber 62. It is an important aspect of
this particular embodiment that SRI^ and SRIg inventively
share the same optical path of sensing arm 45. First signal
arm 48 is isolated from disturbances and has an optical path
length that includes delay coil 49 which length can be two
or more kilometers. Second signal arm 51 is also isolated
from disturbances and has an optical path length that can
include a delay coil (not shown) but which length is sub
stantially shorter than that of first signal arm 48 and can be
one kilometer or less. SRI^ and SRIg can also share the
optical path of non-sensing arm 46 which is also isolated
from disturbances wherein the path length can also include
a coil 58. In this particular embodiment, the relationship
between the various optical path lengths are such that
1/≠1 /ν· I /-I G'! s and Lg-LS>LS.
In the embodiment shown in FIG. 2, and with reference to
FIG. 3, FBGs 50, 52 and 55 are selected to minimize any
spectral overlap between the FBGs and to reduce any
crosstalk between the two Sagnac ring interferometers SRI^
and SRIg. Specifically, FBGs 50, 52 and 55 are comprised
of high reflectivity Bragg gratings, and can be on the order
of 99% reflectivity for the preselected center wavelength, in
order to provide largest optical power to the detectors 56, 57
to maximize the signal-to-noise ratio (SNR). Also shown in
FIG. 3, the third characteristic wavelength k1B of FBG 55
and the first characteristic wavelength X1A of FBG 50 are
centered about the same wavelength but the bandwidth of
FBG 55 is greater than the bandwidth of FBG 50 to reduce
crosstalk and ensure capture of the entire reflected signal of
FBG 50 as will be described in more detail below. The
bandwidths of FBGs 50, 52 and 55 should be as large as
possible without overlap of FBGs 50 and 55 with FBG 52
with a typical spacing of about 5 nm. In this particular
embodiment disturbance detection system 40 exhibits a
channel isolation greater than about 25 dB between SRI^ and
SRIg.
The operation of disturbance detection system 40 com
prising a dual Sagnac ring interferometric system is best
described with reference to FIG. 2. It is known by those
skilled in the art of interferometry that only counterpropagating light that follows a common path are useful in
determining changes in that path by investigating the modu
lation of the combined signals. As such, tracing the light
paths of SRI^ and SRIg, the paths of which are described
herein above, will now be disclosed. As a non-limiting

example, when no disturbance is present, the low coherence
light emitted from light source 41 is split into a first beam Bx
and a second beam B2 at coupler 44 and the first beam Bj
follows sensing arm 45 in the clockwise direction 60 and the
second beam B2 follows non-sensing arm 46 in the counter
clockwise direction 59. With respect to SRI^, after being
split in optical coupler 47, a first portion of the first beam Bx
traverses the light path of SRI^ in the clockwise direction 60
by entering first signal arm 48 as broadband light, encoun
ters FBG 50 and the beam having the first characteristic
wavelength X1A is reflected back along first signal arm 48,
through delay coil 49. The beam continues to traverse the
path of SRI^ in the clockwise direction 60 along non-sensing
arm 46 to optical coupler 44. After being split in optical
coupler 47, a first portion of the second beam B2 traverses
the light path of SRI^ in the counter-clockwise direction 59
by entering first signal arm 48 as broadband light, encoun
ters FBG 50 and the beam having the first characteristic
wavelength X1A is reflected back along first signal arm 48,
through delay coil 49. The beam continues to traverse the
path of SRI^ in the counter-clockwise direction 59 along
sensing arm 45 to optical coupler 44. In this example, when
the two counterpropagating beams are combined at optical
coupler 44 they remain in phase with each other because
there is no disturbance present along sensing arm 45
although there can be a dc offset between the two signals due
to birefringence in coiled fibers. The combined beams
having the first characteristic wavelength X1A enter port 1 of
optical circulator 54 exit port 2 of the optical circulator and
all of the light that is within third characteristic wavelength
Xls is reflected back to port 2, exits port 3 and becomes
incident on detector 57. With respect to SRIg, after being
split in optical coupler 47, a second portion of the first beam
Bj traverses the light path of SRIg in the clockwise direction
60 by entering signal arm 51 as broadband light, encounters
FBG 52 and the beam having the second characteristic
wavelength kB is reflected back along signal arm 51. The
beam continues to traverse the path of SRIg in the clockwise
direction 60 along non-sensing arm 46 to optical coupler 44.
After being split in optical coupler 47, a second portion of
the second beam B2 traverses the light path of SRIg in the
counter-clockwise direction 59 by entering signal arm 51 as
broadband light, encounters FBG 52 and the beam having
the second characteristic wavelength kB is reflected back
along signal arm 51. The beam continues to traverse the path
of SRIg in the counter-clockwise direction 59 along sensing
arm 45 to optical coupler 44. In this example, when the two
counterpropagating beams are combined at optical coupler
44 they remain in phase with each other because there is no
disturbance present along sensing arm 45. The combined
beams having the first characteristic wavelength kB enter
port 1 of optical circulator 54 exit port 2 of the optical
circulator and all of the light that is outside of third char
acteristic wavelength k1B becomes incident on detector 56.
Now referring back to FIG. lb, and as an example of
single SRI disturbance detection system 10 of the prior art,
a physical disturbance is encountered by the fiber at point X
at an optical path length distance 23 equal to Lj along the
fiber of loop 8 having a total length of L. The physical
disturbance causes a perturbation in the core of the fiber in
the form of an effective change in the optical path length of
loop 8. As described herein above, light counterpropagating
in loop 8 will encounter the disturbance at point X having a
location of Lj. The effective change in path length of loop
8 will cause a phase change between light travelling in the
clockwise direction 20 and light travelling in the counter
clockwise direction 21 when the counterpropagating signals

5

10

15

20

25

30

35

40

45

50

55

60

65

US 10,598,544 Β2
7

8

are combined at optical coupler 3 to produce a combined
light signal. The fiber of loop 8 can be comprised of SMF
and it is known that SMF has a constant refractive index of
approximately 1.47 (at the wavelengths of interest) and
since the light propagates in the same medium, it travels at
the same speed in both directions. The speed of the propa
gating light is known to be governed by the relationship of
the speed of light in a vacuum to the medium is propagating
in:

the right-hand side represents the oscillatory term of the
signal. Just looking at the amplitude term:

ν≥℮/κ≥2.99χ108 m/s/1.47≈2χ 10s m/s

5

Mamp

= 20s ■ S1Ii(ms(E_2E jj

because ν is very large and in the denominator, the sine of
that term will be very small and its approximation can be
rewritten as:

(Equation 1)

Assuming the length of loop 8 is known as described
herein above as equal to L, and the velocity of the light is
known, the raw intensity of the signal Ic received at detector
6 is dependent on the interference between the phase angles 15
Λθ^ of the counterpropagating light in accordance with the
following relationship:
1ο=1(Α+Β cos(A0s)

(Equation 2)

wherein I is the intensity of the light travelling in the
counter-clockwise direction 21 and the clockwise direction
20, or simply the total optical power available, A and Β are
constants related to transmission losses, differential losses in
optical coupler 3, etc., and Λθ^ is the phase difference
between the light travelling in the counter-clockwise direction 21 and that travelling in the clockwise direction 20.
In this example of a single Sagnac ring interferometer
system 10, and for a special case where it is assumed that the
disturbance that occurs at point X and it is comprised of a
single frequency that is purely sinusoidal in form and
otherwise does not vary with time, the disturbance function
Ψ(ΐ) can be expressed as:
lE(r)=0s-sin((Os-r)

20

25

30

(Equation 3)

wherein 0S is the amplitude of the disturbance and ws is
the angular frequency of the disturbance and wherein
ω/=2πζ and fs is the frequency of the disturbance, for
example, expressed in kHz.
The disturbance Ψ(ΐ) will modulate the phase of the light
waves travelling in the counter-clockwise direction 21 and
the clockwise direction 20 in accordance with its frequency.
The interference between the phase angles Λθ^ in Equation
2 will be:

40

------ 1 j j

(Equation 4)

(Equation 5)

The detector 6 of single SRI disturbance detection system 10
detects the optical intensity I0 of the interfering light waves
of Equation 2. It is a known problem in the prior art that in
a single SRI disturbance detection system 10 the occurrence
of a disturbance is detected but the solution to Equation 5 is
indeterminate and the position of the disturbance X at Lj is
cannot be found.
In Equation 5, the first portion of the right-hand side is the
amplitude term t&amp of the signal and the second portion of

Now referring to FIG. 2, and as described herein above,
disturbance detection system 40 is comprised of SRI^ and
SRIg that both share the same sensing arm 45, which
includes the optical path length 61 equal to Lj where a
disturbance occurs, and wherein SRI^ and SRIg have total
path lengths LA and Lg respectively. Inventively, and as will
be described in more detail immediately below, disturbance
detection system 40 provides a solution for the position of a
disturbance along the shared sensing arm 45. Following the
same example herein above where the disturbance function
Ψ(ΐ) associated with a disturbance at point X comprises a
single frequency that is purely sinusoidal in form and
otherwise does not vary with time, and in accordance with
the present disclosure, the raw intensity signal IOA detected
at detector 57 for SRI^ is given by Equation 2 as:
cos(A0 ,π

(Equation 8)

wherein IA is the intensity of the source light in LA, Aa is
a first constant related to a transmission loss in LA,
is a
second constant related to a transmission loss in LA. The raw
intensity signal IGg detected at detector 56 for SRIg is given
by Equation 2 as:
/;,: /;,+Λ(,, cos( A0;, π

wherein L is total optical path length of loop 8, Lj is the
optical path length 23 at point X (position of the disturbance)
and t is the time at which the disturbance begins. Equation
4 reduces to:

Α0, = 20s ■

(Equation 7)

/,,,
35

45
Α0, = O'), ■ sinjiu, ■ i/-----1 jj - 0, ■ μπ(α, ■ i/----------1

(Equation 6)

(Equation 9)

wherein Ig is the intensity of the source light in Lg, AB is
a first constant related to a transmission loss in Lg, Bg is a
second constant related to a transmission loss in Lg and
wherein Λθ^ and A0g are the phase differences for SRI^ and
SRIg respectively and are recovered using Equations 4-6
described herein above. Namely the amplitude term from
Equation 7 for SRI^ becomes:

(Equation 10)

55

and the amplitude term from Equation 7 for SRIg
becomes:

6°

65
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(Lb- 2LiY|

44,,.,,,/; = 20S ■ I A,|----------- I

(Equation 11)

Then, using the phase differences Λθ^, A0g recovered
from the raw signals IqaJob measured at detectors 57, 56
respectively, and dividing Equation 10 by Equation 11 we
arrive at the equality:

US 10,598,544 Β2
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1■/; - 2Li

10
(Equation 12)

bJ)amph

AO,.;,,..,/;
5

Because the length of the optical light path of SRI^, L^,
and the length of the optical light path of SRIg, Lg, are
known, solving Equation 12 for Lj yields the location of the
disturbance at point X along sensing arm 45. For instance,
and as a non-limiting example, if the relationship between
the optical path lengths of SRI^ and SRIg were chosen to be
La=2Lb, the location of the disturbance Lj becomes:

f

f |" 2 -(ΑΘα1ΑΘβ ) ]

(Equation 13)

Ll =M2-2-(A<VA0b)J

In embodiments of the present disclosure where the
disturbance function Ψ(ΐ) is not purely sinusoidal in form as
described herein above with reference to Equation 2, the
disturbance function can be a time varying function of the
physical disturbance and can take on a more generalized
form. Such generalized form can be expressed as follows:
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)\

By measuring the raw optical signals lOAHOB from SRI^
and SRIg and demodulating the signals to recover A0^,A0g
as described herein above, embodiments of the present
disclosure again use the relationship of A0^,A0g in Equation
12 to determine the location Lj of the disturbance at point X
along sensing arm 45.
In addition to being able to accurately resolve the POD,
embodiments of the present disclosure include the ability to
provide accurate information on the magnitude of a distur
bance. For instance, using embodiments of the present
disclosure, once the position of the disturbance Lj is deter
mined, the amplitude of the disturbance 0S can be deter
mined. In addition, the angular frequency ws of the distur
bance can also be determined. Detectors 56, 57 can also
include electronic instrumentation, processors and memory
storage (including non-volatile memory) to process the
converted optical signals.
Now with reference to FIG. 4, there is shown a graphical
representation of the amplitudes for a disturbance at position
X described above as the light travelling in the counter
clockwise direction 59 and the light travelling in the clock
wise direction 60 just before arriving at optical coupler 44.
Note that the signals have been normalized with respect to
any dc offset caused by birefringence as described herein
above. This is merely a representation and, as it will be
disclosed herein after, it is valid for both SRI^ and SRIg. At
time tc a disturbance event occurs at position X on sensing
arm 45. After the event begins at tc the light travelling in the
counter-clockwise direction 59 travels the distance Lj and
reaches the optical coupler 44 arriving at tcou„,er_clockwise.
The light travelling in the clockwise direction 60 travels
through the remainder of the optical path of either SRq and
SRIg respectively and arrives at optical coupler 44 at tow
with the time delay associated with the length of the optical
path either LA-LX or LB-L1 and can be as short as a few
microseconds. It should be appreciated that the interference
of the light travelling in the counter-clockwise direction 59
with that of the light travelling in the clockwise direction 60
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will produce a modulated signal at the detectors represen
tative of the interference shown in the figure. The maximum
amplitude of the disturbance 0S is shown as line 62.
In operation, disturbance detection system 40 is suitably
installed to detect predetermined or undetermined distur
bances. In certain embodiments of the present disclosure,
sensing arm 45 can be mounted to, or embedded in, objects
(such as walls, doors, fences, pipelines or the like) or
substances (such as the ground, or fluids, composite mate
rials) wherein the objects or substances are normally at rest
with respect to earth. As discussed herein above, non
sensing arm 46 and signal arms 48, 51 are positioned to be
isolated from disturbances. Advantageously, the intensity of
the disturbance and location of the disturbance along sensing
arm 45, as well as other information about the disturbance
can be determined using the dual SRI of the present disclo
sure.
Embodiments of the present disclosure can provide other
information about a disturbance in addition to information
relating to the occurrence, location and intensity of a dis
turbance as described herein above. For instance, the various
sources of disturbances can each provide a unique “signa
ture” in terms of frequency and amplitude. A disturbance
will produce frequency content that will modulate the phase
of the signals that is detectable by the electrical instrumen
tation. As an example, a human producing footsteps will
produce a signature that is distinct from other disturbances.
Software within the electrical instrumentation can include a
database of such signatures to help identify the cause of the
disturbance. The ability of the software to identify unknown
sources of disturbances can be aided by human input of a
source associated with a source as well as artificial intelli
gence means to populate the database.
While the foregoing is directed to embodiments of the
present disclosure, other and further embodiments of the
disclosure may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.
What is claimed is:
1. An apparatus for sensing a physical disturbance, com
prising:
a light source adapted to produce a source light;
a first interferometer coupled to the light source having a
first optical path length comprising a sensing arm and
a first reflector adapted to produce a first reflected light;
a second interferometer coupled to the light source having
a second optical path length comprising the sensing
arm and a second reflector adapted to produce a second
reflected light;
at least one detector coupled to the first interferometer and
the second interferometer and configured to detect a
first phase shift in the first reflected light and to detect
a second phase shift in the second reflected light;
wherein the sensing arm comprises an optical fiber having
a sensing optical path adapted to sense the physical
disturbance at a position along the sensing optical path
and wherein the physical disturbance produces the first
phase shift and the second phase shift;
wherein the source light and the first reflected light travel
in a first direction and a second direction along the first
optical path length and wherein the source light and the
second reflected light travel in a third direction and a
fourth direction along second optical path length;
a processor with logic to determine a parameter of the
physical disturbance from the first phase shift and the
second phase shift;
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wherein the parameter includes at least one of the position
of the physical disturbance, a magnitude of the physical
disturbance, or a frequency of the physical disturbance;
and
wherein the processor includes logic to demodulate the
first phase shift and the second phase shift; wherein the
at least one detector detects a raw intensity of the first
reflected light equal to the following equation:

1οα=1α(Λα+Βα ∞ζ(δΘα))
wherein IOA is the raw intensity of the first reflected
light, \A is an intensity of the source light in the first
optical path length, Aa is a first constant related to a
transmission loss in the first optical path length,
is a second constant related to a transmission loss in
the first optical path length and Λθ^ is the first phase
shift; and
wherein the at least one detector detects a raw intensity
of the second reflected light equal to the following
equation:
1οβ=1β(^β+Ββ
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wherein lOB is the raw intensity of the second reflected
light, lB is an intensity of the source light in the second
optical path length, AB is a first constant related to a
transmission loss in the second optical path length, Bs
is a second constant related to a transmission loss in the
second optical path length and Λθ^ is the second phase
shift.
2. The apparatus of claim 1 wherein the processor further
includes logic to determine the first phase shift in accor
dance with the following equation:

wherein Ψ(ΐ) is the time varying function of the physical
disturbance, LB is the second optical path length, Lj is
the position of the physical disturbance along the
sensing optical path and ν is a speed of the second
reflected light.
3. The apparatus of claim 2 wherein the processor further
includes logic to resolve the position of the physical distur
bance along the sensing optical path in accordance with the
following equation:
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wherein Ψ(ΐ) is a time varying function of the physical
disturbance, LA is the first optical path length, Lj is the

position of the physical disturbance along the sensing
optical path and ν is a speed of the first reflected light;
and
wherein the processor includes logic to determine the
second phase shift in accordance with the following
equation:

wherein AQampA is an amplitude of the first reflected light
and AQampB is an amplitude of the second reflected light.
4. The apparatus of claim 1 wherein the first reflector is a
FBG adapted to produce the first reflected light at a char
acteristic wavelength of 1545 nm and the second reflector is
a FBG adapted to produce the second reflected light at a
characteristic wavelength of 1552 nm.
5. The apparatus of claim 4 wherein the at least one
detector comprises a first detector and a second detector, the
apparatus further comprising an optical circulator config
ured to receive the first reflected light and the second
reflected light and to couple the first reflected light to the first
detector and to couple the second reflected light to the
second detector.

