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(57) Abstract: A downhole tool apparatus is disclosed that includes an input fiber optic cable coupled to an electro-optic modulator.
The input fiber optic cable propagates first and second actively orthogonally polarized light beams. The electro-optic modulator
modulates the first and second actively orthogonally polarized light beams in response to a measurement data stream (e.g., telemetry
data). A single light beam comprising the modulated first and second actively orthogonally polarized light beams is propagated over
an output fiber optic cable so that the modulated first and the second actively orthogonally polarized light beams propagate the same
data through the output fiber optic cable. Recovery circuitry coupled to the single light beam is then used to detect, demodulate, and
decode the original measurement data stream.
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MULTIPLE POLARIZATION FIBER OPTIC TELEMETRY

BACKGROUND
{0001} In drilling wells for oil and gas exploration, understanding the structure
and properties of the associated geological formation provides information to aid
such exploration. Logging measurements may be performed in a borehole to
obtain this information. However, the environment in which the drilling tools
operate and where measurements are made may be located at significant
distances below the surface. It may be desirable to transmit downhole logging
measurements to the surface for analysis and control purposes.
{0002} Electrical cables have been investigated for high speed telemetry to and
from downhole tools. Use of electrical cabies for such communication, however,
has drawbacks due to limitations with information bandwidth. Optical tibers
have alsc been investigated for high speed communications to and from
downhole tools to overcome the information bandwidth limitations of electrical
cables. However, stresses iraposed on the optical fiber in the downhole
environment may cause a change in the light polarization by the time it reaches
the surface. This may cause aloss of signal at the surface polarizer and, thus, a

loss of data.

BRIEF DESCRIPTION OF THE DRAWINGS
{0063] FIG. 1 1s a block diagram showing a dual polarization system using one
fight source, according to various embodiments.
{00064} FIG. 2 1s a block diagram showing a dual polarization system using
multiple light sources, according to various embodiments.
{0065] FIG. 3 1s a block diagram showing a dual polarization system using
multiple light sources and separately encoded data streams, according to various
embodiments.
{0086] FIG. 4 are plots of Lissajous patterns and their corresponding recovered

phase signals for both polarizations, according to various embodiments.
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{00067 FIG. S are plots of waveforms resulting from arithmetic mean and
weighted mean of recovered phase signals, according to various embodiments.
{0008} FIG. 61s a flowchart of a telemetry method using a dual polarization
system, according to various embodiments.

{000%] FIG. 7 1s a diagram showing a drilling system, according to various
embodiments.

{0010} FIG 8 is a diagram showing a wireline system, according to various
embodiments.

{0011} FIG. 91s a block diagram of an example system operable to implement

the activities of disclosed methods, according to various embodiments.

DETAILED DESCRIPTION
{0012] Some of the challenges noted above, as well as others, may be
addressed by using dual polarization of data streams. Downhole telemetry
signal-to-noise ratio (SNR) and data integrity may be tmproved by using two
orthogonal polarization modes in transmitting separate data streams through an
optical fiber. The data streams may use the same encoder or each data siream
may be separately encoded. By actively polarizing each data stream into
orthogonal polarizations prior to transruission through optical fiber, at least one
data stream may be successfully recetved and demodulated if the polarization of
the other data stream is shifted from its axis during transmission from the
downhole environment.
{0013} As used herein, the term “actively polarized” is defined as polarizing
one or more light beams with a polarizing circuit or device. Actively polarized is
differentiated from induced polarization of a light beam. The induced
polarization of a light beam in a fiber optic cable may occur when the fiber optic
cable has been subjected to downhole stress {e.g., pressure, temperature, sheer
and tenston forces).
{0014] FIG 1 is a block diagram showing a dual polarization telemetry system
using one light source, according to various embodiments. This system

illustrates only one embodiment for the active dual polarization of data streams
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from a downhole environment. Dual polarization of data streams may be
accomplished in other ways.

{0015} A hight source 101 {e.g., laser) generates a coherent light beam for
transmission through the system. The light source 101 is coupled to a first beam
sphitter 103 {e.g., 1x2). The splitter 103 generates two light paths: an A light
signal and a B light signal. The outputs of the first beam splitter 103 are coupled
to a second beam splitter 105 {(e.g., 1X2) and may be coupled to an optional
acousto-optical modulator (AOM) 102, Thus, the A light signal from the first
beam splitter 103 1s input to the second beam splitter 105, The B light signal
from the first beam splitter 103 1s input to the AOM 102,

{6016} The AOM 102 is further coupled to a radio frequency {RF} signal from
an RF oscillator (not shown} or some other RF signal source. The AOM 102
uses an acousto-optic effect to diffract and shift the frequency of light using the
RF signal. The AOM 102 includes a piezoelectric transducer, coupled to a
material {e.g., glass, quartz), that is driven to vibrate by the input RF signal thus
creating scund waves in the material. The input B light signal is scattered by the
vibrating material such that the output light signal from the AOM 102 1s shifted
in frequency based on the frequency of the input RF signal. For example, the
higher the RF signal frequency, the greater the light frequency shift of the output
light signal from the ACM 102. The cutput light signal may be shifted by a
frequency in a range of a multiple megahertz (MHz) to | gigahertz (GHz). The
AOM 102 is coupled to a third beam splitter 106 (e.g., 1X2} such that the
frequency shitted light signal from the AOM 102 is input to the third beam
sphitter 106. In another embodiment, an electro-optic phase modulator with an
RF signal input may be used in place of the AOM 102,

{6017}  Since the AOM 102 provides a frequency shifted light signal, any
destructive effectives in the input B light signal will also be shifted to another
frequency from the A light signal. This frequency shift may not be necessary in
all situations so that, in another embodiment, the B light signal from the first
beam splitter 103 may be input directly to the third beam splitter 106,

{0018] The second and third beam splitters 105, 106 are coupled to a

polarization beam combiner 107 and respective coherent mixers 116, 117 (e g,
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2x4 2x8). Thus, a first light signal from each of the second and third beam
splitters 105, 106 are input to the polarization beam combiner 107, A second
light signal from each of the second and third beam splitters 105, 106 is input to
their respective coherent mixer 116, 117 and acts as a local oscillator reference
signal in its respective mixer 116, 117,

{061%9] The polanzation beam combiner 107 generates a single light signal that
is made up of the two separate light signals A and B. The polarization beam
combiner 107 changes the polarization of one of the input light signals {(e.g., A
light signal) so that it is orthogonal to the polarization of the other light signal
{e.g., B light signal) before outputting the single light signal that is the
combination of the orthogonally polarized A and B light signals. For example,
the A light signal may be polarized along the x-axis and the B light signal may
be polarized along the y-axis. Another embodiment may use other orthogonal
polarization.

{0028] The polarization beam combiner 107 18 coupled to a downhole tool
apparatus 100 through an input single mode fiber optic cable 130. The downhole
tool 100 may be located 10 a wireline tool for wireline logging operations orin a
tool inn a bottom hole assembly (BHA) for drilling operations.

{0021} The downhole tool 100 includes an electro-optic phase modulator 110
that may be coupled to a polarizer 111, The light signal comprising the
orthogonally polarized A and B light signals is input to the electro-optic phase
modulator 110 and the light signal modulated by the measurement data stream
from the downhole tool measurements is output from the polarizer 111, it the
polarizer is used.

{0022] The electro-optic phase modulator 110 may be a multiple stage device.
For example, the signal (as a single polarization or as separate polarizations)
may go through multiple and distinct phase modulators, amplitude modulators,
and/or combinations thereof.

{00231 In another embodiment, the signal output from the electro-optic phase
modulator 110 may be separated into X and Y components. Each component

would have a respective modulator so that each modulator can be tuned to a
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voltage range suitable for its respective polarization. One example of such an
embodiment is tllustrated in the apparatus 300 of FIG. 3.

{0024} The electro-optic phase modulator 110 is an optical device in which a
signal-controlled element {e.g, crystal) exhibiting electro-optic effects 1s used to
modulate a beam of light. The electro-optic effect is the change in the refractive
index of the element resulting from the application of an electric field. Thus, the
refractive index of the element is a function of the strength of the local electric
field. By changing the electric field in the crystal according to the data stream,
the phase of the light exiting the electro-optic phase modulator 110 is modulated
and encodes the data.

{0025] The polarizer 111 may be used to restrict the incoming light signal to
just one of the two orthogonal polarizations. For example, 1if a light signal enters
the polarizer 111 that has a component that is not either the X or Y polarization
originally imposed on the light signal, the polarizer 111 blocks those
components.

{0026] The polarizer 111 is shown after the electro-optic phase modulator 110,
However, if a polarizer 111 15 used, it may be either after the modulator 110 or
prior to the modulator 110, In ancther embodiment, the polarizer 111 is not used
and the output of the modulator 110 is output from the downhole tool 100 for
transmission uphole through an cutput single mode fiber optic cable 140.

{0027} Either the electro-optic phase modulator 110 or the polarizer 111 Gf
used) is coupled to data recovery circuitry that may include a fourth beam
sphitter 115 (e.g., 1x2) that 1s coupled to first and second coherent mixers 116,
117 {(e.g., 2x4 or 2x8 coherent mixers). For example, one beam from the splitter
115 may be input to the first mixer 116 and a second beam from the splitter 115
may be input to the second mixer 117.

{0028] In an embodiment, the data recovery circuitry may include the fourth
beam splitter 115, the first and second coherent mixers 116, 117, as well as other
optical and/or electrical circuitry to recover the original measurement data
stream. [o another embodiment, the recover circuitry may not include the fourth
beam splitter 115. The recovery circuitry is configured to recover {i.¢., detect,

demodulate, and/or decode) the measurement data stream.
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{0029 The second mixer 117 1s also coupled to the second beam splitter 105
The original A light signal from the beam splitter 105 1s used as a local oscillator
reference signal into the mixer 117 to generate light states (Tax, Qax, 1ay, Qay)in
the complex-tield space. These states, referred to as phasor I and phasor Q for
the X and Y polarizations, are a baseband component containing the phase signal
to be demodulated and a heterodyune beat frequency component containing the
phase signal from the other optical frequency (centered at the AOM frequency
after mixing). The baseband phase signal can be recovered by applying an
electrical analog or digital low-pass filter (not shown) to suppress the heterodyne
signal. For example, if the AOM 102 is providing a 500 MHz trequency shift, a
fow-pass filter at 250 MHz cutoff may be applied. This enables a spectral width
of 500 MHz (250 MHz) for the telemetry data.

{00308] The first mixer 116 is also coupled to the third beam splitter 106. The
original B light signal from the beam splitter 106 is used as a local oscillator
reference signal into the mixer 116 to generate recovered light states (Irs, Qsy,
{gy, {IBy) in the complex-field space. The optical receivers containing the B
signal also includes the A signal. However in this case, the B signal is at
baseband and the A signal shows up centered at 500 MHz. A low-pass filter may
be used after the receivers to remove the A signal electrically. Alternatively, the
fow-pass filter may be omitted by selecting optical receivers with a bandwidth
below the cutoff frequency of the low-pass filter thus serving the role of the LPF
at the same time. In yet another embodiment, the heterodyne signals may be
demodulated by a band-pass filter instead of discarding the high frequency
components.

{0031} The data stream recovered from the second mixer 117 is the same data
stream that was recovered from the first mixer 116, One of the data streams may
have been corrupted by stresses imposed on the tiber optic cable going to or
from the downhole tool 100. One or more techniques (e.g., averaging) may be
used on the recovered phasors from the mixers 116, 117 in order to generate a
single recovered data stream. Exarples of possible averaging techniques are

discussed subsequently.
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{0032] FIG. 2 1s a block diagram showing a dual polarization telemetry system
using multiple light sources, according to various embodiments. This system
illustrates only one embodiment for the active dual polarization of data streams
from a downhole environment using multiple light sources.

{0033] First and second light sources 201, 202 (e g, lasers) each generate a
coherent light bearn (A and B) for transmission through the system. Each light
source 201, 202 is coupled to a respective first or second beam splitter 205, 206
{e.g., 1x2). Each of the splitters 205, 206 generates two light signals. One hight
signal from each splitter 205, 206 1s input to a polarization beam combiner 207
that is coupled to both splitters 205, 206. The other light signal from each splitter
205, 206 1s coupled to a respective coberent mixer 216, 217 as a reference
oscitlator signal.

{0034] The polanization beam combiner 207 generates a single light signal that
is made up of the two separate light signals A and B. The polarization beam
combiner 207 changes the polarization of one of the input light signals (e.g,, A
light signal} so that it is orthogonal to the polarization of the other light signal
{e.g., B light signal) before outputiing the single light signal that is the
combination of the orthogonally polarized A and B light signals. For example,
the A light signal may be polarized along the x-axis and the B light signal may
be polarized along the y-axis. Another embodiment may use other orthogonal
polarization.

{0035] The polanization beam combiner 207 is coupled to the downhole tool
200 through an input single mode fiber optic cable 230. The downhole tool 200
may be a wireline tool for wireline logging operations or a tool tn a bottom hole
assembly (BHA) for drilling operations.

{6036] The downhole tool 200 includes an electro-optic phase modulator 210
that may be coupled to a polarizer 211, The light signal comprising the
orthogonally polarized A and B Light sigoals is input to the electro-optic phase
modulator 210. This light signal is phase modulated by the data stream from
downhole tool measurements and is output from the polarizer 111, if the

polarizer is used.
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{0037} The electro-optic phase modulator 210 1s an optical device in which a
signal-controlled element (e g., crystal) exhibiting electro-optic effects is used to
modulate a beam of light. The electro-optic eftect is the change in the refractive
index of the element resulting from the application of a DC or low-frequency
electric field. Thus, the refractive index of the element is a function of the
strength of the local electric field and the phase of the light exiting the electro-
optic phase modulator 210 is modulated by the data stream, changing the electric
field 1o the crystal.

{0038] The polarizer 211 may be used to restrict the incoming light signal to
fust one of the two orthogonal polarizations. For example, if a light signal enters
the polarizer 211 that has a component that is not either the X or Y polarization
originally imposed on the light signal, the polarizer 211 blocks those
components.

{003%] The polarizer 211 is shown after the electro-optic phase modulator 210,
However, if a polarizer 211 s used, it may be either after the modulator 210 or
prior to the modulator 210, In another embodiment, the polarizer 211 is not used
and the output of the modulator 210 15 output from the downhole tool 200 for
transmission uphole through an output single mode fiber optic cable 240

{0040} Either the electro-optic phase modulator 210 or the polarizer 211 (if
used) is coupled to data recovery circuitry including a wavelength-division
multiplexer (WDM) 215 that 1s coupled to the first and second coherent mixers
216, 217 (e.g., 2%4 or 2x8 ccherent mixers). The WDM 215 splits the two
orthogonal A and B signals from the input light signal and inputs the resulting A
and B light signals to their respective mixer 217, 216, For example, one beam
(e.g., B light signal} from the WDM 215 may be tnput to the first mixer 216 and
a second beam (¢ g., A light signal) from the WDM 215 may be input to the
second mixer 217.

{00411 In an embodiment, the data recovery circuitry roay include the WDM
215, the first and second coherent mixers 216, 217, as well as other optical
and/or electrical circuitry to recover the original measurement data stream. o

another embodiment, the recover circuitry may not include the WDM 215 The
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recovery circuitry 1s configured to recover (i.e., detect, demodulate, and/or
decode) the measurement data stream.

{0042] The first mixer 216 1s also coupled to the second beam splitter 206. The
original B light signal from the second beam splitter 206 is used as a local
oscillator reference signal into the mixer 216 to generate light states (Isx, Qsy,
sy, Qry) in the complex-tield space.

{0043] The second mixer 217 is also coupled to the first beam splitter 205, The
original A light signal from the first beam splitter 205 is used as a local oscillator
reference signal into the mixer 217 to generate light states (Iag, Qax, fay, Qay) in
the complex-field space.

{0044] The low-pass electrical filters may not be used in this embodiment
since the light signals are already on separate paths before they get to the mixers
2106, 217 due to the WM 215, Alternatively, the WBM 215 may be replaced by
a splitter and the mixing provided by the local oscillators will effectively
separate the signals since the heterodyne beat frequency from an undesired
optical signal will be of such high frequency (e.g., 12.5 GHz or higher} relative
to the optical receiver bandwidth {typically below 10 GHz) that no electrical
filtering is used.

{0045] The data stream recovered from the second mixer 217 1s the same data
stream that was recovered from the first mixer 216. One of the data streams may
have been corrupted by stresses imposed on the fiber optic cable going to or
from the downhole tool 200. One or more techniques (e.g., averaging} may be
used on the recovered phasors from the mixers 216, 217 in order to generate a
single recovered data stream. Examples of possible averaging techniques are
discussed subsequently.

{0046} FIG. 3 1s a block diagram showing a dual polarization telemetry system
using multiple light sources and separately encoded data streams, according to
various embodiments. The system of FIG. 3 may be used in an embodiment
where light signals received on the surface from the downhole tool 300 already
exhibit a relatively high SNR. In such an embodiment, the two recovered data

streams may not be averaged. In this embodiment, two separate data streams
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may be encoded into the two orthogonally polarized signals to be transmitted
uphole through an output single mode fiber optic cable 340.

{0047} First and second light sources 301, 302 (e.g., lasers) each generate a
coherent light beam (A and B) for transmission through the system. Each light
source 301, 302 is coupled to a respective first or second beam splitter 305, 306
{e.g., 1x2) Each of the splitters 305, 306 generates two Hight sigoals. One light
signal from each splitter 305, 306 is input to a polarization beam combiner 307
that 1s coupled to both splitters 305, 306. The other light signal from each splitter
305, 306 is input to a respective coherent mixer 316, 317 as a reference oscillator
signal.

{0048} The polarization beam combiner 307 generates a single light signal that
is made up of the two separate light signals A and B. The polarization beam
combiner 307 changes the polarization of one of the input light signals {e.g,, A
light signal) so that it is orthogonal to the polarization of the other light signal
{e.g., B light signal} before outputting the single light signal that is the
combination of the orthogonally polarized A and B light signals. For example,
the A light signal may be polarized along the x-axis and the B light signal may
be polarized along the y-axis. Another embodiment may use other orthogonal
polarization.

{0049 The polarization beam combiner 307 is coupled to the downhole tool
300 through an input single mode fiber optic cable 330. The downhole tool 300
may be a wireline tool for wireline logging operations or a tool in a bottom hole
assembly (BHA) for drilling operations.

{0056] The downhole tool 300 includes a polarization beam splitter 320 that 1s
coupled to the polarization beam combiner 307 over the fiber optic cable 330,
The polarization beam splitter 320 splits the original orthogonally polarized light
signals (e.g., X-polarized and Y-polarized) from the single light signal. These
fight signals are 1nput to respective phase modulators 321, 322 that are coupled
to the polarization beam splitter 320.

{0051] The two different measurement data streams are each input to their
respective phase modulator 321, 322, For example, measurement data stream 1

may be input to a first phase modulator 321 to modulate the Y-polarized light
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signal. The measurement data stream 2 may be input to a second phase
modulator 322 to modulate the X-polarized light signal.

{0052} The phase modulators 321, 322 are coupled to a polarization beam
combiner 323, The polarization beam combiner 323 combines the modulated
light signals from the respective phase modulators 321, 322, Thus, the
orthogonally polarized light signals that are now modulated with their respective
data streams, are now recombined for transmission over a fiber optic cable 340
to the surface. Tn an embodiment, a polarizer (not shown in FIG. 3) may be
associated with each phase modulator 321, 322 and coupled between the
polarization beam splitter 20 and the polarization beam combiner 323 in the tool
3046,

{0053} Either the polarization beam combiner 323 or the polarizer (if used) is
coupied to data recovery circuitry including a wavelength-division multiplexer
(WDM) 315 that is coupled to the first and second coherent mixers 316, 317
(e.g., 2%4 or Zx8 coherent mixers). The WDM 315 splits the two orthogonal A
and B signals from the input light signal and inputs the resulting A and B light
signals to their respective nuxer 317, 316, For example, one beam (e g, B light
signal) from the WDM 315 may be input to the first mixer 316 and a second
beam (e.g., A light signal) from the WDM 315 may be input to the second mixer
317

{6034} In an embodiment, the data recovery circuitry may include the WDM
315, the first and second coherent mixers 316, 317, as well as other optical
and/or electrical circuitry to recover the original measurement data stream. In
another embodiment, the recover circuitry may not include the WM 315, The
recovery circuitry 1s configured to recover (i.e., detect, demodulate, and/or
decode) the measurement data stream.

{0055] The first mixer 316 1s also coupled to the second beam splitter 306. The
original B light signal from the second beam splitter 306 is used as a local
oscillator reference signal into the mixer 316 to generate light states (Iry, Qsx,
sy, Qry) in the complex-tield space.

{0056] The second mixer 317 is also coupled to the first beam splitter 305, The

original A light signal from the first beam splitter 305 is used as a local oscillator
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reference signal into the mixer 317 to generate light states (Iay, Qay, Iay, Qay) in
the complex-field space.

{0057} The above-described embodiments may also use an intensity modulator
that has the same polarization sensitivity as a phase modulator. For the
embodiment of FIG. 1 using the AOM, after applying a low-pass or band-pass
filter, the T and Q outputs of the coherent mixer may be used to calculate an
amplitude via VW that corresponds to the intensity that contains the
telemetry inforroation applied to the signal by the intensity modulator. For the
embodiment of FI(G. 2, the coherent mixer may be removed and a single detector
used to quantify the intensity since the signal has already been separated into
frequency components by the WDM.

{0058] The above-described embodiments may also include other components
than those shown. For example, optical filters may be incorporated in various
tocations to imit that particular light signal to a certain wavelength. Polarization
controllers, attenuators, and/or optical amplifiers may also be incorporated into
various locations of any of the embodiments of FIGs. 1-3.

{0059] The above-described embodiments may indicate that certain
components are located downhole in the downhole tool 100, 200, 300 while
other compounents are located on the surface. This is for purposes of illustration
only as there are no restrictions on the location of any of the components. All of
the components may be on the surface, downhole, or any combination thereof.
For example, the light source and receiver are shown on the surface while the
modulator is shown downhole. In another embodiment, any of these system
components may be downhole or on the surface.

{0060} The above-described embodiments show the use of a downhole fiber
optic cable 130, 230, 330 and a separate uphole fiber optic cable 140, 240, 340
In another embodiment, these cables may be combined into a single fiber optic
cable. For example, referring to FIG. 1, a circulator at the surface may connect
polarization beam combiner 107 and beam splitter 115 to enable the light to go
down a single fiber to the downhole tool. At the tool apparatus 100, another

circulator or couplers or couplers with tsolators may be used to enable
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transmission through the modulator from and into the same fiber going from the
surface to downhole.

{0061} The above-described embodiments use two co-propagating light signals
in orthogonal polarization states to overcome small signals and, hence, a low
SR The demodulated signal results in two Lissajous, one tor each polarization
state. Examples of two Lissajous patterns are illustrated in FIG. 3 in addition to
two distinet phase signals that can be extracted from the demodulated signal to
recover the original signal.

{0062] FIG. 4 are plots 400, 401 of Lissajous patterns 410, 411 and their
corresponding recovered phase signals 420, 421, according to various
embodiments. The first plot shows the two Lissajous patierns 410, 411 with the
in-phase component (I) along the X-axis and the quadrature component ((3)
along the Y-axis. The second plot shows the corresponding recovered phase
signals 420, 421 with time (in microseconds) along the X-axis and the phase (in
radians) along the Y-axis.

{0063] As can be seen, when the signal 15 small, resulting in a smaller
Lissajous 410, the SNR of the extracted wavetorm is srualler and mway resultin a
noisier recovered phase signal 420. When the signal is relatively larger, resulting
in a larger Lissajous 411, the SNR of the extracted waveform is relatively larger
and may result in less noisy recovered phase signal 421.

{0064} Both of these Lissajous may be used to exiract the cleanest possible
phase signal with various methods. For example, one method may determine the
radius of each Lissajous at a particular time and use the phase from whichever
1/ value corresponds to the greatest radius. Another method to improve the
noise of the low amplitude signal may be to average the phase resulting from the
two polarizations.

{0065] Averaging methods may include determining a midrange value and
several types of means: arithmetic, trimmed, geometric, harmonic, weighted,
generalized, or combinations of these. If x; is assumed to represent a set of data
of N values, then these means may be given by the methods shown in the

following table:
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MEAN FORMULA
. 1
Midrange = [max(x;) + min(x)]
L8
Arithmetic ",\-!-Z X
i=1

4
L

n—2a) [(1 =k = an}(Xpqq + Xpp )+
Trimmed kx| where a < 05 and k =
round(an — 0.5}

i
Geometric (HX>
14
i=1
i
Harmonic —_—
Laiz=l ‘Xl
Weighted SN wix;, where ¥ w; = 1
P j 1 N
Generalized ;mz P
i '
\j {=1

{0066]  As one example of the application of these formulas, the two phase
waveforms 420, 421 may be averaged {after removing the phase offset} using
both an arithmetic mean and a weighted mean.

{0067} FIG. S are plots of waveforms resulting from arithmetic mean 500 and
weighted mean 501 of recovered phase signals, according to various
embodiments. The arithmetic mean waveform 500 at each instance ts generated
using:

GpotntPpoiz .
Dave = . - Egn (1)
{0068] The weighted mean waveform 501 at each instance ts generated using:

2 2
¢ "ot @pota Tpo12 Ppolz 8 -
ave T2 ap? qn (2)
poli " Tpol2

{006%] In both cases, the averaged SNR is improved from the recovered phase
wavetorm 420 of FIG. 4. For the arithmetic mean, the SNR may be calculated as
90 while the weighted mean SNR may be calculated as 472, Thus, the weighted
mean achieves an SNR even greater than that achieved by the Lissajous with

farger radit.
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{0070} Determining optimal weights to use in the weighted mean calculations
may be accomplished in multiple ways. One such method to determine the

optimal weights will now be described.

{0071} Suppose an average of signals /; and [ is done with weights —
i 2
Wy

and 5o that
‘/Vj_"f"VVZ
Wyl tws i, .
!ave - . Egn (3}

Wq+Ws,
{0072] By propagating errors using the method of quadrature, the error for the

average signal 0y is given by

2 2
2 Wy Y] Wy 2
g«’ave - ( ) gll + ( ) o T ,E:L(]ﬂ (4)

Wy +w, Wq+Wa

00731 where ¢; and o, are the errors for [ and [, respectively. The
Iy I, 1 2 P 3

resulting SNR i1s then:

) 3 7
lgve Hwy Iy +w, )2

2 - 2 2 2,2
N Figve «\J wioT, +ws of,

SNR = Eqn (5)

{0074] If Equation 5 is optimized with respect to the weights, by taking the
partial derivative and setting to zero, the derived weights provide the highest
SNR. Two such examples are provided below:

{0075] Weights of the functional form w; — constant
[0076] Assuming W; (I = 1, 2) are positive numbers, Equation S can be

optimized with respect to wy:

e 2
JOND g wy =22 (”"2> Wy or
= | =

dw; I, \oy,
B(SNR) I (5,,\
s T2 () p Wy T e | e LWy
dwo Iy \ay,
Eqn. (6)

{0077} Substituting back into Equation 3 yields an optimal averaging with the

form

_of Brof

[pe = Hagn (7)

2 2
op,litop b
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[0078] Weighits of the functional form w;(p) = R?
[0079]  Assuming w;(p) = Rf (i = 1, 2), where R; is the radius of

Lissajous { and P is a real number, then the SNR is

RV +RIL,

SNE = Eqn (8)

ipZP L2 L n20 2
R, o, TR, O

{0080} and by optimizing with respect to P,

N _ oy = In (sz) [;n (53-.)}“1, Eqn (9)

dp I of,

{0081} The resulting average is represented by:
p p ~1
{ = mm“ {1-{1-};32 2 p = In Ila?z E}n (iifi)j Eqn (10}
ave RV4+RE Lo, R, g

{0082] FIG. 615 a flowchart of a telemetry method using a dual polarization

system, according to various embodiments. This telemetry method 15 for
purposes of llustration only as other methods may be used for operation of the
above-described dual polarization system embodiments in the downhole
environment.

{0083] Inbox 601, a plurality of light signals are generated. The light signals
may be generated from oune or more lasers or a single laser coupled to a beam
sphitter.

{0084} In block 603, the plurality of light signals are combined into an input
light signal that is transmitted over an input single mode fiber optic cable. The
combination process propagates the signals over the fiber optic cable at
orthogonal polarizations such that the plurality of light signals are actively
orthogonally polarized with respect to each other.

{0085] The input fiber optic cable, in an embodiment, connects a surface
portion of the dual polarization system to the downhole tool apparatus.
Propagation over the input fiber optic cable through a downhole environment

may change the polarization of the light signals but the polarization should
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remain orthogonal. For example, one light signal may be polarized along the X-
axis and another light signal may be polarized along the Y-axis.

{0086] In block 605, a plurality of modulated light signals are generated by
modulating the plurality of light signals, from the input light sigoal, in response
to a data stream. The data stream may be telemetry data (i.e., measurement data}
from drilling operation measurements or wireline logging operation
measurements. The same modulation may be applied to both polarizations or a
different modulation may be applied to each orthogonal polarization.

{00871 In block 607, the plurality of modulated light signals is transmitted
substantially simultaneously, over an output fiber optic cable, trom the downhole
tool apparatus to the surface portion of the system.

{0088} In block 609, the plurality of modulated light signals are used to
recover the data stream in response to a coherent mixing operation using the
plurality of light signals as reference oscillator signals. For example, the
recovery operation may include combining a first modulated light signal of the
plurality of modulated light signals with a first light signal of the plurality of
fight signals to produce a first recovered data stream. Simnilarly, the recovery
operation may further include combining a second modulated light signal of the
plurality of modulated light signals with a second light signal of the plurality of
light signals to produce a second recovered data stream. The second light signal
may comprise a ditferent frequency from the first light signal.

{008%9] The measurement data stream used to modulate the phase modulators
as discussed previously may be telemetry data generated in the downhole
environment in multiple different ways. In an embodiment, the data stream may
include measurements from a drilling operation. In another embodiment, the data
stream may include measurements from a wireline logging operation.

{00906] FIG. 7 1s a diagram showing a drilling system, according to various
embodiments. The system 764 includes a drilling rig 702 located at the surface
704 of a well 706. The drilling rig 702 may provide support for a drillstring 708.
The driilstring 708 may operate to penetrate the rotary table 710 for drilling the

borehole 712 through the subsurface formations 790. The drillstring 708 may

ot
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include a drill pipe 718 and the bottom hole assembly (BHA) 720 (e.g., dnill
string), perhaps located at the lower portion of the drill pipe 718

{0091} The BHA 720 may include drill collars 722, a downhole tool 724,
stabilizers, sensors, an RSS, a dnrill bit 726, as well as other possible components.
The dnil bit 726 may operate to create the borehole 712 by penetrating the
surface 704 and the subsurtace formations 790.

{0092] The BHA 720 may further include downhole tool 100, 200, 300 from
the above embodiments. Cable 730 may incorporate all of the fiber optic cables
of those embodiments such as fiber optic cables 130, 140, 230, 240, 330, 340
The downhole tool 100, 200, 300 may be used for fiber optic telemetry of
measurement data from the downhole tool 724.

{6093} During drilling operations within the borehole 712, the drillstring 708
{perhaps including the drill pipe 718 and the BHA 720) may be rotated by the
rotary table 710, Although not shown, in addition to or alternatively, the BHA
720 may also be rotated by a motor {e.g., a mud motor) that 1s located downhole.
The driil collars 722 may be used to add weight to the drill bit 726. The dnll
collars 722 may also operate to stiffen the BHA 720, allowing the BHA 720 to
transter the added weight to the dnill bit 726, and in turn, to assist the drill bit
726 in penetrating the surface 704 and subsurface formations 790.

{0094] During drilling operations, a mud pump 732 may pump drilling flwd
{sometimes known by those of ordinary skill in the art as “drilling mud”) from a
mud pit 734 through a hose 736 into the drill pipe 718 and down to the drill bit
726. The drilling fluid can flow out from the drill bit 726 and be returned to the
surface 704 through an annular area 740 between the drill pipe 718 and the sides
of the borehole 712. The drilling fluid may then be returned to the mud pit 734,
where such fluid is filtered. In some examples, the drilling fluid can be used to
cool the drill bit 726, as well as to provide lubrication for the drill bit 726 during
drilling operations. Additionally, the drilling fluid may be used to remove
subsurface formation cuttings created by operating the drill bit 7206.

{0095} A workstation 792 including a controller 796 may nclude modules
comprising hardware circuitry, a processor, and/or memory circuits that may

store software program modules and objects, and/or firmware, and combinations
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thereof that are contigured to execute at least the method of FIG. 6. The
workstation 792 may also include modulators and demodulators (including
optical recetvers, transmitters, transceivers, and other optical equipment known
to a user versed in the art) for modulating and demodulating data transmitted
downhole through the fiber optic cable 730 or telemetry received through the
fiber optic cable 730 from the downhole environment. The workstation 792 and
controller 796 are shown near the rig 702 only for purposes of illustration as
these components may be located at remote locations. The workstation 792 may
include the surface portion of the dual polarization system.

{0096} An optical rotary joint 791 may be located between the fiber in the drill
string 708 and that on the surface. In another embodiment, the optical signals
may be converted to electrical signals at the top of the drill string 708 and the
signal transferred to surface processing systems or modulators/demodulators
using an electrical slip ring in place of the optical rotary joint 791. Similarly,
electrical signals can be sent to the top of the drill siring 708 through the
electrical slip ring and those signals could drive lasers that rotate with the drill
string 708.

{0097] These implementations can include a machine-readable storage device
having machine-executable instructions, such as a computer-readable storage
device having computer-executable instructions. Further, a computer-readable
storage device may be a physical device that stores data represented by a
physical structure within the device. Such a physical device is a non-transitory
device. Examples of a non-transitory computer-readable storage medium can
include, but not be limtted to, read only memory (ROM), random access memory
(RAM), a magnetic disk storage device, an optical storage device, a flash
memory, and other electronic, magnetic, and/or optical memory devices.

{0098} FIG. 8 is a diagram showing a wireline system 864, according to
various examples of the disclosure. The system 864 may comprise a wireline
fogeing tool body 820, as part of a wireline logging operation in a cased and
cemented borehole 712, that includes the downhole tool apparatus 100, 200, 300

as described previously.
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{00991 A dnlling platform 786 equipped with a derrick 788 that supports a
hoist 890 can be seen. Drilling oil and gas wells is commonly carried out using a
string of drill pipes connected together so as to form a drillstring that is lowered
through a rotary table 710 into the cased borchole 712. Here it ts assumed that
the drillstring has been temporarily removed from the borehole 712 to allow the
wireline tool 820 that includes the downhole tool 100, 200, 300 to be lowered by
wireline or logging cable 874 (e g, slickline cable} into the borehole 712.
Typically, the wireline logging tool body 820 1s lowered to the bottom of the
region of interest and subsequently pulled upward at a substantially constant
speed. The wireline or logging cable 874 may include the fiber optic cables 130,
140, 230, 240, 330, 340 as described previously.

{00100} During the upward trip, at a series of depths, various instruments may
be used to perform measurements on the formation 790. The wireline data may
be communicated to a surface logging facility (e.g., workstation 792} for
processing, analysis, and/or storage using the above-described embodiments for
the downhole tool 100, 200, 300 and the telemetry method of FIG. 6. In an
embodiment, the workstation 792 may include the surface portion of the dual
polarization system.

{60101] An optical rotary joint 891 ruay be located between a fiber wireline or
logging cable 874 that is downhole and that on the surface. In another
embodiment, the optical signals may be converted to electrical signals at the
surface and the signal transferred to surface processing systems or
modulators/demodulators using an electrical slip ring in place of the optical
rotary joint 891,

{00102] FIG. 91s a block diagram of an example system 900 operable to
implement the activities of disclosed methods, according to varicus examples of
the disclosure. The system 900 may include a tool housing 906 having the
downhole tool apparatus 100, 200, 300 such as that illustrated in Fi(Gs. 1-3. The
system 900 may be configured to operate in accordance with the teachings
herein to perform telemetry from the downhole tool apparatus 100, 200, 300,
The system 900 of FIG. 9 may be implemented as shown in FIGs. 7 and 8 with

reference to the workstation 792 and controller 796,
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{00103} The system 900 may include a controlier 920, a memory 930, and a
communications unit 935, The controller 920, the memory 930, and the
communications unit 935 may be arranged to operate as a control circuit to
control operation of the downhole tool 100, 200, 300 and execute any methods
disclosed herein.

{60104] The system 900 may also include a bus 937, where the bus 937
provides electrical conductivity among the components of the system 900. The
bus 937 can include an address bus, a data bus, and a control bus, each
independently configured or in an integrated format. The bus 937 may be
realized using a number of different communication mediums that allows for the
distribution of components of the system 900. The bus 937 may include a
network. Use of the bus 937 may be regulated by the controller 920

{00105] The system 900 may include display unit(s) 960 as a distributed
component on the surface of a wellbore, which may be used with instructions
stored in the memory 930 to implement a user interface to monitor the operation
of the tool 100, 200, 300 or components distributed within the system 900. Such
a user interface may be operated in conjunction with the communications unit
935 and the bus 937. Many examples may thus be realized. A few examples of
such examples will now be described.

{00106] While the above embodiments discuss using a downhole tool for the
fiber optic telemetry, other erobodirnents may use the fiber optic telemetry in
other fields of communications such as aerospace, subsea, and long-haul and
data center communications.

{60187] Example 1 is an apparatus comprising: an input fiber optic cable
configured to propagate a plurality of actively orthogonally polarized hight
beams, and an electro-optic modulator coupled to the input fiber optic cable and
to a data stream, the electro-optic modulator configured to modulate the plurality
of actively orthogonally polarized light beams in response to the data stream
such that the plurality of actively orthogonally polarized light beams propagate
the same data through an output fiber optic cable.

{00108} In Example 2, the subject matter of Example 1 can further include

wherein the electro-optic modulator 1s a phase modulator and the data stream
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phase modulates each of the plurality of actively orthogonally polarized hight
beams.

{00109} In Example 3, the subject matter of Examples 1-2 can further include a
polarizer coupled between the electro-optic modulator and the output fiber optic
cable.

{60110] In Example 4, the subject matter of Exaraples 1-3 can further include
wherein the electro-optic modulator includes a first phase modulator contfigured
to phase modulate a first actively orthogonally polarized hight beam of the
plurality of actively orthogonally polarized light beams, the apparatus further
comprising: a beam splitter coupled between the input fiber optic cable and the
first phase modulator to split, from an input light beam, the plurality of actively
orthogonally polarized light beams into the first and a second actively
orthogonally polarized light beam; the first phase modulator coupled to the beam
splitter and configured to generate a first modulated orthogonally polarized light
beam; a second phase modulator coupled to the beam splitter and configured to
generate a second modulated orthogonally polarized light beam; and a beam
combiner coupled between the first and second phase modulators and the output
fiber optic cable, the polarization beam combiner configured to combine the first
and second modulated orthogonally polarized Light beams into an output beam.
{00111} In Example 5, the subject matter of Examples 1-4 can further include
wherein the first phase modulator generates the first modulated orthogonally
polarized light beam in response to a first data stream and the second phase
modulator generates the second modulated orthogonally polarized light beam in
response to a second data stream, wherein the first data stream is different than
the second data stream.

{00112} In Example 6, the subject matter of Examples 1-5 can further include
wherein a first actively orthogonally polarized light beam is polarized on
orthogonal axes of the electro-optic modulator,

{00113} In Example 7, the subject matter of Examples 1-6 can further include

wherein the data stream comprises measurement data from a drlling operation.
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{00114} In Example 8, the subject matter of Examples 1-7 can further include
wherein the data stream comprises measurement data from a wirelineg logging
operation.

{00113] Exarople 9 is a system comprising: at least one light source to generate
a coherent light beam; a plurality of beam splitters coupled to the at least one
light source, the plurality of bearu splitters generating a plurality of light beams;
a beam combiner coupled to the plurality of beam splitters to combine a first
fight beam of the plurality of light bearus with a second light beam of the
plurality of light beams into a single light beam propagated over an input fiber
optic cable, wherein the first light beam is combined at a first polarization and
the second light beam is combined at a second polarization orthogonal to the first
polarization; a downhole tool apparatus coupled to the input tiber optic cable and
contfigured to generate first and second modulated light beams, from the first and
second light beams, in response to at least one measurement data stream; and
data recovery circuitry coupled to the downhole tool apparatus over an output
fiber optic cable, the data recovery circuitry configured to recover the at least
one measurement data stream from the first and second modulated light bears.
{00116} In Example 10, the subject matter of Example 9 can further include
wherein the at least one light source comprises first and second lasers.

{00117} In Example 11, the subject matter of Examples 9-10 can further include
a first beam splitter of the plurality of beam splitters coupled to the first laser and
generating a first local oscillator signal; and a second beam splitter of the
plurality of beam splitters coupled to the second laser and generating a second
focal osciitator signal.

{00118} In Example 12, the subject matter of Examples 9-11 can further include
wherein the data recovery circuitry comprises first and second coherent mixers,
the system further comprising: one of an output beam splitter or a wavelength-
division multiplexer coupled to the output fiber optic cable to separate the first
and second modulated light beams from a single light beam propagated over the
output fiber optic cable; the first coherent mixer coupled to the first beam sphitter
and to one of the output beam splitter or the wavelength-division multiplexer to

generate a first set of recovered hight states in response to the first local oscillator

23



WO 2017/099740 PCT/US2015/064635

signal and the first modulated light beam; and the second coherent mixer
coupled to the second beam splitter and to one of the output beam splitter or the
wavelength-division multiplexer to generate a second set of recovered light
states in response to the second local oscillator signal and the second modulated
light beam.

{60119] In Example 13, the subject matter of Examples 9-12 can turther
include: an acousto-optical modulator coupled between the at least one light
source and the beam combiner; and a radio frequency (RF) signal source coupled
to the acousto-optical modulator for generating an RF signal, wherein the
acousto-optical modulator 1s configured to shift a frequency of one of the first or
the second light beams, prior to the beam combiner, in response to the RF signal.
{00120} In Example 14, the subject matter of Examples 9-13 can further include
wherein the downhole tool apparatus is disposed in a bottom hole assembly or a
wireline logging tool.

{00121} Example 15 is a method comprising: generating a plurality of light
signals; combining the plurality of light signals tnto an input light signal
transmuitted over an input fiber optic cable such that the plurality of light signals
are actively orthogonally polarized with respect to each other; generating a
plurality of modulated light signals, from the input light signal, by modulating
the plurality of light signals in response to a data stream; transmitting the
plurality of modulated light signals simultaneously over an output fiber optic
cable; and recovering the data stream from the plurality of modulated light
signals.

{00122] In Example 16, the subject matier of Example 15 can further include
wherein generating the plurality of modulated light signals comprises
modulating each of the plurality of light signals in response to one data stream.
{00123] In Example 17, the subject matter of Examples 15-16 can further
include wherein generating the plurality of modulated light signals comprises:
modulating a first light signal of the plurality of light signals in response to a
first data stream; and modulating a second light signal of the plurality of light
signals in response to a second data stream, wherein the first and second data

streams comprise different data streams.
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{00124] In Example 18, the subject matter of Examples 15-17 can further
include recovering the data stream from the plurality of modulated light signals
in response to a coherent mixing operation using the plurality of light signals as
reference oscillator signals.

{00125] In Example 19, the subject matter of Examples 15-18 can further
include wherein the coherent mixing operation comprises: combining a first
modulated light signal of the plurality of modulated light signals with a first light
signal of the plurality of light signals to produce a first recovered data stream;
and combining a second modulated light signal of the plurality of modulated
hight signals with a second light signal of the plurality of light signals to produce
a second recovered data stream, wherein the second light signal comprises a
different frequency from the first light signal.

{00126] In Example 20, the subject matter of Examples 15-19 can further
include generating the data stream from measurements from a drilling operation
or a wireline logging operation.

{00127} In Example 21, the subject matter of Examples 15-20 can further
include wherein recovering the data stream comprises: recovering the data
stream from each of the plurality of modulated light signals; and averaging the
recovered data streams from the plurality of modulated light signals to generate a
recovered data stream.

{00128] Although specific examples have been illustrated and described herein,
it will be appreciated by those of ordinary skill in the art that any arrangement
that 1s calculated to achieve the same purpose may be substituted for the specific
examples shown. Various examples use permutations and/or combinations of
examples described herein. It is to be understood that the above description is
intended to be illustrative, and not restrictive, and that the phraseology or
terminology emploved herein 1s for the purpose of description. Combinations of
the above examples and other examples will be apparent to those of skill in the

art upon studying the above description.
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Claims

What 1s claimed 1s:

I

™

An apparatus comprising:

an input fiber optic cable configured to propagate a plurality of actively
orthogenally polarized light beams; and

an electro-optic modulator coupled to the input fiber optic cable and to a
data stream, the electro-optic modulator configured to modulate
the plurality of actively orthogonally polarized light beams in
response to the data stream such that the pharality of actively
orthogonally polarized light beams propagate the same data

through an output fiber optic cable.

The apparatus of claim 1, wherein the electro-optic modulator is a phase
modulator and the data stream phase modulates each of the plurality of

actively orthogonally polarized light beams.

The apparatus of claim 1, further comprising a polarizer coupled between

the electro-optic modulator and the output fiber optic cable.

The apparatus of claim 1, wherein the electro-optic modulator includes a

first phase modulator configured to phase modulate a first actively

orthogonally polarized light beam of the plurality of actively

orthogonally polarized light beams, the apparatus further comprising:

a beam splitter coupled between the input fiber optic cable and the first
phase modulator to split, from an input light beam, the plurality
of actively orthogonally polarized light beams into the first and a
second actively orthogonally polarized light beam;

the first phase modulator coupled to the beam splitter and configured to
generate a first modulated orthogonally polarized light beam;

a second phase modulator coupled to the bear splitter and configured to
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9.

generate a second modulated orthogonally polarized light beam;
and

a beam combiner coupled between the first and second phase modulators
and the output fiber optic cable, the polarization beam combiner
configured to combine the first and second modulated

orthogonally polarized light beams into an output beam.

The apparatus of claim 4, wherein the first phase modulator generates the
first modulated orthogonally polarized light beam in response to a first
data stream and the second phase modulator generates the second
modulated orthogonally polarized light beam in response to a second data
stream, wherein the first data stream is different than the second data

stream.

The apparatus of claim 1, wherein a first actively orthogonally polarized

light beam is polarized on orthogonal axes of the electro-optic modulator.

The apparatus of claim 1, wherein the data stream comprises

measurement data from a drilling operation.

The apparatus of claim 1, wherein the data stream comprises

measurement data from a wireline logging operation.

A system comprising:

at least one light source to generate a coherent light beam;

a plurality of beam splitters coupled to the at least one light source, the
plurality of beam splitters generating a plurality of light beams;

a beam combiner coupled to the plurality of beam splitters to combine a
first light beam of the plurality of light beams with a second light
beam of the plurality of light beams into a single light beam
propagated over an input fiber optic cable, wherein the first light

beam is combined at a first polarization and the second light beam
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10.

1L

is combined at a second polarization orthogonal to the first
polarization;

a downhole tool apparatus coupled to the input fiber optic cable and
configured to generate first and second modulated light beams,
tfrom the first and second light beams, in response to at least one
measurement data stream; and

data recovery circuitry coupled to the downhole tool apparatus over an
output fiber optic cable, the data recovery circuitry configured to
recover the at least one measurement data stream from the first

and second modulated light beams.

The system of claim 9, wherein the at least one light source comprises

first and second lasers.

The system of claim 10, further comprising:

a first beam splitter of the plurality of beam splitters coupled to the first
laser and generating a first local oscillator signal; and

a second beam splitter of the plurality of beam splitters coupled to the

second laser and generating a second local oscillator signal.

The system of claim 11, wherein the data recovery circuitry comprises

first and second coherent mixers, the system further comprising;

one of an output beam splitter or a wavelength-division multiplexer
coupled to the output fiber optic cable to separate the first and
second modulated light beams from a single light beam
propagated over the output fiber optic cable;

the first coherent mixer coupled to the first beam splitter and to one of
the output beam splitter or the wavelength-division multiplexer to
generate a first set of recovered light states in response to the first
local oscillator signal and the first modulated light beam; and

the second coherent mixer coupled to the second beam splitter and to one

of the output beam splitter or the wavelength-division multiplexer
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to generate a second set of recovered light states in response to
the second local oscillator signal and the second modulated light

beam.

The system of claim 9, further comprising:

an acousto-optical modulator coupled between the at least one light
source and the beam combiner; and

a radio frequency (RF) signal source coupled to the acousto-optical
modulator for generating an RF signal, wherein the acousto-
optical modulator 1s configured to shift a frequency of one of the
first or the second light beams, prior to the beam combiner, in

response to the RF signal.

The system of claim 9, wherein the downhole tool apparatus is disposed

in a bottom hole assembly or a wireline logging tool.

A method comprising:

generating a plurality of light signals;

combining the plurality of light signals into an input light signal
transmitted over an input fiber optic cable such that the plurality
of light signals are actively orthogonally pelarized with respect to
each other;

generating a plurality of modulated light signals, from the input light
signal, by modulating the plurality of light signals in response to a
data stream,;

transmitting the plurality of modulated light signals simuitaneously over
an output fiber optic cable; and

recovering the data stream from the plurality of modulated light signals.

The method of claim 15, wherein generating the plurality of modulated
light signals comprises modulating each of the plurality of light signals in

response to one data stream.
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17. The method of claim 15, wherein generating the plurality of modulated
light signals comprises:
modulating a first light signal of the plurality of hight signals in response
to a first data stream; and
modulating a second light signal of the plurality of light signals in
response to a second data stream, wherein the first and second

data streams comprise different data streams.

I8. The method of claim 17, further comprising recovering the data stream
from the plurality of modulated light signals in response to a coherent
mixing operation using the plurality of light signals as reference

oscillator signals.

19. The method of claim 18, wherein the coherent mixing operation

COmMprises:

combining a first modulated light signal of the plurality of modulated
light signals with a first light signal of the plurality of light
signals to produce a first recovered data stream; and

combining a second modulated light signal of the plurality of modulated
light signals with a second light signal of the plurality of light
signals to produce a second recovered data stream, wherein the
second light signal comprises a different frequency from the first

fight signal.

20, The method of claim 15, further comprising generating the data siream
from measurements from a drilling operation or a wireline logging

operation,

21 The method of claim 15, wherein recovering the data stream comprises:
recovering the data stream from each of the plurality of modulated light

signals; and
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averaging the recovered data streams from the plurality of modulated

tight signals to generate a recovered data stream.

31



PCT/US2015/064635

1/9

WO 2017/099740

e AV
(v) e AV
W HIXIN o
INTHIHOD _
190 ONY > XVl
001 TIOHNMOT ovt <
HILLTdS . e AGID)
Myag g e ASH
. L, HAXIN .
Gil INTHIHOD _
s X6
HIZIHYI0d N N
mn
HOLYTIDSO 44
HOLYINAOW
AVERTESINT( N S | F
INFWINSYIN | | 51140-0uL0F T3 | | ) ey
. 0Ll HILLTdS nov !
I Wy3g w “
WIANIGWOD Wyag 201 ¢o!
NOLLYZINY 104 d
N o1 MALINGS || 30¥N0S
omm\\ oet M3LLTdS _ Wy3g LHON
AWEI LY LoL—"

GOl



PCT/US2015/064635

WO 2017/099740

2/9

Z b4

TE———— (0]
. m%ﬁ o "
INTHIHOD mww
T—— ¥

T19vY0 ONY ovZ %

100L FIOHNMOO -ue

» AGD
o L, mmmwwz > A9
s1z—" INTHFHOD - X8
HAZIHY10d e

8

| A g1z
HOLYINCOW
WYIHIS YIVD . ISVHA
INFWFENSYIN NLdO-0MI0313
! oLz
i b 2 N
: : 1HOI
~ Wvag g
— ooz 202
\\ 0z WILINGS |, 30dNGS
007 A w3 v MO N
ooz LOZ



PCT/US2015/064635

WO 2017/099740

¢ B4

e YD)
7, m%ﬁ M
INTHIHOD > XY0
T18YD ONY X
k A
1001 TIOHNMOG Om € N /g
e ASIO)
£zZe M
/// - L, mwmg A8
HINIGNOD W3 G wma\w g INIHIHOD X80
o NOLLYZINY10d s Xl
&
y oL i.::l/// //.l@wm
2 WYHLS VYA __| | HOLYINAOW HOLYINAOW | |+ WVIHLS VIV
INIWIHNSYIN JSVHd JSVHd INIWIHNSYIN
g //.,,. LZ¢
b WALIdS Wy3a ||, !
NOILYZIMY 104
— svoncons) || ], [ounos
1 hvag G O Y
oe \\ s a0e 208
oe—" 108 ¥3LLdS |, 30808
o1 Wy v HOIT Ty
LOS

G0¢



PCT/US2015/064635

4/9

WO 2017/099740

{(D5S0JDIW) BUN 1
§Z Z Gl ) 50 0 100 00 0 SO0 L0
_ 80°0-

«

1900

T
T

%00

i

(sueipes) 8seUd

1200

<

N

1200

<t

%00
1900

800




WO 2017/099740 PCT/US2015/064635

4/9

/" 501

time (microsec)

(sugipes) aéeug

/" 500

time (microsec)

(suBipei) e:seq;;;



WO 2017/099740 PCT/US2015/064635

6/9

801
GENERATE A PLURALITY OF LIGHT SIGNALS "/}

¥

COMBINE THE PLURALITY OF LIGHT SIGNALS INTO 603
AN INPUT LIGHT SIGNAL TRANSMITTED OVER AN -//’
INPUT FIBER OPTIC CABLE SUCH THAT THE PLURALITY
OF LIGHT SIGNALS ARE ACTIVELY ORTHOGONALLY
POLARIZED WITH RESPECT TO EACH OTHER

4

GENERATE APLURALITY OF MODULATED LIGHT 605
SIGNALS, FROM THE INPUT LIGHT SIGNAL, BY _/f
MODULATING THE PLURALITY OF LIGHT SIGNALS
IN RESPONSE TO ADATA STREAM

¥

TRANSMITTING THE PLURALITY OF MODULATED jG?

LIGHT SIGNALS SIMULTANEOQUSLY OVER
AN QUTPUT FIBER OPTIC CABLE

¥

RECOVERING THE DATASTREAM FROM THE 809
PLURALITY OF MODULATED LIGHT SIGNALS IN ‘/}
RESPONSE TO A COHERENT MIXING OPERATING
USING THE PLURALITY OF LIGHT SIGNALS AS
REFERENCE OSCILLATOR SIGNALS




WO 2017/099740 PCT/US2015/064635

7/9

736

732

NS ESSSPPNANN
RARGA

y @/ ;s "',"\‘ oY

A

790

RLGE
&

720<

G712
G

2

T 724

- X
)

N V‘
o

NI
y

A
o
>

43
W?za

N

4

L
«
~



WO 2017/099740

PCT/US2015/064635

AN A AN AN AR AN AN SN
PA \ :

Zal

A

Y
Y

AN SN RN MNA SN ar

D

.
N

Al L

> 790




WO 2017/099740

200
N\

PCT/US2015/064635

9/9

960
DISPLAY UNIT(S) |

920
] CONTROLLER
737
930 o mjfa
e MEMORY U DOWN
S HOLE
TOOL

\

\\100,200,300




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2015/064635

A. CLASSIFICATION OF SUBJECT MATTER
E21B 47/12(2006.01)i, E21B 47/135(2012.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
E21B 47/12; E21B 47/00, GO1V 3/00; E21B 47/06; E21B 31/06; GO1L 11/02; E21B 47/135

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: fiber optic cable, light, beam, modulator, orthogonal, and polarization

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2009-0224936 A1 (VANNUFFELEN et al.) 10 September 2009 1-21
See abstract, paragraphs [0028]-[0029], [0031], [0034]1, [0037]1-[0038],
and figures 1-2b.

Y US 2015-0020598 A1 (HALLIBURTON ENERGY SERVICES, INC.) 22 January 2015 1-21
See abstract, paragraph [0023], claim 2, and figure 2.

Y US 2008-0087078 A1 (VANNUFFELEN et al.) 17 April 2008 4-5,9-21
See abstract, paragraph [0027], and figure 2.

A WO 2004-020789 A2 (SENSOR HIGHWAY LIMITED et al.) 11 March 2004 1-21
See abstract, paragraphs [0031]-[0035], and figures 1-2.

A US 2013-0056197 A1 (MAIDA et al.) 07 March 2013 1-21
See abstract, paragraphs [0015]-[0022], and figure 1.

. . . . N .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
31 August 2016 (31.08.2016) 01 September 2016 (01.09.2016)
Name and mailing address of the [SA/KR Authorized officer S
International Application Division S S
¢ Korean Intellectual Property Office LEE, Jong Kyung
: Y 189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea
Facsimile No, +82-42-481-8578 Telephone No. +82-42-481-3360

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/064635
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2009-0224936 Al 10/09/2009 AU 2003-207867 Al 08/10/2003
CA 2591576 Al 29/06/2006
CA 2591576 C 09/12/2014
CA 2592280 Al 06/07/2006
CA 2679302 Al 12/09/2008
CA 2738204 Al 01/04/2010
CN 102227543 A 26/10/2011
CN 1313840 C 02/05/2007
CN 1643401 A 20/07/2005
CN 1643401 C 02/05/2007
EP 1488256 A2 22/12/2004
EP 2156011 A2 24/02/2010
GB 2436257 A 19/09/2007
GB 2437430 A 24/10/2007
GB 2458030 A 09/09/2009
JP 05680538 B2 04/03/2015
JP 2012-504199 A 16/02/2012
RU 2007127661 A 27/01/2009
RU 2389046 C2 10/05/2010
US 2003-0179651 Al 25/09/2003
US 2006-0133711 Al 22/06/2006
US 2006-0152383 Al 13/07/2006
US 2007-0062696 Al 22/03/2007
US 2007-0143027 Al 21/06/2007
US 2007-0165487 Al 19/07/2007
US 2009-0038794 Al 12/02/2009
US 7187620 B2 06/03/2007
US 7515774 B2 07/04/2009
US 7567485 B2 28/07/2009
US 7696901 B2 13/04/2010
US 7720323 B2 18/05/2010
US 7894297 B2 22/02/2011
US 7929812 B2 19/04/2011
WO 03-081284 A2 02/10/2003
WO 03-081284 A3 04/12/2003
WO 2006-067578 Al 29/06/2006
WO 2006-070239 A2 06/07/2006
WO 2006-070239 A3 28/09/2006
WO 2008-035156 A2 27/03/2008
WO 2008-035156 A3 25/06/2009
WO 2008-107774 A2 12/09/2008
WO 2008-107774 A3 31/12/2008
WO 2010-035098 A2 01/04/2010
WO 2010-035098 A3 17/03/2011
US 2015-0020598 Al 22/01/2015 WO 2015-009393 Al 22/01/2015
US 2008-0087078 Al 17/04/2008 CA 2629344 Al 18/05/2007
CA 2629344 C 21/07/2015

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/064635
Patent document Publication Patent family Publication
cited in search report date member(s) date
GB 2454622 A 13/05/2009
GB 2454622 B 09/03/2011
US 2007-0109537 Al 17/05/2007
US 7609380 B2 27/10/2009
US 7675030 B2 09/03/2010
WO 2007-054799 A2 18/05/2007
WO 2007-054799 A3 02/08/2007
WO 2008-032193 Al 20/03/2008
WO 2004-020789 A2 11/03/2004 AU 2003-267555 Al 19/03/2004
CA 2439026 Al 29/02/2004
CA 2439026 C 25/11/2008
CN 1723332 A 18/01/2006
CN 1723332 B 27/10/2010
GB 2409871 A 13/07/2005
US 2006-0157239 Al 20/07/2006
US 2011-0139447 Al 16/06/2011
US 7900699 B2 08/03/2011
US 8074713 B2 13/12/2011
WO 2004-020789 A3 01/07/2004
US 2013-0056197 Al 07/03/2013 AU 2012-304342 Al 19/12/2013
EP 2753796 Al 16/07/2014
MX 2014002517 A 27/05/2014
US 9127531 B2 08/09/2015
WO 2013-036852 Al 14/03/2013

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report
	Page 44 - wo-search-report

