wo 20187156132 A1 | 0000000

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual P <
O remiation = 00T 00O O
International Bureau = (10) International Publication Number
(43) International Publication Date -—-/ WO 201 8/ 1 56132 Al

30 August 2018 (30.08.2018) WIPOI|PCT

(51) International Patent Classification: (72) Imventors: BARFOOT, David Andrew; 628 Bayland Av-
E21B 47/00 (2006.01) GO01V 1/48 (2006.01) enue, Houston, Texas 77009 (US). SUH, Kwang I1; 26727
GO01V 1/46 (2006.01) GO1H 9/00 (2006.01) Sandburn Place, Los Angeles, California 91381 (US).
(21) International Application Number: (74) Agent: RUSSELL, Dean W. et al,; Kilpatrick Townsend &
PCT/US2017/019048 Stockton LLP, 1100 Peachtree Street, Suite 2800, Atlanta,
Georgia 30309 (US).

(22) International Filing Date:

23 February 2017 (23.02.2017)  (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(26) Publication Language: English CA,CH,CL,CN,CO, CR,CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, M@,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

(25) Filing Language: English

(71) Applicant: HALLIBURTON ENERGY SERVICES,
INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous-
ton, Texas 77032 (US).

(54) Title: DISTRIBUTED ACOUSTIC SENSING SYSTEM WITH A POLARIZATION CONTROL DEVICE FOR IMPROVING
SIGNAL-TO-NOISE RATIO

g 14 100

160

\\

102

140d 1400 140c 120 140b  140b 1402 140a

B \_”?/\ \/\\\\\/\ N A
N Sl

i"’i”/f“éié@bmééki %@gp &z

FIG. 1

NN NN
A
4

(57) Abstract: A backscattered signal can be received from a sensing fiber that extends into a wellbore. The backscattered signal can
have been generated based on an optical signal launched into the sensing fiber. A first delayed signal, a second delayed signal, a first
non-delayed signal, and a second non-delayed signal can be generated from the backscattered signal. A polarization control device can
shift a polarization of the first delayed signal or the first non-delayed signal. A first demodulated signal can be determined based on the
first delayed signal and the tirst non-delayed signal. A second demodulated signal can be determined based on the second delayed signal
and the second non-delayed signal. Data about an environment of the wellbore can be determined by processing the first demodulated
signal and the second demodulated signal to compensate for noise in the tirst demodulated signal or the second demodulated signal.
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DISTRIBUTED ACOUSTIC SENSING SYSTEM WITH A POLARIZATION CONTROL DEVICE FOR
IMPROVING SIGNAL-TO-NOISE RATIO

Technical Field

[0001] The present disclosure relates generally to a distributed acoustic sensing
system for interrogating a wellbore and, more particularly (although not exclusively), to a
distributed acoustic sensing system with a polarization control device for improving a signal-
to-noise ratio.
Background

[0002] A distributed acoustic sensing system can be used in a well system to
determine data about an environment of a wellbore. The distributed acoustic sensing
system can include an optical source for transmitting an optical signal through an optical
fiber that extends into a wellbore and an optical receiver for receiving a backscattered
optical signal generated by the optical signal propagating through the optical fiber. The
backscattered optical signal can be processed by the distributed acoustic sensing system to
determine the data about the environment of the wellbore. Portions or channels of the
backscattered signal can include noise such that the portion of the backscattered signal is
considered faded and unsuitable for determining the data. In some examples, a faded
channel can exist in a backscattered signal that experiences destructive noise such that a
power level of the channel is below a threshold value. In some aspects, the threshold value
can be determined based on a desired quality (e.g., accuracy) of the data.

[0003] A distributed acoustic sensing system can be used to measure the effects of a
hydraulic fracturing operation. Hydraulic fracturing can include pumping a treatment fluid
that includes a proppant mixture into a wellbore formed through the subterranean
formation. The treatment fluid can create perforations in the subterranean formation and
the proppant mixture can fill the perforations to prop the perforations open. The flow of
the treatment fluid through the wellbore can create acoustics that vibrate the sensing fiber
and cause measurable changes in a backscattered optical signal. The distributed acoustic
sensing system can detect these changes and determine the intensity and location of the
source of the acoustics based on the backscattered signal. The intensity and location of the
source of the acoustics can be used by the distributed acoustic sensing system to determine

data about the environment of the wellbore.
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Brief Description of the Drawings

[0004] FIG. 1 is a diagram of an example of a well system including a distributed
acoustic sensing system with a polarization control device for improving a signal-to-noise
ratio according to one aspect of the present disclosure.

[0005] FIGS. 2-4 are schematic diagrams of examples of different types of wellbores
each including a distributed acoustic sensing system with a phase modulator for mitigating
faded channels according to one aspect of the present disclosure.

[0006] FIG. 5 is a block diagram of an example of a distributed acoustic sensing
system with a polarization control device for improving a signal-to-noise ratio according to
one aspect of the present disclosure.

[0007] FIG. 6 is a block diagram of an example of an optical receiver including a
processing device for use in distributed acoustic sensing system with a polarization control
device for improving a signal-to-noise ratio according to one aspect of the present
disclosure.

[0008] FIG. 7 is a flowchart of an example of a process for improving a signal-to-
noise ratio in a distributed acoustic sensing system using a polarization control device
according to one aspect of the present disclosure.

[0009] FIG. 8 is a block diagram of an example of a distributed acoustic sensing
system with more than one polarization control device for improving a signal-to-noise ratio
according to one aspect of the present disclosure.

Detailed Description

[0010] Certain aspects and features relate to a distributed acoustic sensing system
(“DAS”) that includes a polarization control device (e.g., a polarization scrambler) for
improving a signal-to-noise ratio of the DAS usable with respect to a wellbore. A DAS can be
used to determine data about an environment of the wellbore and improving the signal-to-
noise ratio can improve the accuracy of the data. A DAS can include a compensator for
receiving a backscattered signal from a sensing fiber. The compensator can include a
polarization control device for shifting a polarity of a version of the backscattered signal.
The polarization-shifted version of the backscattered signal can be used by an
interferometer in the compensator to detect a demodulated signal that is de-correlated

with another demodulated signal determined by the compensator. Data about the
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environment of the wellbore can be determined by processing the de-correlated
demodulated signals to compensate for noise in one of the de-correlated demodulated
signals.

[0011] In some aspects, a DAS may include an interrogation device positioned at a
surface proximate to a wellbore and coupled to an optical fiber extending from the surface
into the wellbore. An optical source of the interrogation device may transmit an optical
signal, or an interrogation signal, downhole into the wellbore through the optical fiber.
Backscattering of the optical signal can occur based on the optical signal interacting with the
optical fiber and can cause the optical signal to propagate back toward an optical receiver in
the interrogation device. In some examples, different backscattering can occur based on
acoustics from the environment causing a vibration in the optical fiber or thermal changes
(e.g., changes in temperature) causing thermal expansion of the cable and movement or
expansion of the optical fiber. The acoustics from the environment and thermal changes
may have different frequency content. The optical signal can be analyzed to determine real-
time data about an environment of the wellbore, including intensity and location of the
acoustics generated downhole or changes in temperature downhole. A DAS can detect
signals anywhere along a length of optical fiber in substantially real time (e.g., real time can
be limited by the travel time of the optical pulse from the DAS signal transmitter to the end
of the optical fiber and back to the DAS optical receiver). For example, the DAS can measure
real-time data about acoustics produced by treatment fluid flowing through perforations in
the subterranean formation during a hydraulic fracturing process. The real-time data can be
used to determine expected flow rates at each perforation cluster in a wellbore.

[0012] The power of a backscattered signal can be weak (e.g., 1 millionth of the peak
power of the interrogation signal). The signal to noise ratio of measurements can depend
on the coherent portion of the backscattered power received by an optical receiver. The
coherent portion of the backscattered signal can vary significantly because the
backscattered signal can depend on the ensemble sum of the backscattered light occurring
between two locations or segments of the sensing fiber that interferometricaly recombine.
The resulting coherence of any of the measurements can range by more than two orders of

magnitude.
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[0013] In some aspects, the compensator can include splitters and a delay coil for
generating time delayed versions of the backscattered signal and non-delayed versions of
the backscattered signal. The compensator can also include interferometers that can each
determine or detect a demodulated signal based on a delayed version of the backscattered
signal and a non-delayed version of the backscattered signal. The compensator can also
include a polarization control device for shifting a polarity of one of the versions of the
backscattered signal used by an interferometer such that the interferometer detects a
demodulated signal with noise that is de-correlated from noise in a demodulated signal
detected by another interferometer. De-correlated demodulated signals can have different
signal-to-noise ratios and the noise can be mixed into different portions of the demodulated
signals. In some examples, using the demodulated signal with the higher signal-to-noise
ratio can mitigate noise by determining the data based on a demodulated signal with a
higher signal-to-noise ratio. In additional or alternative examples, the de-correlated
demodulated signals can be simultaneously processed by averaging the demodulated
signals together using a weighted average such that portions of the demodulated signals are
compared and the portion with the higher signal-to-noise ratio is used in determining data.
More de-correlated demodulated signals can result in more noise mitigation.

[0014] These illustrative examples are given to introduce the reader to the general
subject matter discussed here and are not intended to limit the scope of the disclosed
concepts. The following sections describe various additional features and examples with
reference to the drawings in which like numerals indicate like elements, and directional
descriptions are used to describe the illustrative aspects but, like the illustrative aspects,
should not be used to limit the present disclosure.

[0015] FIG. 1 illustrates an example of a well system 100 that includes a DAS
according to some aspects of the present disclosure. The well system 100 includes a casing
string 102 positioned in a wellbore 104 that has been formed in a surface 106 of the earth.
The well system 100 may have been constructed and completed in any suitable manner,
such as by use of a drilling assembly having a drill bit for creating the wellbore 104. The
casing string 102 may include tubular casing sections connected by end-to-end coupling

bands 116. In some aspects, the casing string 102 may be made of a suitable material such
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as steel. Within the wellbore 104, cement 110 may be injected and allowed to set between
an outer surface of the casing string 102 and an inner surface of the wellbore 104.

[0016] At the surface 106 of the wellbore 104, a tree assembly 112 may be joined to
the casing string 102. The tree assembly 112 may include an assembly of valves, spools,
fittings, etc. to direct and control the flow of fluid (e.g., oil, gas, water, etc.) into or out of
the wellbore 104 within the casing string 102. For example, a pump 130 can be coupled to
the tree assembly 112 for injecting a treatment fluid into the wellbore 104 as part of a
hydraulic fracturing process. The treatment fluid can form the perforation clusters 140a-d
through the outer surface of the casing string 102, the cement 110, and a surrounding
subterranean formation. Each perforation cluster 140a-d can include one or more fractures
and the treatment fluid can include proppant for propping the fractures open such that
production fluid can flow from the surrounding subterranean formation into the wellbore
104.

[0017] Optical fibers 114 may be routed through one or more ports in the tree
assembly 112 and extend along an outer surface of the casing string 102. The optical fibers
114 can include multiple optical fibers. For example, the optical fibers 114 can include one
or more single-mode optical fibers or one or more multimode optical fibers. Each of the
optical fibers 114 may include one or more optical sensors 120 along the optical fibers 114.
The sensors 120 may be deployed in the wellbore 104 and used to sense and transmit
measurements of an environment of the wellbore 104 or downhole conditions in the well
system 100 to the surface 106. In some examples, the sensors 120 may measure acoustics
generated from the environment generated as the treatment fluid from the pump 130
passes through one of the perforation clusters 140a-d. In additional or alternative
examples, the sensors 120 may measure a temperature at one of the perforation clusters
140a. The optical fibers 114 may be retained against the outer surface of the casing string
102 at intervals by coupling bands 116 that extend around the casing string 102. The optical
fibers 114 may be retained by at least two of the coupling bands 116.

[0018] The optical fibers 114 can be coupled to an interrogation subsystem 118. The
interrogation subsystem 118 can be part of a DAS, a DTS, or a combination thereof. The
interrogation subsystem 118 is positioned at the surface 106 of the wellbore 104. In some

aspects, the interrogation subsystem 118 may be an opto-electronic unit that may include
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devices and components to interrogate sensors 120 coupled to the optical fibers 114. For
example, the interrogation subsystem 118 may include an optical source, such as a laser
device, that can generate optical signals to be transmitted through one or more of the
optical fibers 114 to the sensors 120 in the wellbore 104. The interrogation subsystem 118
may also include an optical receiver to receive and perform interferometric measurements
of backscattered optical signals from the sensors 120 coupled to the optical fibers 114.
[0019] Although FIG. 1 depicts the optical fibers 114 as being coupled to the sensors
120, the optical fibers 114 can form a sensing optical fiber and operate as a sensor. A
sensing optical fiber can be remotely interrogated by transmitting an optical signal
downhole through the optical fibers 114. In some examples, Rayleigh scattering from
random variations of a refractive index in the optical waveguide can produce backscattered
light. By measuring a difference in an optical phase of the scattering occurring at two
locations along the optical fibers 114 and tracking changes in the phase difference over
time, a virtual vibration sensor can be formed in the region between the two scattering
location. By sampling the backscattered optical signals at a high rate (e.g., 100 MHz) the
optical fibers 114 can be partitioned into an array of vibration sensors. In some aspects, the
interrogation subsystem 118 can include a processing device for processing the
backscattered optical signals to determine data about an environment of the wellbore 104.
In additional or alternative aspects, the processing device can be separate from, but
communicatively coupled to, the interrogation subsystem 118. For example, a processing
device can be included in the pump 130 or a tool positioned downhole.

[0020] In this example, the interrogation subsystem 118 includes a polarization
control device 160 for improving a signal-to-noise ratio and mitigating fading in the DAS.
Some of the sensors 120 can respond to acoustics in the wellbore (e.g., acoustic signals
generated by the treatment fluid passing through the perforation clusters 140a-d) and
provide a backscattered optical signal based on the acoustics and the optical signal to the
interrogation subsystem 118. The polarization control device 160 can shift a polarity of a
version of the backscattered signal received from the optical fibers 114. By shifting the
polarity of a version of the backscattered signal, the interrogation subsystem 118 can
generate or detect de-correlated demodulated signals. A processing device can process the

de-correlated demodulated signals to improve a signal-to-noise ratio and mitigate fading in
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the backscattered signal. In some examples, the processing device can combine the
portions of each demodulated signal with an amount of fading below a threshold value.
Improving the signal-to-noise ratio and mitigating the fading can allow the DAS to determine
more accurate data representing the environment of the wellbore.

[0021] In some aspects, the well system 100 may also include one or more electrical
sensors deployed using an electrical cable deployed similarly to the optical fibers 114. In
additional or alternative aspects, the optical fibers 114 can be a hybrid opto-electrical cable
housing both optical fibers and electrical conductors for electrical sensors.

[0022] In some aspects, the optical fibers 114 can be positioned exterior to the
casing string 102, but other deployment options may also be implemented. For example,
FIGS. 2-4 depict schematic diagrams of a DAS being deployed in a variety of well systems
210, 220, 230.

[0023] Each of the well systems 210, 220, 230 include a production casing 204
extending through a surface casing 202 and a tubing string 206 extending through the
production casing 204. The well system 210 includes optical fibers 214 extending through
an inner area of the tubing string 206. The optical fibers 214 may extend through the tubing
string 206 such that the optical fibers 214 can be removed independent of the tubing string
206. The well system 220 includes optical fibers 224 coupled to an outer surface of the
tubing string 206 by coupling bands 222. The tubing string 206 can include coiled tubing and
the optical fibers 224 can be coupled to the coiled tubing such that the optical fibers 214
can be removed with the coiled tubing. In some examples, a tail of the tubing string can
extend below a deepest perforation. The well system 230 includes optical fibers 234
extending downhole between the surface casing 202 and the production casing 204.
Coupling bands 232 can couple the optical fibers 234 to an exterior surface of the
production casing 204.

[0024] FIG. 5 is a block diagram of a DAS that includes a polarization control device
568 for improving a signal-to-noise ratio of the DAS. The DAS can include an interrogation
subsystem 500 and a sensing fiber 590. In some examples, the interrogation subsystem 500
can include the interrogation subsystem 118 in FIG. 1 and the sensing fiber 590 can include

the optical fiber 114 in FIG. 1.
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[0025] The interrogation subsystem 500 can include a laser 510, a pulser 520, a pair
of erbium-doped fiber amplifier (“EDFA”) 530, 550, a circulator 540, a compensator 560, and
an optical receiver 580. The laser 510 can generate an optical signal, which can be
separated into pulses by the pulser 520. The EDFA 530 can amplify the pulses and the
circulator 540 can launch each pulse into the sensing fiber 590. The circulator 540 can also
receive a backscattered signal in response to each pulse from the sensing fiber 590 and can
direct each backscattered signal to the EDFA 550. The EDFA 550 can amplify each
backscattered signal to compensate for splitting that can occur in the compensator 560.
The compensator 560 can include splitters 562, 566a-b, a delay coil 564, a polarization
control device 568, and interferometers 570a-b. The splitter 562 can split a backscattered
signal output by the EDFA 550 into two versions. One version can pass through the time
delay coil 564 and the version can be input to splitter 566a. The other version can be input
directly to splitter 566b. Splitter 566a can split the time-delayed version into two time-
delayed versions.

[0026] One of the time-delayed versions is an input for interferometer 2 570b. The
polarization control device 568 can shift the polarity of the other time-delayed version and
output a polarity-shifted time-delayed version as an input to interferometer 1 570a. Splitter
566b can split the non-delayed version into two non-delayed versions such that one non-
delayed version is provided as input to each of the interferometers 570a-b. In some
examples, the interferometers 570a-b can be 3x3 couplers, 90 degree hybrids, 4x4 couplers
or any other devices that can demodulate optical phase using passive homodyne
demodulation. The interferometers 570a-b can each use the time-delayed version and the
non-delayed version to detect a demodulated signal. A demodulated signal detected by
interferometer 1 570a can be de-correlated, in regards to noise, in comparison to a
demodulated signal detected by interferometer 2 570b. In this example, each demodulated
signal can include an in-phase and quadrature value that can be transmitted to optical
receiver 580.

[0027] A processing device can be included in the optical receiver 580 or
communicatively coupled to the interrogation subsystem 500 for processing the de-
correlated demodulated signals to determine data about an environment of the wellbore.

In some aspects, the processing device determines the data based on the demodulated
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signal with a higher signal-to-noise ratio. In additional or alternative aspects, the processing
device averages the de-correlated demodulated signals using a weighted average based on
the signal-to-noise of each demodulated signal. By processing demodulated signals
generated from versions having a different polarization, the processing device can improve
the signal-to-noise ratio and mitigate fading. In some examples, processing the de-
correlated demodulated signals can provide a 2 to 3 dB improvement to the signal-to-noise
ratio.

[0028] In this example, the compensator 560 includes splitters 562, 566a-b for
splitting each backscattered signal twice. The EDFA 550 can compensate for the versions
being input to the interferometers having a fourth of the power level of the backscattered
signal received by the compensator 560 by outputting a backscattered signal with a power
level that is four times the power level of the backscattered signal received at the EDFA 550.
[0029] In some examples, the polarization control device 568 can include a
polarization scrambler, a polarization switch, or a depolarizer for manipulating the
polarization state of a version of the backscattered signal. In some aspects, the polarization
control device can include a coil of fiber with a sufficiently small diameter to induce stress
on the fiber and cause birefringence. In additional or alternative aspects, the polarization
control device 568 can include two lengths of polarization maintaining fiber spliced in
different polarization orientation into the fiber lead between the splitter 566a and the
interferometer 1 570a.

[0030] Although FIG. 5 depicts a block diagram of an optical phase based DAS having
a single laser and a single polarization control device, other implementations are possible.
In some examples, a DAS can include more than one laser or other optical sources for
generating more than one optical signal and a DAS can include more than one compensator
for each receiving a backscattered signal generated by the optical signals.

[0031] FIG. 8 is a block diagram that depicts a DAS with an interrogation subsystem
800 that includes a compensator 860 with more than two interferometers 870a-c. The
interrogation subsystem can include a laser 810, pulser 820, a pair of EDFAs 850, a circulator
840, the compensator 860, and an optical receiver 880. Similar to the interrogation
subsystem 500 in FIG. 5, the interrogation subsystem 800 can generate an optical signal that

can be launched into a sensing fiber 890 that can extend into a wellbore. The circulator 840
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can receive a backscattered signal in response to the optical signal from the sensing fiber
890 and can the backscattered signal to the EDFA 550. The EDFA 550 can amplify the
backscattered signal to compensate for splitting that can occur in the compensator 860.
The compensator 860 can include splitters 862, 866a-b, a delay coil 864, polarization control
devices 868a-b, and interferometers 870a-c. The splitter 862 can split a backscattered signal
output by the EDFA 850 into two versions. One version can pass through the time delay coil
864 and can be input to splitter 866a. The other version can be input directly to splitter
866b. Splitter 866a can split the time-delayed version into three or more time-delayed
versions.

[0032] Two or more of the time-delayed versions can be input to one of the
polarization control devices 868a-b, which can shift a polarization of the time-delayed
versions. Splitter 566b can split the non-delayed version into three or more non-delayed
versions. Each of the interferometers 870a-c can receive one of the time-delayed versions
and the non-delayed versions and detect a demodulated signal based on the received time-
delayed version and non-delayed version. The demodulated signals detected by the
interferometers 870a-c can be de-correlated in regards to noise. A processing device can be
included in the optical receiver 580 or communicatively coupled to the interrogation
subsystem 500 for processing the de-correlated demodulated signals to determine data
about an environment of the wellbore.

[0033] FIG. 6 depicts an example of the optical receiver 580 in FIG. 5. The optical
receiver 580 can include a processing device 672 and a communications network port 680.
The processing device 672 can include any number of processors 674 configured for
executing program code stored in memory 676. Examples of the processing device 672 can
include a microprocessor, an application-specific integrated circuit (“ASIC”), a field-
programmable gate array (“FPGA”), or other suitable processor. In some aspects, the
processing device 672 can be a dedicated processing device used determining data about an
environment of the wellbore by processing distinct demodulated signals to compensate for
noise in one of the demodulated signals. In additional or alternative aspects, the processing
device 672 can perform additional functions. In some examples, the processing device 672
can be communicatively coupled to (or included in) a DAS for determining a flow rate of

treatment fluid through a perforation based on acoustics generated in the wellbore. In
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additional or alternative examples, the processing device 672 can determine a pumping
schedule for a hydraulic fracturing process and communicate with a pump to perform the
operation.

[0034] The processing device 672 can include (or be communicatively coupled with)
a non-transitory computer-readable memory 676. The memory 676 can include one or
more memory device that can store program instructions. The program instructions can
include for example, a noise mitigation engine 678 that is executable by the processing
device 672 to perform certain operations described herein.

[0035] The operations can include determining data about an environment of a
wellbore by processing data from more than one de-correlated demodulated signal to
compensate for noise in one of the demodulated signals. In some aspects, the processing
device 672 can receive, via the communications network port 680, a first demodulated
signal from a first interferometer. The first demodulated signal can be based on a first
delayed signal and a first non-delayed signal. The first delayed signal and the first non-
delayed signal can have been formed based on a backscattered signal received from a
sensing fiber that extends into the wellbore. The processing device 672 can also receive, via
the communications network port 680, a second demodulated signal from a second
interferometer. The second demodulated signal can be based on a second delayed signal
and a second non-delayed signal formed from the backscattered signal. In additional or
alternative aspects, the processing device 672 can receive, via the communications network
port 680, data based on the first demodulated signal and the second demodulated signal.
[0036] In some aspects, the first delayed signal may have a different polarization
than the first non-delayed signal and the second delayed signal can have the same
polarization as the second non-delayed signal such that the first demodulated signal is de-
correlated from the second demodulated signal. The operations can include the processing
device 672 causing the polarization control device to shift the polarity of the first delayed
signal or the first non-delayed signal.

[0037] In additional or alternative aspects, the operations can include the processing
device 672 determining a signal-to-noise ratio for each of the de-correlated demodulated
signals. In some examples, the processing device 672 can determine the data about the

environment of the wellbore based on the demodulated signal with a higher signal-to-noise
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ratio. In additional or alternative examples, the processing device 672 can determine the
date about the environment of the wellbore based on averaging the demodulated signals
using a weighted average. The weighted average can be determined based on the signal-to-
noise ratio of each demodulated signal such that portions of each demodulated signal with a
higher signal-to-noise ratio are given a higher weight.

[0038] Although the processing device 672 is depicted in FIG. 6 as included in the
optical receiver 580, other implementations are possible. In some examples the processing
device 672 is an independent component communicatively coupled to more than one
interferometer or optical receiver.

[0039] FIG. 7 is a flowchart of a process for improving a signal-to-noise ratio in a DAS
using a polarization control device. The process can provide higher precision data about an
environment of a wellbore.

[0040] In block 710, a backscattered signal can be received from a sensing fiber. The
backscattered signal can be generated by an optical signal propagating through the sensing
fiber. In some aspects, the optical signal may have been generated by an optical source
(e.g., a laser) and a pulse generator. The sensing fiber can extend into a wellbore and
include a single mode or a multimode optical fiber. The sensing fiber can behave as a series
of sensors by generating backscattered light based on the optical signal and conditions of
the environment of the wellbore. The backscattered light can be formed based on the
optical signal backscattering at one or more points along the sensing fiber. The
backscattered light at each of these points can have a different phase and can interfere with
the optical signal as the backscattered light propagates towards the surface and the optical
signal propagates deeper into the wellbore. At some points along the sensing fiber, the
backscattered light will be in phase with the optical signal such that collision between the
signals is constructive. At other points along the sensing fiber, the backscattered light will
be out of phase with the optical signal such that collisions between the signals can cause
fading.

[0041] In block 720, a first delayed signal, a second delayed signal, a first non-
delayed signal, and a second non-delayed signal are generated from the backscattered
signal. The backscattered signal can be received by a first splitter that can form a first signal

and a second signal from the backscattered signal. In some examples, the first signal and
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the second signal can be copies of the backscattered signal each with half of the power.
One output of the first splitter can be conductively coupled to a delay coil for delaying the
first signal compared to the second signal. The output of the delay coil can be conductively
coupled to a second splitter for forming the first delayed signal and the second delayed
signal from the first signal. In some examples, the first signal and second signal can be
copies of the first signal each with half of the power. The other output of the first splitter
can be conductively coupled to a third splitter for forming the first non-delayed signal and
the second non-delayed signal from the second signal. In some examples, the first non-
delayed signal and the second non-delayed signal can be copies of the second signal each
with half of the power. In additional or alternative examples, an amplifier can be
conductively coupled between the sensing fiber and the first splitter for amplifying the
backscattered signal to compensate for the reduction in power to each of the first delayed
signal, the second delayed signal, the first non-delayed signal, and the second non-delayed
signal caused by the splitters.

[0042] In block 730, a polarization of the first delayed signal or the first non-delayed
signal is shifted by a polarization control device. The polarization control device can include
a coil of fiber. As the first delayed signal or the first non-delayed signal propagates through
the coiled fiber, the signal can experience birefringence, in which the optical signals can be
split based on polarization into two rays taking different paths. In additional or alternative
aspects, the polarization control device can include two lengths of polarization maintaining
fiber spliced in different polarization orientation into the fiber lead such that an optical
signal is split based on polarization into the different lengths of fiber.

[0043] In block 740, a first interferometer determines (e.g., by detecting) a first
demodulated signal based on the first delayed signal having a shifted polarization and the
first non-delayed signal. The first demodulated signal can be determined by processing the
interference between the first delayed signal and the first non-delayed signal. In block 750,
a second interferometer determines second demodulated signal based on the second
delayed signal and the second non-delayed signal. The first demodulated signal can be de-
correlated with the second demodulated signal in regards to a position of noise within the

first demodulated signal. In some aspects, the first interferometer can include the second
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interferometer and the first demodulated signal and the second demodulated signal can be
determined in series.

[0044] In block 760, a processing device determines data about an environment of
the wellbore by processing the first demodulated signal and the second demodulated signal
to compensate for noise in the first demodulated signal or the second demodulated signal.
In some aspects, fading or noise can be present in different portions of the first
demodulated signal as compared to the second demodulated signal. The processing device
can analyze the first demodulated signal and the second demodulated signal to determine
portions or channels of each signal that are faded by comparing a power value for the
portion to a threshold value. In some examples, the processing device uses the
demodulated signal with a lower percentage of faded portions to determine the data about
the environment of the wellbore. In additional or alternative aspects, the processing device
compares each portion of the first demodulated signal with each portion of the second
demodulated signal and determines the data about the environment associated with each
portion based on the demodulated signal with less fading in that portion.

[0045] In additional or alternative aspects, the processing device can sum the first
demodulated signal and the second demodulated signal. Portions that are faded in the first
demodulated signal can be compensated for by a lack of fading in an associated portion of
the second demodulated signal. Portions that are faded in the second demodulated signal
can be compensated for by a lack of fading in an associated portion of the first demodulated
signal.

[0046] Although FIG. 7 depicts a process with a single backscattered signal, more
than one backscattered signal can be received and processed substantially simultaneously
to determine more accurate data about the environment of the wellbore. For example,
more than one optical source can generate more than one optical signal. Each of the optical
signals can be launched into the sensing fiber at substantially the same time. A
backscattered signal can be generated by each optical signal as the optical signals propagate
through the sensing fiber. The backscattered signals can be received by one or more
compensators, which can split each of the backscattered signals to create de-correlated

demodulated signals. The processing device can process each of the de-correlated
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demodulated signals based on one or more backscattered signals to determine data about
the environment of the wellbore.

[0047] In some aspects, a DAS with a polarization control device for improving a
signal-to-noise ratio is provided according to one or more of the following examples:

[0048] Example #1: A method can include receiving a backscattered signal from a
sensing fiber extending into a wellbore. The backscattered signal can be based on an optical
signal launched into the sensing fiber. The method can further include generating a first
delayed signal, a second delayed signal, a first non-delayed signal, and a second non-
delayed signal from the backscattered signal. The method can further include shifting, by a
polarization control device, a polarization of the first delayed signal or the first non-delayed
signal. The method can further include determining a first demodulated signal based on the
first delayed signal and the first non-delayed signal. The first delayed signal or the first non-
delayed signal can have a shifted polarization. The method can further include determining
a second demodulated signal based on the second delayed signal and the second non-
delayed signal. The method can further include determining data about an environment of
the wellbore by processing the first demodulated signal and the second demodulated signal
to compensate for noise in the first demodulated signal or the second demodulated signal.
[0049] Example #2: The method of Example #1, can further feature determining the
first demodulated signal including detecting, by a first interferometer, the first demodulated
signal. Determining the second demodulated signal can include detecting, by a second
interferometer, the second demodulated signal having noise that is de-correlated with noise
in the first demodulated signal.

[0050] Example #3: The method of Example #1, can further feature determining the
data about the environment of the wellbore including averaging the first demodulated
signal and the second demodulated signal using a weighted average. The first demodulated
signal and the second demodulated signal can be assigned weights based on a signal-to-
noise ratio of the first demodulated signal and a signal-to-noise ratio of the second
demodulated signal.

[0051] Example #4: The method of Example #1, can further feature determining the
data about the environment of the wellbore including determining first data about the

environment of a segment of the wellbore based on a first portion of the first demodulated
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signal associated with the segment of the wellbore or a second portion of the second
demodulated signal associated with the segment of the wellbore based on comparing a
signal-to-noise ratio of the first portion and a signal-to-noise ratio of the second portion.
[0052] Example #5: The method of Example #1, can further feature determining the
data about the environment of the wellbore including processing the first demodulated
signal and the second demodulated signal to obtain a signal-to-noise ratio of 2 to 3 dBs
greater than the first demodulated signal or the second demodulated signal.

[0053] Example #6: The method of Example #1, can further feature generating the
first delayed signal, the second delayed signal, the first non-delayed signal, and the second
non-delayed signal including splitting, by a first splitter, the backscattered signal into a first
signal and a second signal. Generating the first delayed signal, the second delayed signal,
the first non-delayed signal, and the second non-delayed signal can further include
generating, by a delay coil, a time delay in the first signal compared to the second signal.
Generating the first delayed signal, the second delayed signal, the first non-delayed signal,
and the second non-delayed signal can further include splitting, by a second splitter, the first
signal into the first delayed signal and the second delayed signal. Generating the first
delayed signal, the second delayed signal, the first non-delayed signal, and the second non-
delayed signal can further include splitting, by a third splitter, the second signal into the first
non-delayed signal and the second non-delayed signal.

[0054] Example #7: The method of Example #6, can further feature generating the
first delayed signal, the second delayed signal, the first non-delayed signal, and the second
non-delayed signal including amplifying the backscattered signal to compensate for a
reduction in power of the first delayed signal, the second delayed signal, the first non-
delayed signal, and the second non-delayed signal compared to the backscattered signal.
[0055] Example #8: The method of Example #1, can further feature receiving the
backscattered signal from the sensing fiber extending into the wellbore including receiving
one or more additional backscattered signals from the sensing fiber at substantially the
same time as the backscattered signal. Determining the data about the environment of the
wellbore can include processing the first demodulated signal, the second demodulated
signal, and additional demodulated signals based on the one or more additional

backscattered signals to compensate for noise in the first demodulated signal, the second
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demodulated signal, and the additional demodulated signals. The additional demodulated
signals can be de-correlated with the first demodulated signal and the second demodulated
signal.

[0056] Example #9: A system can include a polarization control device, a first
interferometer, and a second interferometer. The polarization control device can be
communicatively coupled to a sensing fiber that can extend into a wellbore for shifting a
polarization of a first version of a backscattered signal received from the sensing fiber. The
first interferometer can be communicatively coupled to the polarization control device for
detecting a first demodulated signal based on the first version of the backscattered signal
and a second version of the backscattered signal having a different polarization than the
first version of the backscattered signal. At least one of the first version of the
backscattered signal or the second version of the backscattered signal can have a time
delay. The second interferometer can be communicatively coupled to the sensing fiber for
detecting a second demodulated signal based on a third version of the backscattered signal
and a fourth version of the backscattered signal having the same polarization as the third
version of the backscattered signal and a time delay. The first demodulated signal can be
used with the second demodulated signal to determine data about an environment of the
wellbore by processing the first demodulated signal and the second demodulated signal to
compensate for noise in the first demodulated signal or the second demodulated signal.
[0057] Example #10: The system of Example #9, can further include an optical source
and an optical receiver. The optical source can be coupled to the sensing fiber for
generating an optical signal and launching the optical signal into the sensing fiber. The
optical receiver can be communicatively coupled to the first interferometer and the second
interferometer for determining the data based on the first demodulated signal and the
second demodulated signal.

[0058] Example #11: The system of Example #10, can further feature the optical
receiver including a processing device for determining a first signal-to-noise ratio of the first
demodulated signal, a second signal-to-noise ratio of the second demodulated signal, and
processing the first demodulated signal and the second demodulated signal to compensate
for noise in the first demodulated signal or the second demodulated signal by comparing the

first signal-to-noise ratio and the second signal-to-noise ratio.
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[0059] Example #12: The system of Example #11, can further feature the optical
receiver including the processing device for further assigning a weight to the first
demodulated signal based on the first signal-to-noise ratio, for assigning a weight to the
second demodulated signal based on the second signal-to-noise ratio, and for determining
the data based on averaging the first demodulated signal with the second demodulated
signal using a weighted average.

[0060] Example #13: The system of Example #9, can further include a first splitter, a
delay coil, a second splitter, and a third splitter. The first splitter can be communicatively
coupled to the sensing fiber for splitting the backscattered signal into a first signal and a
second signal. The delay coil can be communicatively coupled to the first splitter for
forming a first delayed signal from the first signal. The second splitter can be
communicatively coupled to the delay coil for splitting the first delayed signal into the first
version of the backscattered signal and the third version of the backscattered signal. The
third splitter can be communicatively coupled to the first splitter for splitting the second
signal into the second version of the backscattered signal and the fourth version of the
backscattered signal.

[0061] Example #14: The system of Example #13, can further include an amplifier.
The amplifier can be communicatively coupled between the sensing fiber and the first
splitter for amplifying the backscattered signal to compensate for a reduction in power of
the first version of the backscattered signal. The second version of the backscattered signal,
the third version of the backscattered signal, and the fourth version of the backscattered
signal can be on the splitters.

[0062] Example #15: The system of Example #9, can feature the polarization control
device being a first polarization control device of a plurality of polarization control devices.
The system can further include a plurality of polarization control devices and a plurality of
additional interferometers. The plurality of polarization control devices can be for shifting a
plurality of versions of the backscattered signal. Each additional interferometer of the
plurality of additional interferometers for detecting an additional de-correlated
demodulated signal based on a time-delayed version of a plurality of time-delayed versions
of the backscattered signal and a non-delayed version of a plurality of non-delayed versions

of the backscattered signal. The time-delayed version of the backscattered signal can have a
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different polarization than the non-delayed version of the backscattered signal. The
additional de-correlated demodulated signal can be used with the first demodulated signal
and the second demodulated signal to determine the data about the environment of the
wellbore by processing the first demodulated signal, the second demodulated signal, and
the additional de-correlated demodulated signal to compensate for noise in the first
demodulated signal, the second demodulated signal, and the additional de-correlated
demodulated signal.

[0063] Example #16: The system of Example #10, can further feature the
polarization control device including a polarization scrambler. The polarization scrambler
can include a coil of fiber for inducing stress on the fiber to cause birefringence.

[0064] Example #17: A non-transitory computer-readable medium in which
instructions are stored. The instructions can be executed by a processing device for causing
the processing device to receive a first demodulated signal based on a first delayed signal
and a first non-delayed signal. The first delayed signal and the first non-delayed signal can
be formed from a backscattered signal that can be generated in a sensing fiber that can
extend into a wellbore. The first delayed signal or the first non-delayed signal can be shifted
in polarization by a polarization control device. The instructions can further cause the
processing device to receive a second demodulated signal based on a second delayed signal
and a second non-delayed signal formed from the backscattered signal. The second delayed
signal and the second non-delayed signal can be formed from the backscattered signal. The
second delayed signal can have the same polarization as the second non-delayed signal.
The instructions can further cause the processing device to determine data about an
environment of the wellbore by processing the first demodulated signal and the second
demodulated signal to compensate for noise in one or more of the first demodulated signal
and the second demodulated signal.

[0065] Example #18: The non-transitory computer-readable medium of Example
#17, can further include instructions for causing the processing device to cause the
polarization control device to shift the polarization of one of the first delayed signal and the
first non-delayed signal such that the first demodulated signal is de-correlated, in regard to

noise, as compared to the second demodulated signal.
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[0066] Example #19: The non-transitory computer-readable medium of Example
#17, can further feature the instructions for causing the processing device to determine the
data about the environment of the wellbore further causing the processing device to
determine a first signal-to-noise ratio of the first demodulated signal. The instructions for
causing the processing device to determine the data about the environment of the wellbore
can further cause the processing device to determine a second signal-to-noise ratio of the
second demodulated signal. The instructions for causing the processing device to determine
the data about the environment of the wellbore can further cause the processing device to
average the first demodulated signal with the second demodulated signal based on the first
signal-to-noise ratio and the second signal-to-noise ratio.

[0067] Example #20: The non-transitory computer-readable medium of Example
#19, can further feature the instructions for causing the processing device to average the
first demodulated signal with the second causing the processing device to partition the first
demodulated signal and the second demodulated signal into portions associated with
segments of the wellbore. The instructions for causing the processing device to average the
first demodulated signal with the second can further cause the processing device to assign a
weight to each portion based on the signal-to-noise ratio of the portion. The instructions
for causing the processing device to average the first demodulated signal with the second
can further cause the processing device to average the first demodulated signal and the
second demodulated signal to determine an averaged signal using a weighted average. The
instructions for causing the processing device to average the first demodulated signal with
the second can further cause the processing device to determine the data about the
environment based on the averaged signal.

[0068] The foregoing description of certain examples, including illustrated examples,
has been presented only for the purpose of illustration and description and is not intended
to be exhaustive or to limit the disclosure to the precise forms disclosed. Numerous
modifications, adaptations, and uses thereof will be apparent to those skilled in the art

without departing from the scope of the disclosure.
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Claims

What is claimed is:

1. A method comprising:

receiving a backscattered signal from a sensing fiber extending into a wellbore, the
backscattered signal being based on an optical signal launched into the sensing fiber;

generating a first delayed signal, a second delayed signal, a first non-delayed signal,
and a second non-delayed signal from the backscattered signal;

shifting, by a polarization control device, a polarization of the first delayed signal or
the first non-delayed signal;

determining a first demodulated signal based on the first delayed signal and the first
non-delayed signal, the first delayed signal or the first non-delayed signal having a shifted
polarization;

determining a second demodulated signal based on the second delayed signal and
the second non-delayed signal;

determining data about an environment of the wellbore by processing the first
demodulated signal and the second demodulated signal to compensate for noise in the first

demodulated signal or the second demodulated signal.

2. The method of claim 1, wherein determining the first demodulated signal comprises
detecting, by a first interferometer, the first demodulated signal,

wherein determining the second demodulated signal comprises detecting, by a
second interferometer, the second demodulated signal having noise that is de-correlated

with noise in the first demodulated signal.

3. The method of claim 1, wherein determining the data about the environment of the
wellbore comprises averaging the first demodulated signal and the second demodulated
signal using a weighted average, the first demodulated signal and the second demodulated
signal being assigned weights based on a signal-to-noise ratio of the first demodulated

signal and a signal-to-noise ratio of the second demodulated signal.
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4. The method of claim 1, wherein determining the data about the environment of the
wellbore comprises determining first data about the environment of a segment of the
wellbore based on a first portion of the first demodulated signal associated with the
segment of the wellbore or a second portion of the second demodulated signal associated
with the segment of the wellbore based on comparing a signal-to-noise ratio of the first

portion and a signal-to-noise ratio of the second portion.

5. The method of claim 1, wherein determining the data about the environment of the
wellbore comprises processing the first demodulated signal and the second demodulated
signal to obtain a signal-to-noise ratio of 2 to 3 dBs greater than the first demodulated signal

or the second demodulated signal.

6. The method of claim 1, wherein generating the first delayed signal, the second
delayed signal, the first non-delayed signal, and the second non-delayed signal comprises:

splitting, by a first splitter, the backscattered signal into a first signal and a second
signal;

generating, by a delay coil, a time delay in the first signal compared to the second
signal;

splitting, by a second splitter, the first signal into the first delayed signal and the
second delayed signal; and

splitting, by a third splitter, the second signal into the first non-delayed signal and

the second non-delayed signal.

7. The method of claim 6, wherein generating the first delayed signal, the
second delayed signal, the first non-delayed signal, and the second non-delayed signal
comprises amplifying the backscattered signal to compensate for a reduction in power of
the first delayed signal, the second delayed signal, the first non-delayed signal, and the

second non-delayed signal compared to the backscattered signal.
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8. The method of claim 1, wherein receiving the backscattered signal from the sensing
fiber extending into the wellbore comprises receiving one or more additional backscattered
signals from the sensing fiber at substantially the same time as the backscattered signal,
wherein determining the data about the environment of the wellbore comprises
processing the first demodulated signal, the second demodulated signal, and additional
demodulated signals based on the one or more additional backscattered signals to
compensate for noise in the first demodulated signal, the second demodulated signal, and
the additional demodulated signals, the additional demodulated signals being de-correlated

with the first demodulated signal and the second demodulated signal.

9. A system comprising:

a polarization control device communicatively coupleable to a sensing fiber
extendable into a wellbore for shifting a polarization of a first version of a backscattered
signal received from the sensing fiber;

a first interferometer communicatively coupleable to the polarization control device
for detecting a first demodulated signal based on the first version of the backscattered
signal and a second version of the backscattered signal having a different polarization than
the first version of the backscattered signal, at least one of the first version of the
backscattered signal or the second version of the backscattered signal having a time delay;
and

a second interferometer communicatively coupleable to the sensing fiber for
detecting a second demodulated signal based on a third version of the backscattered signal
and a fourth version of the backscattered signal having the same polarization as the third
version of the backscattered signal and a time delay, the first demodulated signal being
usable with the second demodulated signal to determine data about an environment of the
wellbore by processing the first demodulated signal and the second demodulated signal to

compensate for noise in the first demodulated signal or the second demodulated signal.

10. The system of claim 9, further comprising:
an optical source coupleable to the sensing fiber for generating an optical signal and

launching the optical signal into the sensing fiber; and
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an optical receiver communicatively coupleable to the first interferometer and the
second interferometer for determining the data based on the first demodulated signal and

the second demodulated signal.

11. The system of claim 10, wherein the optical receiver comprises a processing device
for determining a first signal-to-noise ratio of the first demodulated signal, a second signal-
to-noise ratio of the second demodulated signal, and processing the first demodulated
signal and the second demodulated signal to compensate for noise in the first demodulated
signal or the second demodulated signal by comparing the first signal-to-noise ratio and the

second signal-to-noise ratio.

12. The system of claim 11, wherein the optical receiver comprises the processing device
for further assigning a weight to the first demodulated signal based on the first signal-to-
noise ratio, for assigning a weight to the second demodulated signal based on the second
signal-to-noise ratio, and for determining the data based on averaging the first demodulated

signal with the second demodulated signal using a weighted average.

13. The system of claim 9, further comprising:

a first splitter communicatively coupleable to the sensing fiber for splitting the
backscattered signal into a first signal and a second signal;

a delay coil communicatively coupleable to the first splitter for forming a first
delayed signal from the first signal;

a second splitter communicatively coupleable to the delay coil for splitting the first
delayed signal into the first version of the backscattered signal and the third version of the
backscattered signal; and

a third splitter communicatively coupleable to the first splitter for splitting the
second signal into the second version of the backscattered signal and the fourth version of

the backscattered signal.
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14. The system of claim 13, further comprising:

an amplifier communicatively coupleable between the sensing fiber and the first
splitter for amplifying the backscattered signal to compensate for a reduction in power of
the first version of the backscattered signal, the second version of the backscattered signal,
the third version of the backscattered signal, and the fourth version of the backscattered

signal based on the splitters.

15. The system of claim 9, wherein the polarization control device is a first polarization
control device of a plurality of polarization control devices, the system further comprising:

the plurality of polarization control devices for shifting a plurality of versions of the
backscattered signal; and

a plurality of additional interferometers, each additional interferometer of the
plurality of additional interferometers for detecting an additional de-correlated
demodulated signal based on a time-delayed version of a plurality of time-delayed versions
of the backscattered signal and a non-delayed version of a plurality of non-delayed versions
of the backscattered signal, the time-delayed version of the backscattered signal having a
different polarization than the non-delayed version of the backscattered signal, the
additional de-correlated demodulated signal being usable with the first demodulated signal
and the second demodulated signal to determine the data about the environment of the
wellbore by processing the first demodulated signal, the second demodulated signal, and
the additional de-correlated demodulated signal to compensate for noise in the first
demodulated signal, the second demodulated signal, and the additional de-correlated

demodulated signal.

16. The system of claim 10, wherein the polarization control device comprises a
polarization scrambler including a coil of fiber for inducing stress on the fiber to cause

birefringence.

17. A non-transitory computer-readable medium in which instructions are stored, the

instructions being executable by a processing device for causing the processing device to:
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receive a first demodulated signal based on a first delayed signal and a first non-
delayed signal, the first delayed signal and the first non-delayed signal formed from a
backscattered signal generateable in a sensing fiber extendable into a wellbore, the first
delayed signal or the first non-delayed signal being shifted in polarization by a polarization
control device;

receive a second demodulated signal based on a second delayed signal and a second
non-delayed signal formed from the backscattered signal, the second delayed signal and the
second non-delayed signal formed from the backscattered signal and the second delayed
signal having the same polarization as the second non-delayed signal; and

determine data about an environment of the wellbore by processing the first
demodulated signal and the second demodulated signal to compensate for noise in one or

more of the first demodulated signal and the second demodulated signal.

18. The non-transitory computer-readable medium of claim 17, wherein the instructions
are further for causing the processing device to cause the polarization control device to shift
the polarization of one of the first delayed signal and the first non-delayed signal such that
the first demodulated signal is de-correlated, in regard to noise, as compared to the second

demodulated signal.

19. The non-transitory computer-readable medium of claim 17, wherein the instructions
for causing the processing device to determine the data about the environment of the
wellbore further comprises causing the processing device to:

determine a first signal-to-noise ratio of the first demodulated signal;

determine a second signal-to-noise ratio of the second demodulated signal; and

average the first demodulated signal with the second demodulated signal based on

the first signal-to-noise ratio and the second signal-to-noise ratio.

20. The non-transitory computer-readable medium of claim 19, wherein the instructions
for causing the processing device to average the first demodulated signal with the second

comprises causing the processing device to:
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partition the first demodulated signal and the second demodulated signal into
portions associated with segments of the wellbore;

assign a weight to each portion based on the signal-to-noise ratio of the portion;

average the first demodulated signal and the second demodulated signal to
determine an averaged signal using a weighted average; and

determine the data about the environment based on the averaged signal.
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