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SYSTEMS AND METHODS FOR SPREAD
SPECTRUM DISTRIBUTED ACOUSTIC
SENSOR MONITORING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held 10
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

15

[Not applicable.] This Reissue Application is a reissue of
U.S. patent application Ser. No. 14/903,503, filed Jan. 7,

2016, which issued on Aug. 15, 2017 as U.S. Pat. No.

9,733,120.
20

BACKGROUND

Fiber-optic sensors are increasingly being used as devices
for sensing some quantity, typically temperature or mechani-
cal strain, but sometimes also displacements, vibrations, 25
pressure, acceleration, rotations, or concentrations of chemi-
cal species. The general principle of such devices 1s that light
from a laser 1s sent through an optical fiber and there
experiences subtle changes of 1ts parameters either in the
fiber itself or 1n one or several point-location sensing fiber 30
Bragg gratings and then reaches a detector arrangement
which measures these changes.

In particular a growing application field 1s the use of fiber
optic sensing system for acoustic sensing, especially Dis-
tributed Acoustic Sensing (DAS). DAS optical fibers can be 35
deployed into almost any region of interest and used to
monitor for occurrences that generate acoustic perturbations.
DAS 1s quickly becoming recognized as a powertul tool for
remote sensing 1n o1l and gas operations. The list of existing,
and potential applications 1n remote sensing for this new 40
technology continues to grow and includes not only down-
hole or subsurface applications but other applications in
which acoustic perturbations are of interest, such as subsea
umbilical’s and risers, and 1n the security field for perimeter
security. Basically any structure can be monitored for acous- 45
tic perturbations in this way. Traditionally, DAS applications
in the subsurface environment use pulsed electromagnetic
waves to mterrogate a fiber optic cable for sensing acoustic
and vibration phenomena in an o1l well, or reservoir. This
type of sensor 1s sometimes referred to as a time-domain 50
coherent optical reflectometer and utilizes a technique called
time division multiplexing. In summary, a short electromag-
netic coherent pulse (usually 1n the infrared) 1s injected 1nto
one end of a fiber optic. Pulses are back reflected or
backscattered via Rayleigh scattering along a continuum of 55
virtual retlectors 1n the fiber and these pulses are analyzed
using interferometric techniques. A phase of the returned
light 1s measured that 1s related to the local stretch 1in the
fiber optic during its exposure to an acoustic pressure wave.
The optical phase 1deally will vary linearly with the acoustic 60
pressure wave. Once a light pulse 1s 1njected, a period of
time should be surpassed before mnjecting another pulse of
light. This amount of time 1s twice the transit time of light
from the injection location to the end of the fiber. This 1s
done to ensure there 1s no light 1n the fiber when another 65
pulse of light 1s mjected. The pulse repetition frequency of
the DAS 1s the reciprocal of the wait time between light

2

injections. Half of the pulse repetition frequency is the
well-known Nyquist frequency, which 1s the maximum
acoustic bandwidth available for monitoring.

As the business intensity grows in the worldwide cam-
paign to find and produce more o1l there 1s increasing need
to better monitor subsurface o1l field operations using more
sophisticated acoustic monitoring. In particular there are
increasingly applications in which there 1s a need for detect-
ing much higher frequency and higher bandwidth acoustic
signals than that available with time division multiplexing
alone. Examples include an increasing interest in listening
for sand flow, high bandwidth telemetry, listening for prop-
pant 1n hydraulic fracturing operations, measuring fluid flow
by acoustic signatures (particularly with active ultrasonic
flow monitoring systems), monitoring flow regimes, listen-
ing for wellbore leaks (often high frequency), listeming for
cavitation 1n flow, listening for plug leaks or inter-zone
leaks, monitoring vortex shedding, and wireline sonic log-
ging. These applications require a sensitive listening device
with an increased audio bandwidth and an improved signal-
to-noise ratio.

The technical approach to be described 1n this application
does not rely on the pulsed laser time division multiplexing
described above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a symbolic 1llustration of the way return signals
from spread spectrum system are summations of many time
delayed binary modulations.

FIG. 2 illustrates a block diagram of a distributed acoustic
sensing system 1n accordance with this description.

FIG. 3 illustrates a more detailed view of the details
within element 7 of FIG. 2.

FIG. 4 illustrates a more detailed view of the details
within element 202 of FIG. 3.

FIG. 5 illustrates some options of wellbore monitoring of
an o1l well.

FIG. 6 illustrates an auto-correlation plot of a spread
spectrum code.

FIG. 7—illustrates a flow chart representation of the
method steps used 1n an embodiment of this description.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made
that 1llustrate embodiments of the present disclosure. These
embodiments are described 1n suilicient detail to enable a
person ol ordinary skill 1n the art to practice these embodi-
ments without undue experimentation. It should be under-
stood, however, that the embodiments and examples
described herein are given by way of 1illustration only, and
not by way of limitation. Various substitutions, modifica-
tions, additions, and rearrangements may be made that
remain potential applications of the disclosed techniques.
Therefore, the description that follows 1s not to be taken 1n
a limited sense, and the scope of the disclosure 1s defined
only by the appended claims.

Traditional distributed acoustic sensing i1s analogous 1n
some ways to radar techniques used 1n traditional pulse-echo
so ranging techniques. A short electromagnetic coherent
pulse (usually in the mirared) 1s mjected into one end of a
fiber optic. Pulses are back reflected via Rayleigh scattering
along a continuum of virtual reflectors in the fiber and these
pulses are analyzed using interferometric techniques. A
phase 1s measured that 1s related to the local stretch in the
fiber optic during its exposure to an acoustic pressure wave.
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The phase ideally will vary linearly with the acoustic
pressure wave. In a sense, a conventional distributed acous-
tic sensor acts as a radar with a virtual continuum of
reflections from Rayleigh scattering along the fiber, similar
to radar measurements of extended bodies such as rain
clouds.

An alternative to utilizing traditional pulsed ranging mea-
surements 1s spread spectrum-ranging methods. Some
spread spectrum modulation techniques make use of multi-
plexing and de-multiplexing methods commonly grouped
into a technology known as code division multiplexing. This
method consists of mixing or modulating a coherent (near)
single frequency signal with a pseudo random signal code
that has a broad spectrum relative to the signal being sensed.
We will describe solutions employing bipolar codes having
+1 and -1 values. The sequence does not allow zeroes since
that would result 1n a signal chopped 1n time. The recerver
demodulates or recovers the original signal with a binary
code that 1s uniquely paired (or nearly so) with the original
binary code. Fach code sequence modulates the coherent
signal for short period of time and 1s generally immediately
tollowed by another code sequence modulation, followed by
another, and so on, with requirements known to those skilled
in the art.

Each of the reflected signals occupies a unique time-delay
slot or bin. And by delaying and multiplying the code
sequence and multiplying 1t by the received signal, we can
recover the frequency-modulated signal. A master or carrier
wave 1s modulated by a single code sequence and delayed by
the appropriate time interval specific to a particular signal.
All such signals are combined by the action of the fiber optic
and the transmitted signal consists of a continuous wave
pulse that 1s multiplied by a single coding sequence and
transmitted as a composite optical signal to a receiver where
these are collected and photo detected. By filtering the photo
detected composite optical signal with the master or refer-
ence carrier wave, each imndividual optical signal 1s sorted or
de-multiplexed 1nto separate electronic signal channels.

The phase of the de-multiplexed signal can then be
extracted by a frequency modulation (FM) demodulation
scheme.

In conventional time-domain reflectometry using fiber
optic cables or other mediums such as glass, air, water, etc.
over lengths typical of wellbores, the maximum detectable
acoustic bandwidth 1s bandwidth limited. For example, a 10
km fiber optic cable has a maximum acoustic bandwidth of
5> kHz. Time-domain retlectometry methods do not sample
the optical medium fast enough to detect tens or hundreds of
kilohertz bandwidth varnations in the medium. There 1s a
considerable range of events that occur 1n a well that
produce acoustic perturbations. Multiple fluids and phases
(gas bubbles, solids, and some liquid mixtures) may produce
recognizable acoustic signatures. The extension of retlecto-
metry into much higher frequencies by the use of the spread
spectrum technique of this disclosure can open acoustic
monitoring into a realm of new application space—to
include an increasing interest in listening for sand flow, high
bandwidth telemetry, listening for proppant in hydraulic
fracturing operations, measuring flmd flow by acoustic
signatures (particularly with active ultrasonic flow monitor-
ing systems), monitoring tlow regimes, listeming for well-
bore leaks (often high frequency), listening for cavitation in
flow, listening for plug leaks or inter-zone leaks, monitoring
vortex shedding, and wireline sonic logging.

These applications require a sensitive listening device
with an increased audio bandwidth and an improved signal-
to-noise ratio. Both are characteristics of spread spectrum
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techniques. It 1s anticipated that all of these applications can
be addressed with the system and method described herein.

The approach also relates to fiber optic sensors and optical
sensors generally. A fiber optic sensor array 1s typically
time-domain multiplexed by the time-of-transversal of an
interrogation light wave to each sensor and back to a
common optical collection and detection point

In the technology to be described the continuous wave
output of a long coherence length phase-stable infrared laser
1s modulated with pseudo-random binary code sequences.
This 1s the spread spectrum modulation of a laser using
special binary codes. These binary code sequences consist
however of ones and negative ones instead of ones and
ZEros.

The construction or selection of a suitable binary code
sequence, or sets of sequences, 1s not trivial. To guarantee
cilicient spread-spectrum communications, the pseudoran-
dom number sequences must respect certain rules, such as
length, auto-correlation, cross-correlation, orthogonality,
correlation sidelobe behavior, and bits balancing. The more
popular pseudorandom number sequences have names such
as Barker, M-Sequence, Gold, Hadamard-Walsh, eftc.

Good code sequences for this application have a high,
narrow auto-correlation peak, when exactly lined up, which
minimizes false synchronization. Auto-correlation i1s the
same as cross-correlation, except with auto-correlation the
code 1s compared against itself, with a relative shift of one
chip at a time. With cross-correlation the code sequence 1s
compared against another code sequence with a relative shaft
of one chip at a time.

In the approach to be described 1n this disclosure, the
focus 1s on auto-correlation. The only property of the code
currently being used 1s the fact that, when the code 1is
multiplied by 1tself, the result 1s one when the two versions
of the code are time-aligned and a small noise-like signal
when they are not time-aligned. The auto-correlation func-
tion of the code informs us of how much time-delay we can
impose on the code before the product becomes noise-like.
The more impulsive the auto-correlation signal, the smaller
the delay we need to have a noise-like signal. An example
of the power of autocorrelation 1n providing strong signal-
to-noise ratios 1s shown 1n FIG. 6.

Pseudo-random spreading codes have a fixed length. After
a fixed number of chips (the code length) they repeat
themselves exactly. Codes may be formed using a shift
register with feedback taps. For example a common useful
series of codes (maximal length codes) of 127 chips long
may be formed using a 7-bit shift register.

Furthermore, the correlation function of a signal with
itsell 1s negligible except when the function overlap 1is
perfect or synchromized. The correlation function of two
different signals of a binary code set result 1n a negligible
output. The presence of other coded signals superimposed
on particular coded signal does not appreciably or noticeably
aflect the detection of said code sequence.

Range determination along the fiber 1s made possible via
the correlation properties of the spread spectrum encoding
which uniquely encodes the time-ot-tlight along the length
of the fiber. Note that the response at the receive end of the
fiber will be the summation of Rayleigh backscattered signal
from the continuum of virtual mirrors along the fiber. Each
time-shifted signal can be treated independently since the
signal from each virtual mirror will not correlate with each
other. This 1s a key property and advantage of spread
spectrum methods. Advantages of spread spectrum include
resistance to interference, particularly from signals with
different spread spectrum coded signals.
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This 1s 1llustrated symbolically 1n FIG. 1, which 1s neither
prior art nor the system of this disclosure but a symbolic
representation of a return signal R that 1s the summation of
multiple delayed output returned optical signals R, R,, R,
R, returned from various regions Z,, Z,, . . . Z._ along an
extended optical fiber. Modulator M based on a pseudoran-
dom code provided by code generator G modulates a light
source L. Each backscattered signal R, R,, R, R,, comes
from a different position, but arrives back at a detection
system D as a net sum binary modulation that can be
deconstructed using heterodyne or homodyne demodulation,
decoding, and FM demodulation.

There are numerous binary sequences that have properties
that are advantageous for particular cases. Some codes have
so-called orthogonality properties and some have features
related to auto-correlation and cross-correlation. These
codes are sometimes referred to as pseudorandom noise
(PRN) codes. Sometimes these are simply referred to as
PN-codes. Pseudorandom noise code sequences are deter-
ministically generated but have properties similar to random
sequences generated by sampling a white noise process.
Some commonly used PN codes include, but are not limited
to, are

1) Gold

2) Kasami

3) Golay

4) Hadamard-Walsh

5) M-Sequences (binary maximal-length linear feedback

shift register sequences)

Overview—Spread Spectrum

To describe and clarify the techniques of the use of spread
spectrum codes 1n this application and to further define the

terminology the following mathematical description 1s pre-
sented. Spread spectrum begins by the 1nsertion of a probe
s1gnal:

E;()=c()cos(o;t),

where c(t) 1s a spread-spectrum code signal, such that
Je(He(t+t)dt=8(t), and ®. is the carrier frequency. This
results 1n the reception of the signal:

E, (1) :fﬂzr(z) u,c(t—2c, '2(t,2))E, cos(®w (t—2c,~ L7

where c; 1s the speed of light, E__and u, are constants, r(z)
1s the distributed reflection along the fiber, and

[ 7 ]
it,2) =7+ f p(t, X)dx
)

Zt, z) =z + r fz plt, z)dz
0

with p(t,z) being the pressure at position z and time ft.
Then upon heterodyne (or homodyne) demodulation to a
baseband signal (but with the signal still spread):

b(t) = [Ex(Dcos((ws + A, 0] xhrp(t) =

fr(z),uA C(t — 20312(‘[, z))Ess CDS(L\.M‘[ — 2&)5::251 Z(t, z))dz,
0

where h, »(t) 1s a low-pass filter that removes the unde-
sired spectral components around 2®_. In the case of homo-
dyne demodulation A_=0.
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Then the demodulated baseband signal can be decoded
by:

b(t, z;) = [c(t — QCEIZf)b(t)] * hpgp(t) =

[fr(z)ﬂA c(r — QEEIZf)[?(IL — ZGEIE(;{, z))ESSGDS(&wz‘ — 2t GEIE(I, z)) dz|
0

hps() = r(z)p 4 Esscos(Ayt — 2wscr 2L, 7).

Where h,,(t) 1s a band pass filter for heterodyne demodu-
lation or a low-pass filter for homodyne demodulation.

More 1mnformation regarding decoding i1s provided in the
next section.

Decoding Analysis

Incorporating the information from the pass-band filter
h,-(t) 1nto the de-spreader:

b(t, z;) = [c(t — QCEIZf)b(t)] x hpg(t) =

7
[f r(Z)ut 4 c(t — QCEIZf)C(t — QCEIE(‘[, z))Essmﬂ(&wt — Q{USCEIE(‘[, z)) dz] %
0

hpg(t) = rfhpg (t — Dr(z)u 4 C(T — QCEIZf)C(T — QGEIE(T, z))
0 JO
74
ESSCDS(L\.MT — QMSCEIE(T, z)) dz dr = f Essr(z)[ﬁ hpg(t —T7)
0 0

U4 C(T — QCEIZI')C(T — QCEIE(T, z))ms(&m’r — QMSCEIE(T,, z)) dT] dz

If we now assume that:

C(T — QCEIE(T, z)) = C[T — QCEI(Z + y;fp(t, X)d}{)) = C(T — 20312)5

0

that 1s, that the time delay variation caused by the acoustic
pressure 1s negligible when compared to the time delay
caused by the time of flight of the optic wave; 1t 1s possible
to write:

E(t: 7;) = fEssr
0

(z)’ﬁ hpg(t — 7)) 4 G(T — ZCEIZI')C(T — ZCEIZ)CGS(QMT — 2t CEIE(T, z))dT dz.
0

It will be considered that the code c(t) has bandwidth &,
and also has the following property:

1, if |6 <e

c(t)c(t+ o) = {d(t), if |o] > €

where function d(t) 1s the result of spreading the code
twice, and has a bandwidth of 26 . Hence, the integration

region 1n the z variable can be decomposed 1nto two disjoint
sets:

RI:{ZIZEZI-HDL{ '3

«Rzz{zlz}zﬁchE_l ).
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Thus the received signal can be written as:

b(t, z;) ~ f ESSI‘(Zl)[thB (t— 7))y CDS(AMT — Q{uSCEIE(T, Zl))dT dzy
31 Eﬁl Q)

If the FM si1gnal bandwidth 1s G,,, then most of the
information of region in R, 1s spread by the function d(t),
and has bandwidth 2(G +G,,,) and 1s centered around fre-
quency A, and most of the information of region in R, is
concentrated 1n frequency, has a bandwidth of 6,,,, and 1s
centered around frequency A_,.

With that information, it 1s possible to specify the filter
h,(t) with center frequency A_, and passband of G, that
removes most of the information from the region R, while
leaving the information from X, unaltered.

The decoded signal, then, can be written as:

o ]
zrcLe_]EchLE E (1, cos(A,T20msc, li(faz))
dz+v(t,z),

b(t,z,)=®

where v(t,z) 1s a nuisance signal. It 1s also possible to note:

The larger the bandwidth of 6_ relative to G,,, the easier
it 1s to remove the interference from other spatial
regions of the fiber.

The smaller the value of €, the better the tuning of the
spatial information, thus allowing more spatial points
to be sampled.

On the other hand, the value of E cannot be so small as
to make the approximation that the time delay variation
caused by the acoustic pressure 1s negligible compared
to the time delay caused by the time of flight of the
optic wave 1nvalid.

The higher the beat frequency A_,, the more selective the
filter h,, must be.

The center frequency should be high enough so that 1t 1s

possible to retrieve the acoustic pressure signal.
Acoustic Signal and FM Signal Bandwidth
Ideally, the decoded FM signal captured at position z; 1s:

E+(t, Z:) = T(Zf)ESS)U!ACDS(ﬁwt — 2 cglzf — 2t cilyL f: p(t, X)d}().
0

Carson’s rule states that for a signal of the form:

S rar{D=A cos(@ H A P(D),

and 1ts bandwidth 1s:

O =21, +C ),

where G, 1s the bandwidth of the modulating signal.
Adapting the Carson’s rule for the decoded signal, one
obtains:

Qws,uﬁ

Cr.

G'FMEQ( +JA):2(Jﬁ+JA),

where this approximate G,,, usually covers 98% of the
energy of the FM signal. It should also be noted that G, 1s
actually the bandwidth of the dernivative of p(t, z,). In
practice, since there are an infinite number of p(t,z) 1nflu-
encing the FM signal, the worst-case (largest possible value
of G ,) should be selected. Alternatively, a bandwidth for the
acoustic pressure can be arbitrarily chosen and then the
assumed FM signal bandwidth can be determined.
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With this background and term definition we are now 1n
a position to propose a code design.

Code Design

We have found that for the applications of this disclosure
Maximal Length Sequences (M-Sequences) and the use of
auto-correlation provide excellent code candidates. In par-
ticular, two parameters are of interest for the spread spec-
trum sensing using fiber optics: the € of the sequence and 1ts
bandwidth. € (epsilon) 1s the smallest delay to the signal for
which the sequence can be recovered. Any delay larger than
epsilon, produces a noise-like sequence.

M-Sequences are bipolar sequences that can be generated

through the use of a feedback-shift register (FSR). For the
sake of the following discussion, 1t will be considered that
c(t)e{—1,1} and that 1t 1s periodic with period equal T,, also
the minimum period that the code stays at a certain value 1s
T

C

The following properties are true for an m-sequence.
[ts auto-correlation 1s

N+1
- N7 I7l, |7l =T,
R::'(T) — 1::' .
—ﬁ, T, < IT| < Ty

where T,=NT .
The product of two time-aligned codes is c*(t)=1.
Its power spectral density 1s

1 1+ N 'S n n
_ ) _
Se(f) = 500+ — ,3_: sinc (N)ﬁ(f T )

and the spectrum 1s discrete-valued and has an envelope
that follows that of a sinc®(®) function. Using this
information 1t 1s possible to approximate the signal
bandwidth. Hence, the bandwidth of G can be approxi-
mated as 2/Tc.

Code Requirements

Using the properties just defined in the previous section,
the following specifications can be defined for a coding
sequence.

The symbol period T, 1s related to the autocorrelation
properties of the sequence. Also, it can be seen that the
shorter the period the more different two time shifted codes
become. Hence, the parameter € 1s directly proportional to
T .

E'-

goc’[

(]

The smaller the T, the better 1s the ability of the code to
pick out the signal from a desired position.

The possible spatial sampling A_ of the z axis 1s also
governed by the choice of T,.. A conservative separation
between positions equal to

Cr. Cr.
A, =—=—.
€ i

Thus, the smaller the period of the code the greater the
number of positions that can be sampled.

The symbol period 1s also related to the code bandwidth.
In order to yield a good separation of signals from neigh-
boring regions, the code bandwidth should be greater than

the bandwidth of the FM signal:

G =2/Tc>>2(CA+G ),
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where G, 1s the spread 1n frequency mtroduced by fre-
quency modulation and 6, 1s the acoustic signal bandwidth.
sO that,

6
(s +04)

> (NT.).

Since the code 1s periodic, its period T, should be greater
than that of the time it takes for the light to transverse the
whole fiber optic cable and arrive back at the receiver.

Mathematically

2L
1 = NTC -,
Cr

where L 1s the length of the fiber optic.
Combining the equations above, one has

which gives a loose upper bound and a more tight lower
bound for the requirement for the code length. Considering
these bounds, a good strategy would be to use a code with
length close to (but not equal to)

2L

The following steps would then be employed to specify
the system:

1. Specify the fiber optic cable length L., the desired
spatial sampling A_, and acoustic signal bandwidth G,.

2. Choose T, so that

2L
Iy =— +p,
CL

where p 1s small when compared to

3. Choose N so that NT =T, and T_ so that

Cr. Cr.
A, =—=—.
€ i

Turning now to FIG. 2, a system for monitoring region of
interest for occurrences that generate acoustic perturbations
1s described. A fiber optic wavegumde 2 1s positioned 1nto a
region of interest, which may be an o1l or gas wellbore, o1l
or gas reservolr, or an extended pipeline. Some possible
deployments will be illustrated 1n a later figure. A light
source 1 1s used to generate a continuous primary coherent
signal of a pre-determined wavelength that 1s fed to the fiber

0 fiber span represent locations at lengths L., L,
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optic waveguide. A binary code sequence generator 4,
coupled to a master clock 6 supplies an electronic code c(t)
to an optical modulator 3 that receives the primary coherent
light signal and modulates 1t based on the mput from the
binary code sequence generator. The now modulated light
signal from modulator 3 then enters an optical circulator/
coupler 5 that receives the modulated light signal and passes
it 1nto the optical fiber span positioned 1n the region of
interest. Positions Z,, 7, . . . Z._ along the deployed optical
... L, at
which the modulated light signal interacts with the optical
fiber and returns backscattered Rayleigh signals. The
numeral 8 represent the terminal end of the deployed optical
waveguide. The backscattered Rayleigh signals are directed
by the optical circulator/coupler 5 into a detector 7 that
performs functions of heterodyne demodulation, decoding,
and FM demodulation. Detector 7 also has photo detectors
for detecting and measuring the light signals and a processor
for directing all of the functions of demodulation and
decoding necessary to produce measured the desired acous-
tic pressure signals p(t,z) along the length of the deployed
optical fiber span.

A more detailed depiction of the detector system 7, to
explain the separate functions of heterodyne or homodyne
demodulation, decoding, and FM demodulation 1s shown 1n
FIG. 3. In section 201 the optical signal 1s heterodyne
demodulated by combining the optical signal E, (t) with
another optical signal cos((®w+A_) t that 1s shifted in fre-
quency by m +A,, relative to the received signal. For homo-
dyne demodulation A_=0. The output of demodulator 201,
now an electronic signal, 1s submitted to decoder 202, which
extracts the information of the positions Z, Z,, . . ., Z, of
the fiber which are being sensed. The phase of each of the
signals are then extracted by the FM Demodulator and the
acoustic pressure signal p(t,z,) . . . p(t,z,) associated with
each position along the fiber 1s obtained. Not shown 1n the
elements of the detector system would be photo detectors
and a processor for controlling all of the functions and
computations of the detector system and providing the
output of acoustic pressure signals.

FIG. 4 exhibits more details regarding decoder 202 of
FIG. 3. The decoder provides circuitry for separating the
electronic signal b(t) from the heterodyne demodulator nto
separate branches representing the positions Z.,, Z,, . . . , Z,
along the sensing fiber optic. The binary coding sequence
c(t) 1s also sphit into several signals, each signal being time
delayed with a delay proportional to the time 1t takes for the
code to arrive at a defined position of the fiber. The circuitry
for providing this functionality could be provided either
analogically or digitally. The electronic signal and the
delayed coding sequences are then multiplied in time and
band-pass filtered (low-pass filtered 1n the case of homodyne
demodulation) to obtain a signal that only contains the
information of a certain position of the optical fiber.

Some possible configurations for deployment of distrib-
uted sensing systems 1n and around a wellbore are shown 1n
FIG. 5, as 27, 28, and 29. These configurations are examples
and not meant to be exhaustive. Configuration 27 1s a fairly
typical retrievable wireline 1n which a fiber optic cable 33 i1s
deployed within metal tubing 34 and down to a bottom hole
gauge or termination 36. The metal tubing 34 1s surrounded
by production casing 32, which 1s surrounded by a surface
casing 31 near the surface. Configuration 28 represents a
permanent tubing installation in which a fiber optic cable 33
1s attached to metal tubing 34. And configuration 29 repre-
sents a casing attachment in which the fiber optic cable 33
1s attached outside the production casing 32. As discussed
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earlier there are other possible configurations (not shown)
when using distributed sensing systems 1n applications such
as perimeter security systems, monitoring of subsea umbili-
cal’s, risers, or pipelines.

FIG. 7 spells out the preferred code requirements for the
Maximal Length Sequences (M-Sequences) proposed 1n this
disclosure along with the use of auto-correlation. In step 410
the practitioner specifies the fiber optic length, the desired
spatial sampling, and the acoustic bandwidth. Then 1n step
420 Tb 1s chosen so that 1t 1s very close to

L
T, = —.
Cr.

Then 1n step 430 N 1s chosen so that NT =T, and T so that

Cr Cr
A, =— = —,
€ T,

Although certain embodiments and their advantages have
been described herein 1n detail, 1t should be understood that
various changes, substitutions and alterations could be made
without departing from the coverage as defined by the

appended claims. Moreover, the potential applications of the
disclosed techniques 1s not mtended to be limited to the

particular embodiments of the processes, machines, manu-
factures, means, methods and steps described herein. As a

person of ordinary skill in the art will readily appreciate
from this disclosure, other processes, machines, manufac-
tures, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or

achieve substanfially the same result as the corresponding
embodiments described herein may be utilized. Accordingly,
the appended claims are intended to include within their
scope such processes. machines, manufactures. means,
methods or steps.

The 1nvention claimed 1s:

1. A system for monitoring regions of mterest for occur-

rences that generate acoustic perturbations, comprising:

a. an opftical fiber span positioned 1nto a region of interest;

b. a light source for generating a continuous coherent
signal of a pre-determined wavelength into the optical
fiber:

c. a pseudo-random binary code sequence generator
driven by a master clock;

d. an optical modulator having first and second ports for
receiving the primary coherent light signal from the
light source and a generated pseudo-random binary
codes from the pseudo-random binary code sequence
generator to produce a modulated light signal;

e. wherein the pseudo-random binary sequence codes are
binary sequences of ones and negative ones;

f. and wherein the pseudo-random binary sequence codes
are periodic with a period of T, and the minimum
period that the code stays at a certain value 1s T _;

g. and wherein the fiber optic cable length L., the desired
spatial sampling A_, and the acoustic signal bandwidth
G, are specified in advance for the application; and
1. N 1s chosen so that NT =T,;

1. T, 1s chosen so that

2L
Tg;.=_—|—p,
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where p 1s small compared to

and

h. an optical circulator/coupler to receive the modulated
light signal from the optical modulator and pass 1t 1nto
the optical fiber span positioned into the region of
Interest;

1. a detector system driven by the master clock for
de-modulating, correlating, and de-multiplexing
returned backscattered Rayleigh signals from the opfi-
cal fiber span positioned into the region of interest,
wherein the detector system has a processor to detect
coherent Rayleigh noise generated by the optical fiber
span positioned 1n the region of interest to identify
acoustic events in the regions of interest; and

1. wherein the returned backscattered Rayleigh signals
from the optical fiber span positioned nto the region of
interest are directed to the detector system by the
optical circulator/coupler.

2. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 1,
wherein the light source for generating a continuous coher-
ent signal of a pre-determined wavelength 1s a laser.

3. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 1,
wherein the detector system driven by the master clock
comprises:

a. a heterodyne or homodyne demodulator;

b. a decoder; and

c. an FM demodulator.

4. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 3,
wherein the detector system further comprises photo detec-
tors and a processor for controlling all of the functions and
computations of the detector system and providing the
output of acoustic pressure signals.

5. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 3,
wherein the decoder comprises:

a. circuitry for separating the electronic signal from the
heterodyne or homodyne demodulator into separate
branches representing positions along the sensing fiber
optic;

b. circuitry for separating and time delaying the binary
coding sequence with a delay proportional to the time
it takes for the code to arrive at a defined position of the
optical fiber;

c. circuitry for multiplying 1n time filtering the separated
electronic signals from the heterodyne or homodyne
demodulator and the corresponding binary coding
sequences to obtain signals that contain only the infor-
mation representing certain positions in the opftical

fiber; and
d. wherein the circuitries can be i1mplemented either

analogically or digitally.
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6. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 5
wherein the demodulator 1s a heterodyne demodulator and
the circuitry for multiplying in time and filtering the sepa-
rated electronic signals utilizes band-pass filtering.

7. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 5
wherein the demodulator 1s a homodyne demodulator and
the circuitry for multiplying in time and filtering the sepa-
rated electronic signals utilizes low-pass filtering.

8. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 5
wherein the region of interest can include a subsurface
wellbore, an o1l reservoir, or a pipeline.

9. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 5
wherein the region of 1mnterest can include structures such as
subsea [umbilical’s] umbilicals or risers.

10. The system for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 5
wherein the region of interest can include perimeters encir-
cling [high security] high-security areas.

11. A method for monitoring regions of interest for
occurrences that generate acoustic perturbations, compris-
Ing:

a. deploying a fiber optic cable into a region of interest;

b. transmitting a continuous wave laser light source
through the fiber optic cable;

c. modulating the continuous wave output of the laser
light source with pseudo-random binary sequence
codes; wherein the pseudo-random binary sequence
codes are binary sequences of ones and negative ones;

d. and wherein the pseudo-random binary sequence codes
are periodic with a period of T, and the minimum
period that the code stays at a certain value 1s T ;

e. and wherein the fiber optic cable length L, the desired
spatial sampling A_, and the acoustic signal bandwidth
G, are specified in advance for the application; and
1. N 1s chosen so that NT =T, ;

1. T, 1s chosen so that

2L
1y = — + O,
CL

where p 1s small compared to

and
1. T 1s chosen so that

f. detecting backscattered Rayleigh signals from the

deployed fiber optic cable; and

g, using the detected backscattered Rayleigh signals to

identify and measure the acoustic perturbations from
locations 1n the region of interest.

12. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by impacts of sand
grains.
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13. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by proppant noise 1n
hydraulic fracturing operations.

14. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by [high frequency]
high-frequency wellbore leaks.

15. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by wireline sonic
logging.

16. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by inter-zone leaks 1n
wellbores.

17. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by flow cavitation.

18. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by flow vortex shed-
ding.

19. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by a particular flow
regime.

20. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by a particular flow
rate.

21. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are generated by a particular fluid
fraction.

22. The method for monitoring regions of interest for
occurrences that generate acoustic perturbations of claim 11
wherein the occurrences are part of an active ultrasonic flow
monitoring system.

23. The method of claim 11 wherein the region of interest
includes at least a portion of a perimeter of a high-security
areaq.

24. The method of claim 11 wherein the region of interest
includes at least one straight portion.

25. The method of claim 11 wherein deploying the optical
fiber includes deploving the optical fiber to have at least one
straight portion.

26. A system, comprising:

a light source configured to generate a continuous coher-
ent signal of a predetermined wavelength into an
optical fiber;

a pseudo-random binary code sequence generator con-
figured to be driven by a master clock;

an optical modulator having first and second ports con-
figured to receive the primary coherent light signal
from the light source and a generated pseudo-random
binary codes from the pseudo-random binary code
sequence generator to produce a modulated light sig-
nal,

wherein the pseudo-random binary sequence codes are
binary sequences of ones and negative ones;

and wherein the pseudo-random binary sequence codes
are periodic with a period of T, and the minimum
period that the code stays at a certain value is T ;

and wherein an optical-fiber length L, a desired spatial
sampling A, and an acoustic signal bandwidth 6, are
specified in advance for the application; and

N is chosen so that NT =T,,
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T, is chosen so that

2L
I'b=—+p,
Cr.

where p is small compared to

and
T . 15 chosen so that

Cr

Cr
Az = — = —;
= I,

an optical circulator/coupler configured to receive the

modulated light signal from the optical modulator and
fo pass it into the optical fiber,

a detector system configured to be driven by the master
clock for de-modulating, correlating, and de-multiplex-
ing returned backscattered Ravleigh signals from the
optical fiber, wherein the detector system has a proces-
sor configured to detect coherent Ravleigh noise gen-
erated by the optical fiber to identify acoustic events;
and

wherein the optical circulator/coupler is configured to
direct the returned backscattered Ravleigh signals from
the optical fiber to the detector system.
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27. A method, comprising:

modulating a continuous-wave light beam with pseudo-
random binary sequence codes;

transmitting the modulated continuous-wave light beam
through a fiber-optic cable;

wherein the pseudo-random binary sequence codes are
periodic with a period of T, and the minimum period of
each code is T ;

and wherein a length of the fiber-optic cable is L, a spatial

sampling period along the fiber is A, and a bandwidth
of a sensed acoustic perturbation is G,; and

N is chosen so that NT =T,,
T, is chosen so that

2L
Iy = — +p,
Cr.

and
T . is chosen so that

c C
Az = = = ==
-

)
&

detecting backscattered Ravleigh signals from the fiber
optic cable; and

using the detected backscatterved Rayleigh signals to iden-
tify and to measure one or more acoustic perturbations
from one or more locations along the fiber-optic cable.

*x kK kK kK kK
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