Surop2isches (11) Veréffentlichungsnummer:

atentamt

0) Patens Ofice (11) Publication number: EP 3218 747 A0
Office européen

des brevets (11) Numéro de publication:

Internationale Anmeldung veréffentlicht durch die

Weltorganisation flr geistiges Eigentum unter der Nummer:

WO 2016/122742 (Art. 153(3) EPU).

International application published by the World

Intellectual Property Organization under number:

WO 2016/122742 (Art. 153(3) EPC).

Demande internationale publiée par I'Organisation

Mondiale de la Propriété Intellectuelle sous le numéro:

WO 2016/122742 (art. 153(3) CBE).



EP 3 218 747 B1

Patent Office

bes v (11) EP 3 218 747 B1

('] 9) Européisches
Patentamt
0’ European

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention (51) IntCl.:
of the grant of the patent: G01D 5/353 (2006.07) GO2B 6/10 (2006.01)
14.10.2020 Bulletin 2020/42 GO1B 11/16 (209699 GOTM 11/00 200609

G02B 6/02 (2006.07)

(21) Application number: 15880620.8
(86) International application number:

(22) Date of filing: 11.11.2015 PCT/US2015/060104

(87) International publication number:
WO 2016/122742 (04.08.2016 Gazette 2016/31)

(54) OPTICAL FIBER AND METHOD AND APPARATUS FOR ACCURATE FIBER OPTIC SENSING
UNDER MULTIPLE STIMULI

GLASFASER UND VERFAHREN UND VORRICHTUNG ZUR GENAUEN GLASFASERMESSUNG
UNTER MEHRFACHREIZEN

FIBRE OPTIQUE ET PROCEDE ET APPAREIL POUR LA DETECTION PRECISE PAR FIBRE
OPTIQUE SOUS DE MULTIPLES STIMULI

(84) Designated Contracting States: (74) Representative: D Young & Co LLP
AL ATBEBGCHCY CZDE DKEEES FIFRGB 120 Holborn
GRHRHUIEISITLILT LULV MC MK MT NL NO London EC1N 2DY (GB)

PLPTRORS SESISKSMTR
(56) References cited:

(30) Priority: 11.11.2014 US 201462077974 P WO0-A1-2012/038784  WO-A2-2013/030749
US-A- 5563 967 US-A1- 2003 103 549
(43) Date of publication of application: US-A1-2010 284 646 US-A1- 2012 069 347
20.09.2017 Bulletin 2017/38 US-A1-2014 042306 US-B2-6 813 403
(73) Proprietor: Luna Innovations Incorporated + CAVLEIROET AL.: 'simultaneous measurement
Roanoke, VA 24016 (US) of strain and temperature using Bragg Gratings
written in german osilicate and boron-codoped
(72) Inventors: german osilicate fibers’ IEEE PHOTONICS
¢ REAVES, Matthew, T. TECHNOLOGY LETTERS, [Online] vol. 11, no. 12,
Baltimore, MD 21229 (US) 12 December 1999, pages 1635 - 1637,
¢ RIFE, Brian, M. XP011426073 Retrieved from the Internet:
Newport, VA 24128 (US) <URL:http://lieeexplore.icee.org/xpl/article
e LALLY, Evan, M. Details.jsp?arnumber=806871>

Blacksburg, VA 24060 (US)
* KREGER, Stephen, T.
Blacksburg, VA 24060 (US)

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 3 218 747 B1
Description
TECHNICAL FIELD

[0001] The technology relates to interferometric sensing applications. One example application is to Optical Frequency
Domain Reflectometry (OFDR) sensing using Rayleigh and/or Bragg scatter in optical fiber.

BACKGROUND AND SUMMARY

[0002] Optical Frequency Domain Reflectometry (OFDR) is an effective technique for extracting external sensory
information from the response of an optical fiber. See, e.g., U.S. Patents 6,545,760, 6,566,648, 5,798,521;and 7,538,883.
OFDR systems rely on scattering mechanisms, such as Rayleigh or Bragg scatter, to monitor phenomena that change
the time-of-flight delay ("delay") or spectral response of the optical fiber (see, e.g. US Patent 8,714,026). Many optical
scattering mechanisms, including but not limited to Rayleigh and Bragg scatter, are sensitive to both temperature and
strain. Through fiber and/or transducer design, these mechanisms can be made to sense other external parameters,
such as shape, position, pressure, etc. WO 2013/030749 discloses a system, device and method including a sensing
enabled device having an optical fiber configured to perform distributed sensing of temperature-induced strain. An
interpretation module is configured to receive optical signals from the optical fiber within a body and interpret the optical
signals to determine one or more temperatures or temperature gradients of the device.

[0003] Existing Rayleigh or Bragg scattering-based sensors cannot distinguish the difference between temperature
and strain. Both temperature and strain effects appear as a shift in the sensor’s spectral response and as a stretching
or compressing of its delay response. In practical applications, this cross-sensitivity between temperature and strain can
generate errors in the sensor's measurement. In more complicated sensors, such as those designed to measure shape
and position, this cross-sensitivity also contributes to error in the sensor's measured output.

[0004] In fiber optic-based shape sensing, a multi-channel distributed strain sensing system is used to detect the
change in strain for each of several cores within a multi-core optical shape sensing fiber, as described in US 8,773,650,
which is incorporated herein by reference. Multiple distributed strain measurements are combined using a system of
equations to produce a set of physical measurements including curvature, twist, and axial strain as described in US
8,531,655, which is also incorporated herein by reference. These physical measurements can be used to determine the
distributed shape and position of the optical fiber. Shape and position computations may be performed using a linear
shape computation matrix that is preferably calculated using a calibration process. This calibration matrix is a property
of a given sensor, and it may be stored and applied to one or more subsequent sets of distributed strain measurements
at each of multiple points along the optical fiber.

[0005] Multi-core fiber has been shown to be a practical, physically-realizable solution for distributed sensing. However,
the shape sensing systems described in the above patents do not distinguish between temperature changes along the
length of the fiber and axial strain changes along the length of the fiber. Moreover, an error can manifest for certain
shape sensing fibers dependent on a combination of axial strain and temperature change applied to the sensing fiber.
Another challenge is that a fiber's response to various stimuli also exhibits a nonlinear response. Such stimuli include
strain, temperature, and extrinsically-applied twist. A linear shape computation matrix, such as described above, may
not be sufficient to produce high accuracy results in the presence of these stimuli.

[0006] One aspect of the technology concerns an optical fiber that includes one or more primary optical cores having
a first set of properties and one or more secondary optical cores having a second set of properties. The primary set of
properties includes a first temperature response, and the secondary set of properties includes a second temperature
response sufficiently different from the first temperature response to allow a sensing apparatus when coupled to the
optical fiber to distinguish between temperature and strain on the optical fiber.

[0007] In example applications, the optical fiber is configured as a temperature sensor that senses temperature inde-
pendently from strain.

[0008] In example applications, the optical fiberis configured as a strain sensor that senses strain independently from
temperature.

[0009] In example applications, the difference in optical properties among the sets of cores is achieved by varying the
doping level in each set of cores during fiber manufacture.

[0010] In an example application, the primary set of cores includes four cores, the secondary set of cores includes
one core, and the primary and second sets of cores are helically twisted. In another example application, the primary
set of cores include four cores, the secondary set of cores includes three cores, and the primary and second sets of
cores are helically twisted. In yet another application, the primary and second sets of cores are configured such that
one core runs down the central axis of the fiber and the remaining cores are arranged in a regular pattern at constant
radius and traverse a helical path along the fiber.

[0011] Inexample embodiments, a temperature response coefficient that scales applied temperature change to meas-
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ured spectral shift is at least 2% larger or smaller in the secondary core(s) than in the primary core(s) so that temperature
can be distinguished from strain.

[0012] Another aspect of the technology concerns a method for interrogating an optical fiber having one or more
primary optical cores with a first temperature response and one or more secondary optical cores with a second temperature
response. The method includes the steps of detecting interferometric measurement data associated with each of the
one or more primary optical cores and each of the one or more secondary optical cores when the optical fiber is placed
into a sensing position, determining one or more compensation parameters that compensate for measurement errors
caused by temperature variations along the optical fiber based on a difference between the first temperature response
of the primary cores and the second temperature response of the secondary cores, compensating the detected inter-
ferometric measurement data using the one or more compensation parameters, and generating measurement data
based on the compensated interferometric measurement data.

[0013] In example embodiments, the generated measurement data may be strain data compensated for temperature
variations along the optical fiber and/or temperature data compensated for strain variations along the optical fiber.
[0014] In one example application, the further includes displaying the generated measurement data on a display or
storing the measurement data in memory.

[0015] In example embodiments, the interferometric measurement data is detected using Optical Frequency Domain
Reflectometry (OFDR) and the generated measurement data includes a fully-distributed measurement of both temper-
ature and strain along the optical fiber.

[0016] Inexample embodiments, the opticalfiberis a shape sensing fiber and the method further comprises a calculation
of shape and position which accounts for a linear response and a non-linear response of the optical fiber to external
stimuli in the detected interferometric measurement data. In this case, the non-linear response includes second-order
responses to temperature, strain, twist, and curvature in the detected interferometric measurement data. The compen-
sating step includes introducing a temperature measurement term in a shape computation matrix to eliminate twist
measurement error resulting from the difference between the first temperature response of the primary cores and the
second temperature response of the secondary cores, and wherein the temperature measurement term is based on the
second temperature response.

[0017] A shape computation may be performed using multiple shape computation matrices to represent a system of
equations that describe the linear and nonlinear responses of the optical fiber to external stimuli in the detected inter-
ferometric measurement data. The shape computation matrices characterize the linear and non-linear responses of the
optical fiber including inter-dependence of first-order and second-order strain, temperature, twist, and curvature.
[0018] In example embodiments, calibration interferometric measurement data may be detected including linear and
non-linear responses of the optical fiber after individually isclating each of multiple stimulus parameters including tem-
perature, strain, twist, and curvature. The shape computation matrices are then compensated based on the calibration
interferometric measurement data. Alternatively, calibration interferometric measurement data produced in response to
multiple linearly-independent sets of stimuli vectors may be detected, and the shape computation matrices are calibrated
based on the calibration interferometric measurement data to account for a non-minimized response to the multiple
linearly-independent sets of stimuli vectors. Still further, the calibrated shape computation matrices may be applied to
the detected interferometric measurement data using a calculated or approximated inverse of the Jacobian matrix of
the system of equations. The approximation to the inverse of the Jacobian matrix of the system of equations may be
pre-computed.

[0019] Example embodiments minimize or reduce a twist measurement error resulting from differences in strain and/or
temperature response by tailoring a doping level of one or more of the cores.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020]

Figure 1 is a non-limiting example setup of an OFDR system used to monitor local changes of index of refraction
along the length of a fiber optic sensor useful in one or more measurement and/or sensing applications.

Figure 2 is a flowchart illustrating example OFDR distributed measurement and processing procedures.

Figures 3A-3C show an example embodiment of a multicore fiber with a strain response shown for four of the cores.
Figures 4A-4D show how changes in temperature and changes in the fiber's axial strain state exert different effects
on the shape measurement.

Figure 5 illustrates a 7-core fiber with four primary cores and three secondary cores.

Figures 6A and 6B show end-face images of a multi-core fiber produced with two sets of dissimilar cores.

Figure 7 illustrates a graph of an example measured thermal response difference between commercially-available
Low Bend Loss (approximately 5% Ge content) and highly-doped (17% Ge content) fibers.

Figure 8 is a flowchart illustrating example OFDR distributed measurement and processing procedures for interro-
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gating each sensing core in accordance with an example embodiment.

Figure 9 illustrates how strain response to curvature is periodic along the length of the fiber because it is modulated
by the intrinsic twist rate and how the response to temperature, axial strain, and applied twist do not necessarily
have the same periodic nature, which means the signals may be separated by spatial frequencies.

Figure 10 is flow diagram that illustrates example procedures for the measurement of shape and position using
OFDR data in multiple cores.

Figures 11A and 11B illustrate a physical response of a helically-routed outer core to twist.

Figure 12 shows an example of an outer core’s physical response to z-axis strain.

Figure 13 is a flow diagram showing example procedures for performing a temperature-compensated nonlinear
shape computation.

Figure 14 outlines an example small-stimulus and large-stimulus method of determining the linear and quadratic
calibration matrices M and N.

Figure 15is a flow diagramiillustrating example procedures for determining M and N with a set of linearly independent
stimulus vectors.

Figure 16 is a flow diagram illustrating example procedures for an iterative approach, based on Newton’s Method,
to solving for unknowns given known M and N and measured Av repeated at each of multiple points along the fiber.
Figures 17A-17C show example temperature, twist, and strain errors with no compensation, linear compensation,
and gquadratic compensation.

Figures 18A-18C show example maximum twist and strain errors with no compensation, linear compensation, and
guadratic compensation.

Figures 19A-19C show example the strain, twist, and temperature corrections at 0 and 40 degrees Celsius.
Figures 20A-20C show example maximum twist and strain errors with no compensation, linear compensation, and
Newtonian compensation.

Figure 21 is an example graph of twist sensitivity v. outer core to center core index ratio.

DETAILED DESCRIPTION

[0021] The following description sets forth specific details, such as particular embodiments for purposes of explanation
and not limitation. It will be appreciated by one skilled in the art that other embodiments may be employed apart from
these specific details. In some instances, detailed descriptions of well-known methods, nodes, interfaces, circuits, and
devices are omitted so as not obscure the description with unnecessary detail. Those skilled in the art will appreciate
that the functions described may be implemented in one or more nodes using optical components, electronic components,
hardware circuitry (e.g., analog and/or discrete logic gates interconnected to perform a specialized function, ASICs,
PLAs, etc.), and/or using software programs and data in conjunction with one or more digital microprocessors or general
purpose computers. Moreover, certain aspects of the technology may additionally be considered to be embodied entirely
within any form of computer-readable memory, such as, for example, solid-state memory, magnetic disk, optical disk,
etc. containing an appropriate set of computer instructions that may be executed by a processorto carry out the techniques
described herein.

[0022] The term "signal" is used herein to encompass any signal that transfers information from one position or region
to another in an electrical, electronic, electromagnetic, optical, or magnetic form. Signals may be conducted from one
position or region to another by electrical, optical, or magnetic conductors including via waveguides, but the broad scope
of electrical signals also includes light and other electromagnetic forms of signals (e.g., infrared, radio, etc.) and other
signals transferred through non-conductive regions due to electrical, electronic, electromagnetic, or magnetic effects,
e.g., wirelessly. In general, the broad category of signals includes both analog and digital signals and both wired and
wireless mediums. An analog signal includes information in the form of a continuously variable physical quantity, such
as voltage; a digital electrical signal, in contrast, includes information in the form of discrete values of a physical char-
acteristic, which could also be, for example, voltage.

[0023] Unless the context indicates otherwise, the terms “circuitry" and “circuit" refer to structures in which one or
more electronic components have sufficient electrical connections to operate together or in a related manner. In some
instances, an item of circuitry can include more than one circuit. A "processor" is a collection of electrical circuits that
may be termed as a processing circuit or processing circuitry and may sometimes include hardware and software
components. In this context, software refers to stored or transmitted data that controls operation of the processor or that
is accessed by the processor while operating, and hardware refers to components that store, transmit, and operate on
the data. The distinction between software and hardware is not always clear-cut, however, because some components
share characteristics of both. A given processor-implemented software component can often be replaced by an equivalent
hardware component without significantly changing operation of circuitry, and a given hardware component can similarly
be replaced by equivalent processor operations controlled by software.

[0024] Hardware implementations of certain aspects may include or encompass, without limitation, digital signal proc-
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essor (DSP) hardware, a reduced instruction set processor, hardware (e.g., digital or analog) circuitry including but not
limited to application specific integrated circuit(s) (ASIC) and/or field programmable gate array(s) (FPGA(s)), and (where
appropriate) state machines capable of performing such functions.

[0025] Circuitry can be described structurally based on its configured operation or other characteristics. For example,
circuitry that is configured to perform control operations is sometimes referred to herein as control circuitry and circuitry
that is configured to perform processing operations is sometimes referred to herein as processing circuitry.

[0026] Interms of computer implementation, a computer is generally understood to comprise one or more processors
or one or more controllers, and the terms computer, processor, and controller may be employed interchangeably. When
provided by a computer, processor, or controller, the functions may be provided by a single dedicated computer or
processor or controller, by a single shared computer or processor or controller, or by a plurality of individual computers
or processors or controllers, some of which may be shared or distributed.

OVERVIEW

[0027] The technology described below is directed to a multi-core sensing fiber along with a method and apparatus
for interrogating such a fiber, in which the properties of individual cores in a multi-core optical fiber are tailored to allow
the system to distinguish the difference between temperature and strain. The existence of multiple optical cores allows
fiber designers freedom to tailor the temperature response of one or more cores relative to the others which results a
higher-fidelity resolution of strain vs. temperature than other previously attainable. The technology in this application
improves measurement accuracy in a variety of sensors, including strain sensors, temperature sensors, and shape and
position sensors, among others. One example embodiment includes both types of sensing cores within the same mon-
olithic glass fiber so that those cores experience the same strain and temperature as compared to co-locating separate
individual sensors.

[0028] In example embodiments, the accuracy of fiber optic shape and position measurements is enhanced by cor-
recting for the second-order responses of the various stimuli experienced by the shape sensing optical fiber. This
nonlinear correction includes calibration and computation methods, both of encompass the temperature/strain discrim-
ination approach as an integral part of the computation.

[0029] Example embodiments of the sensing technology are described in which an additional optical core is manu-
factured in the fiber to have a different doping from the standard fiber sensing core(s). The doping difference generates
a different response which is used to distinguish temperature from axial strain, resulting in a strain-independent temper-
ature sensor or a temperature-compensated strain sensor.

[0030] Example embodiments of a temperature-compensated strain sensor are described in which the interrogation
of an alternately-doped additional core allows accurate measurement of strain in uncontrolled temperature conditions.
Because it can provide a fully-distributed measurement of both temperature and strain, this technique is particularly
effective in applications in which the uncontrolled temperature varies along the length of the fiber.

[0031] Example embodiments of a temperature sensor are described in which the interrogation of an alternately-doped
outer core renders the OFDR sensing system able to measure temperature without error due to undesired strain. Such
errors are commonly encountered in practical applications and limit the accuracy of existing distributed fiber optic tem-
perature sensors.

[0032] Example embodiments of shape sensing systems and methods are described which eliminate errors in shape
sensing with twisted multi-core optical fiber. One error relates to differences in the outer and central cores’ response to
strain and temperature that generate a twist measurement error under moderate-to-large axial strain or temperature
changes. Another error relates to the multi-core optical fiber’s nonlinear response to strain, temperature, and extrinsically-
applied twist which contributes to measurement error, particularly in the case of large inputs, such as high levels of
extrinsic twist.

[0033] In example shape sensing embodiments, a differently-doped core is added to the shape sensor’s standard
fiber sensing cores during manufacture. First, the doping difference is used to distinguish temperature from axial strain.
Second, this temperature measurement introduces as an additional (e.g., a 5t) term in a shape computation matrix to
eliminate twist errors associated with differences in strain/temperature response. Third, a second-order shape sensing
matrix is generated which includes the additional (e.g., a 5t) temperature measurement term to better characterize the
full response of the fiber, including the inter-dependence of first-order and second-order strain, temperature, twist, and
curvature. Fourth, the second-order shape matrix is calibrated using a robust matrix method with 2n stimulus vectors s;
that produce combined stimulus vectors [s; s; 2] thatare linearly independent. Fifth, an advantageous example embodiment
uses a pre-computed approximation to the inverse of the Jacobian matrix of the second-order shape equations over all
stimulus values of interest in order to facilitate accurate real-time solution of those equations. This computation may be
applied as a single update to the first-order solution.

[0034] Example embodiments of a fiber-based sensing system include a combined sensor that independently meas-
ures temperature, strain, and its own 3D shape and position. This sensor may be applied as a self-localized strain and/or
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temperature sensor. The technical features used in the shape sensing system can further be expanded to various
embodiments of the shape sensing system which require varying degrees of processing while still allowing for higher
accuracy shape sensing.

[0035] Example embodiments also provide a passive approach to temperature compensation through design of the
fiber's optical properties during the manufacturing stage. One example aspect includes the tuning of an optical path
ratio, by either fiber optical core design or selection of optimal sensing triad, to minimize twist response to either tem-
perature or strain, or to make the twist response corresponding to an optical frequency shift due to either temperature
or strain be equal so the twist error can be compensated for without necessarily knowing if the optical frequency shift is
caused by temperature or strain. Another example aspect includes calibration of a shape sensing matrix to account for
non-minimized temperature or strain response.

[0036] Example embodiments also provide alternative methods of nonlinear shape matrix calibration and shape cal-
culation including calibration of the nonlinear shape matrix by using small stimuli to minimize the nonlinear response of
selected terms and isolate the response of others. Another example aspect includes application of the nonlinear shape
matrix during shape computation using Newton’s method, and in one example implementation, with a small fixed number
of iterations.

OPTICAL FREQUENCY-DOMAIN REFLECTOMETRY (OFDR)

[0037] OFDR is highly effective at performing high resolution distributed measurements of a light scattering profile
along the length of a waveguide (e.g., an optical fiber core). Scattering of light along the waveguide is related to the local
index of refraction at a given location. Two consecutive measurements can be compared to detect local changes of
index of refraction along the length of the waveguide by detecting changes in the scattering profile. These changes can
be converted into a distributed measurement of strain, temperature, or other physical phenomena.

[0038] Figure 1 is a non-limiting example setup of an OFDR system 10 used to monitor local changes of index of
refraction along the length of a fiber optic sensor 22 useful in one or more measurement and/or sensing applications.
In some applications, the fiber optical sensor 22 functions as a sensor, and in other applications, it may be a device
under test (DUT) or other entity. A tunable laser source (TLS) 12 is swept through a range of optical frequencies. This
light is split with the use of one or more optical couplers and routed to two sets interferometers 14 and 16. One of the
interferometers is an interferometric interrogator 16 which is connected to the sensing fiber 22. This interferometer 16
may have multiple sensing channels (e.g., 4 are depicted in Figure 1), each of which may correspond to a separate
single-core fiber or an individual core of a multi-core optical fiber (e.g., a 7-core shape sensing fiber is depicted in Figure
1). Light enters the each sensing fiber/core through a measurement arm of the interferometric interrogator 16. Scattered
light along the length of the fiber is then interfered with light that has traveled along the corresponding reference arm of
the interferometric interrogator 16.

[0039] The otherinterferometer within a laser monitor network 14 measures fluctuations in the tuning rate as the light
source scans through a frequency range. The laser monitor network 14 also contains an absolute wavelength reference,
such as a Hydrogen Cyanide (HCN), gas cell which is used to provide absolute optical frequency reference throughout
the measurement scan. A series of optical detectors converts detected light signals from the laser monitor network, HCN
gas cell, and the interference pattern from the sensing fiber into electrical signals for data acquisition circuitry 18. A
system controller data processor 20 uses the acquired electrical signals from the data acquisition circuitry 18 to extract
a scattering profile along the length of the sensor 22 as is explained in more detail in conjunction with Figure 2.

[0040] Figure 2 is a flowchart diagram of non-limiting, example distributed measurement procedures using an OFDR
system like 10 shown in Figure 1. In step S1, the tunable light source is swept through a range of optical frequencies
and directed into the sensor via the measurement arm of the interferometric interrogator (step S2). Scattered light along
the length of the sensor interferes with light that has traveled through the reference path of the interferometricinterrogator
(step S3). An absolute wavelength reference is provided for the measurement scan (step S4), and tuning rate variations
are measured (step S5). Optical detectors convert detected optical signals into electrical signals (step S6) for processing
by the data processor. The equation below gives a mathematical representation of the interference signal x(t) associated
with a point reflector at time-of-flight delay z, relative to the reference arm of the interferometer, as received at the
detector. A is the amplitude of the received interference signal. The frequency scan rate of the TLS is denoted by dv/dt,
where v represents the laser’s frequency and f represents time. The variable ¢ accounts for the initial phase offset
between the two signal paths in the OFDR interferometer.

x(t) = Acos [ZEZ—:TS “t+ ¢ (D)

[0041] The interference pattern of the sensing fiber is preferably resampled using the laser monitor signal to ensure
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the detected signals are sampled with a constant increment of optical frequency (step S7). Once resampled, a Fourier
transform is performed to produce a sensor scatter signal in the time-of-flight delay domain. In the delay domain, the
scatter signal depicts the amplitude of the scattering events as a function of delay along the length of the sensor (step S8).
[0042] Both applied strain and temperature change induce changes in the fiber's measurement state. As the sensing
fiber is strained, local scatters shift as the fiber changes in physical length. Due to the thermo-optic effect, temperature
variations directly induce changes in the fiber's refractive index. These changes are in addition to the physical length
change associated with thermal expansion, and both effects cause the apparent spacing of local scatterers to shiftin a
manner indistinguishable from the strain effect described above.

[0043] It can be shown that these shifts are highly repeatable. Hence, an OFDR measurement can be retained in
memory that serves as a "baseline” reference of the unique pattern of the fiber in a characteristic state, e.g., static,
unstrained, and/or at a reference temperature. A subsequent measurement can be compared to this baseline pattern
to gain a measure of shiftin delay of the local scatters along the length of the sensing fiber. This shift in delay manifests
as a continuous, slowly varying optical phase signal when compared against the reference scatter pattern. The derivative
of this optical phase signal is directly proportional to differential change in physical length of the sensing core. Differential
change in physical length can be scaled to strain or temperature producing a continuous measurement of strain or
temperature along the sensing fiber (step S9).

SHAPE AND POSITION SENSING IN MULTI-CORE OPTICAL FIBER

[0044] A fiber optic shape sensing system, as described in US 8,773,650, uses a multi-core optical fiber to transduce
change in physical shape to distributed strain. Figure 3A shows an example embodiment manufactured with seven
distinct optical cores: one center core along the central axis of the cylindrical fiber and 6 outer cores located at a constant
radius and even angular spacing from this axis. As shown Figure 3B, the 7-core fiber is twisted during manufacture,
introducing a fixed intrinsic helical pattern among the outer cores. Because the center core is on the neutral twist axis,
it is not affected by the twisting during manufacture. In this example embodiment, in addition to the center core, three
of the outer cores are typically interrogated; this "sensing triad" is marked in Figure 3A as 0-3.

[0045] Under curvature, each the outer cores experience a local state of tension or compression based on its location
relative to the direction of the applied bending moment. Because the fiber is helixed, each of the outer cores oscillates
from tension to compression as it traverses back and forth between the outside and inside of the bend. In practice, the
typical intrinsic helix pitch is made to be sufficiently short to generate multiple periods of strain oscillation in a curve. The
center core is situated on the neutral bending axis and experiences negligible strain due to curvature.

[0046] The helical path of the outer cores renders them responsive to extrinsically-applied twist. Under a twisting
moment, all of the outer cores experience a common tension or compression, depending on whether the twist is applied
in the same or opposite direction as the helix. The central core is situated on the neutral twist axis and experiences
negligible strain due to extrinsic twist. Figure 3C shows a graph of strain response to external curvature along a length
of the fiber for cores 0-3.

[0047] All sensing cores are affected by axial strain and changes in temperature. The center core, being insensitive
totwistand curvature, is designed to compensate for these phenomena by providing a measurement of temperature/strain
that is independent from fiber shape. This combined temperature/strain compensation may be used to generate shape
measurements with better than 1% by length accuracy under laboratory conditions.

TEMPERATURE/STRAIN-INDUCED ERRORS

[0048] Because the fiber's Rayleigh or Bragg scatter fingerprint is sensitive to both temperature and strain, the fiber
optic sensing mechanisms described herein are subject to cross-sensitivity error. For example, a single-core fiber de-
signed to measure temperature will report a false reading if subjected to an unknown state of strain. Likewise, strain-
measurement sensors are unable to distinguish the difference between deformation of the substrate to which they are
bonded and the temperature-induced change in refractive index within the fiber.

[0049] In multi-core shape sensing, the use of the central core as described in US 8,773,650 corrects for the most
significant effects of strain and temperature on the fiber's response. However, there is a secondary effect in which
changes and temperature and changes in the fiber’'s axial strain state exert different effects on the shape measurement.
This effect, illustrated in Figures 4A-4D, is primarily a result of the differences in the path of the outer and central cores
inside the fiber. The center core is aligned along the z-axis of the cylindrical optical fiber. The outer cores traverse a
helixed path, which means that the vector direction of each outer core contains components in both the zand ¢ directions.
Figure 4A shows that, for a given length of fiber, the helical outer cores traverse a slightly longer path than the central core.
[0050] Because of the nature of the thermo-optic effect and thermal expansion, temperature changes act isotropically
in the fiber. Ideally, under increased temperature, the outer cores, which travel a different path than the center cores,
experience the same amount of length extension as the center core, relative to their optical path lengths. See Figure
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4B. This relative length extension is measured using OFDR sensing as an apparent strain/temperature change. In
practice, very small differences in the doping levels of each core may cause their index of refraction and optical path
length response to temperature to vary slightly.

[0051] The effects of z-axis (“axial") strain are directional. Because each outer cores has a vector component in the
o-direction, only a fraction of the applied strain translates to an extension of the outer core’s optical path. In addition,
the Poisson effect results in a shrinking of the fiber's radius under axial tension, further reducing the outer cores’ response
to axial strain relative to the central core. Therefore, unlike temperature changes, strain changes produce a clear differ-
ential strain response between the outer cores and the central core as shown in Figure 4C. Because of the small diameter
and relative shallowness of the helix pitch, this effect is small but measurable in a typical shape sensing fiber.

[0052] Extrinsically-applied twist generates the same kind of differential strain response between the outer and the
central cores. See Figure 4D. As described above, the ¢-component of the outer cores’ path renders the optical path
length sensitive to twist, whereas the central core is not. A shape measurement algorithm determines twist as the average
change in outer core path length subtracted from that of the center core, at each point in the fiber. Any such response
is registered as extrinsic twist. Therefore, the portion of the response to axial strain which is not common between the
center and outer cores is falsely registered as a twist signal. Minor differences in the index of refraction response to
temperature between the outer and center cores may register as a false twist signal. This false twist measurement
directly contributes to error in the resulting shape measurement.

THERMAL COMPENSATION VIA ADDITIONAL MEASUREMENT CORE

[0053] The errors described above can be eliminated if the temperature and axial strain stimuli can be resolved
(distinguished) and compensated separately in the OF DR sensor measurement data. To enable this resolution/distinction,
another core in the optical fiber is used to produce an additional spectral shift measurement. If this core has a different
response to temperature, it can be used in a differential measurement with the one or more of the other cores to resolve
temperature and strain independently.

[0054] In this description, one or more sensing cores are described as the primary set of core(s), and another set of
one or more cores are described as the secondary core(s). Figure 5 illustrates a 7-core fiber with four primary cores and
three secondary cores. The primary and secondary sets of cores differ in their response to temperature, but may also
exhibit other differences. This response to stimuliincludes changes in measured backscatter reflection spectrum and/or
time-of-flight delay in an optical core as aresult of changes in external phenomena or stimuli, such as temperature or strain.

TAILORED RESPONSE THROUGH DOPANT CONCENTRATION

[0055] A more highly Germanium-doped fiber has a stronger temperature response than low bend loss (LBL) cores
used in many sensing fibers, including shape sensing fibers. LBL fiber contains approximately 5% Ge doping in the core,
whereas high-Ge fiber may contain over 15% Ge doping. Other dopants, such as Boron or Fluorine, may also be used
to produce a different temperature response. Changes in the strain sensitivity resulting from dopant changes are expected
to be substantially smaller between dopant types because strain response is dominated by the effective scatter event
period change (stemming from Rayleigh scatter or Bragg grating) rather than the strain-optic induced change in the
refractive index and are thus much less sensitive to differences in strain-optic coefficients caused by dissimilar doping.
Figures 6A and 6B show end-face images of a multi-core fiber produced with two sets of alternately-doped cores. The
secondary cores contain a higher level of Germanium dopant (8% v. 5%) and have a higher numerical aperture, and
are therefore visibly larger as seen in Figure 6B.

[0056] Figure 7 is a graph illustrates an example measured thermal response difference between commercially-avail-
able LBL (approximately 5% Ge content) and higher-doped (17% Ge content) fiber cores. A second-order polynomial
fit is applied to the data, and the fitted spectral shift response functions Av g and Avg, are shown in the equations
below. As seen in Figure 7, the high-Ge fiber response curve has a steeper slope, and thus exhibits a stronger first-
order (linear) response by approximately 4.8% (-1.210 vs -1.155 GHz/°C).

Avy g = 26,78 GHz + (1158 CHz/SC)AT + (—0.001464 CHz S0 AT

L

Svgs = 2839 GHa 4+ (=1.210 GHESCO)AT + (~0.001349 GHa /S0 (ATYE

B
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APPLICATION TO STRAIN AND/OR TEMPERATURE SENSORS

[0057] In one example embodiment, a single primary core and single secondary core are interrogated. Alternatively,
the 7-core fiber shown in Figures 5 and 6 can be operated in this manner by selecting only two of the available cores
for sensing. The linear responses of the mth core to temperature and strain are described by K{m and K, (), respectively.
In the case of differently-doped cores, as described above, each core’s strain response is expected to be nearly equal,
and is described by a single variable K, for the purpose of illustration. During sensing, the spectral shift Av,, measured
in each sensing core is determined by contributions from both the strain and temperature response. This can be described
by a system of sensor response equations with two inputs: applied strain ¢ and temperature change AT. Using a linear
model, this system of sensor response equations is described in matrix form below.

[Avo] K, KO - 5
AV1 Ks K’I(wl) AT

[0058] If the spectral shifts or responses Av,, for each core are measured, and the linear responses of the mth core
to temperature and strain described by K™ and K.(M) are known, then the above 2x2 matrix may be inverted to solve
for the two unknown variables ¢ and AT:

(4)

In this way, strain and temperature can be determined independently and distinguished from each other.

[0059] A flowchart of example procedures for a measurement process for this embodiment is outlined in Figure 8.
Data is collected simultaneously on each sensing core (step S10) using the OFDR system shown in Figure 1 and the
data collection process described in Figure 2. OFDR measurement data is compared with the pre-measured reference
data arrays for each individual sensing core. This results in a measurement of spectral shift vs. time-of-flight delay along
each sensing core (step S11). Information about the fiber's geometry predetermined and stored in memory is used to
adjust for differences in the optical path length of each core for a given length of physical fiber (step S12). For example,
this adjustment may be performed by interpolating the measured spectral shift data to produce two data arrays which
are in alignment and represent measured spectral shift at locations along the length of the physical fiber itself. The
determined spectral shifts Av,,, measured for each core, along with the temperature and strain coefficients for each core
K™ and K™, which are pre-calibrated and prestored in memory, are used to calculate the two variables £ and AT.
This calculation is performed at each measured location along the fiber and converts the measurement of spectral shift
in each core to an output measurement of temperature and strain observed by the fiber (step S13).

[0060] The resolution with which temperature and strain may be resolved is dependent on the differences in responses
ofthe primary and secondary sensing cores and on the system noise level. A hoise model constructed based on Equation
3 estimates the uncertainty in the strain and temperature results for a given uncertainty in the measured spectral shifts
Av,,, and given a specific difference in the temperature coefficients for each core K{M). This model uses an example but
typical value of K, = -0.15 GHz/pc. The measured values of the thermal response from the above example are used:
K0 = - 1.1547 GHz/°C and K¢{1) = -1.2100 GHz/°C. Assuming a typical RMS spectral shift measurement noise of
Sverums = 0.1GHz, the resulting output RMS measurement noise of temperature and strain are simulated to be 20p.¢ and
2.6°C, respectively. This example sensing core thermal response difference may be sufficient for many general-purpose
sensing applications.

[0061] Assuming the values above for K,, K1{%), and RMS spectral shift measurement noise, the above sensitivity
analysis can be run for multiple values of K+{1). This simulates the effects of different levels of dopant in the secondary
sensing core(s). The results are shown in the table below. From this model, it is determined that the minimum practical
difference between K" and K@ is approximately 2%. This is sufficient for general-purpose sensing which requires a
temperature measurement uncertainty of better than 50 ps and strain uncertainty of better than 10 °C.

ifference between an rain Uncertainty (pe emperature Uncertainty
Diff bet K and K{(®  Strain U tainty (ne RMS) T ture U tainty (°C RMS)

2% 48 6.2
5% 19 24




10

15

20

25

30

35

40

45

50

55

EP 3 218 747 B1

(continued)

Difference between K{") and K+{®)  Strain Uncertainty (ue RMS)  Temperature Uncertainty (°C RMS)
8% 12 15
10% 10 1.3

EXAMPLE IMPLEMENTATION OF STRAIN AND/OR TEMPERATURE SENSOR

[0062] The strain ¢ referred to in Equation 3 may stem from a variety of physical mechanisms. US 8,773,650 describes
strain on a core in a multicore fiber arising from three physical sources: strain applied along the axis of the fiber, strain
due to fiber bending, and strain due to an applied twist. The core strain response to applied twist rate given by applied
twist angle 0 applied over length L is dependent on the core radius to the central axis r and the fiber’s intrinsic twist
period p, and to first order is given by the expression:

, &
Brisimgy T s
RNNER ot _% {F}- ” i££« (5)
Transfer of fiber axial strain ¢, to the core is dependent on the core radius r, the intrinsic twist pericd p, and the fiber
material’s Poisson ratio n, and to first order is given by the expression:
Srenston ¥ —.?JE s &5 (6)

The core strain in response to bending is dependent on the core radius r, intrinsic twist period p, the fiber material’s
Poisson ratio n, the curvature about the x and y axis k, and Ky, distance along the fiber axis z, and the orientation angle
of the nth core in the plane perpendicular to the fiber axis ¢, is to first order is given by the expression:

Since the fiber is described to have an intrinsic twist state imposed during manufacturing, the strain response to bending
in a plane will be sinusoidal as a function of the sensor length, although in practice intrinsic helix period p may vary
slightly with the fiber axial positon z. Generally, temperature and strain are monitored as some difference between
reference and measurement states.

[0063] Inthe simplest and most frequently encountered embodiment, the sensor fiber is secured to a test object such
that the applied twist state and shape of the fiber do not change between the reference and measurement state, so only
the fiber axial strain and temperature vary. In this case, the strain ¢ referred to in Equation 3 is given by the expression
in Equation 6. Making the substitution, Equation 3 can be rewritten.

(8)

The subscript on the core radius r emphasizes that the primary and secondary cores may have a different radius to the
fiber center. This equation can be solved for the axial strain s, and the temperature change AT by inverting the 2x2
matrix, as demonstrated in Equation 4. As long as the two cores are selected to have different doping so as to have a
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different temperature response, separation of axial strain and temperature is generally achieved as described in Figure 8.
[0064] In another example embodiment, the fiber sensor is secured in such a way that axial strain and shape changes
are not imparted, but a twist is applied to the sensor fiber. In this case, so long as the primary and secondary cores have
a differing temperature response and the cores have different radii to the center axis (ie. one center core and one outer
core), the strain will be due to the applied twist as described in Equation 5. Equation 5 can be combined with Equation
3, and both applied twist and temperature may found following the procedure outlined in Figure 8.

[0065] In another example embodiment, the fiber sensor is secured in such a way that axial strain and applied twist
are not imparted, but the sensor fiber formed in a shape in a plane. In this case, so long as the primary and secondary
cores have a differing temperature response and both cores are not along the fiber center axis, the strain determined
in Equation 4 will be due to the bending strain as described in Equation 7. Equation 7 can be combined with Equation
3, and both curvature in a plane and temperature may both be measured following the procedures outlined in Figure 8.
[0066] Inthe eventthat the sensor is secured to a test object such that temperature plus more than on other parameter
(axial strain, applied twist, curvature in x, curvature in y) may vary, the procedure described above may be altered to
incorporate more variables and more sampled cores. For example, simultaneous measurement of temperature, axial
strain, and applied twist would require measuring the distributed optical frequency shift of 3 cores, and the equations
described in Equation 3 would expand to 3, and the matrix inversion described in Equation 4 would be of a 3x3 matrix.
Similarly, simultaneous measurement of temperature plus 3 of the above parameters would require measuring the
spectral shift of 4 cores, and performing an inversion of a 4x4 matrix. In preferred example embodiments, core choice
may be guided by the following. To observe temperature, atleast two cores with different temperature responses should
be selected. To observe applied twist, two cores with different radii r should be selected. To observe curvature, at least
one core must be off the central axis. To observe curvature in orthogonal planes, two cores off the center axis and not
in a line through the center axis should be selected.

[0067] Analysis of the strain signal frequency with sensor length could also be used to discriminate between strains
stemming from applied twist or axial strain and strain stemming from curvature, and thus, it is possible to record spectral
shifts from only two cores and discriminate temperature from curvature strain plus either applied twist strain or axial
strain. Strains due to curvature are modulated by a sinusoid at the intrinsic twist frequency as shown in Equation 7.
Strains due to axial strain or applied twist may not have significant content at spatial frequencies near the helix frequency.
Thus it is possible to measure curvature in orthogonal directions «, and iy and also measure temperature and axial
strain (or applied twist) with data from only two cores, if there are limits on the spatial frequency content of the signals.
[0068] Figure 9 illustrates the concept of separating strain signals by spatial frequencies. Spectral shift data along the
fiber length is transformed to the spatial frequency domain by a Fourier transform. Data near 0 frequency (encompassing
the temperature and axial strain or applied twist response) and near the intrinsic twist frequency (encompassing the
curvature response) is windowed, separated and transformed back to the spatial extent domain by an inverse Fourier
transform. In this manner, axial strain (or applied twist) and temperature distributions with spatial frequency content
within the spatial frequency bandwidth Afy could be separated from curvature distributions with spatial frequency content
within the spatial frequency bandwidth Af,.,4. The data content for two separate cores near 0 spatial frequency could
then be further separated into axial strain (or applied twist) and temperature as described in Figure 8 and Equation 8.
Curvature in orthogonal directions could be distinguished by separating out signal content near spatial frequency f,, for
two cores and using a similar 2x2 matrix as described Equations 3-4 and in Figure 8, so long as two outer cores have
orientation angles ¢4 and ¢, that differ by neither 0° nor 180°.

EXAMPLE APPLICATION TO SHAPE SENSORS

[0069] The following shape sensing fiber description is provided as a specific example of adding an additional meas-
urement core having different optical properties. In the canonical shape sensing calculation, the computation of axial
strain/temperature ¢, x and y curvature k,, Ky, and twist 6/L is performed using a 4x4 matrix calculation, as shown below.
A total of 16 linear scaling terms are used to calculate these outputs from the phase derivative or spectral shift OFDDR
measurements Av, in each of the four sensing cores.

Sy SN NIZ O MIE NI %N
{Smfg \ MILOMIT NI MMy M (9)
{\a‘ o b VEL MBI NI MR X
Y & T < IEag  fesal L@iT
Whed NS NS MR MaSS VR

[0070] In an example shape sensing embodiment, a differently-doped core is included in the fiber (e.g., from one of
three previously unused cores) and added as a fifth measurement term which is used to distinguish temperature change
AT from axial strain ¢,. This example sensing fiber is illustrated in Figures 5 and 6A, 6B. Additional scaling terms are
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added to bring the matrix to 5x5.
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[0071] The flow diagram in Figure 10 illustrates the measurement of shape and position using OFDR data in multiple
cores. Similar steps from Figure 8 are similarly labeled in Figure 10. As in that example embodiment, OFDR data is
collected simultaneously in each of N measurement cores using the system shown in Figure 1 and the process outlined
in Figure 2 (S10). A measurement of spectral shift Av,, is made individually on each core by comparing measurement
data to pre-recorded reference data stored in memory for each sensing core (S11). The pre-recorded measurement of
the fiber's geometry is used to interpolate the spectral shift data and correct for differences in optical path length among
the cores, particularly those resulting from the outer cores’ helixed path (S12). The resulting N measurements of spectral
shift vs. fiber length are fed into the matrix calculations described in Equations 9 or 10 (S14), resulting in a measurement
of five stimuli including strain ¢,, curvature «,, Ky, twist 6/L, and temperature AT. The five equations in the 5x5 matrix
are solved for these five "unknowns" using the known values M11-M55 and the measured spectral shifts Avy-Av,. Values
for the first 4 columns of matrix elements are found by a calibration process such that described in US 8,531,655, and
values for the final column of matrix elements M15-M55 are found by recording the spectral shift for each core as a
function of temperature as shown in Figure 7, fitting the response to a line, and taking the slope as the matrix element.
These measurements of strain ¢, curvature «,, Ky, twist 0/L, and temperature AT may be output to a user, and they may
also be provided as inputs for a shape and orientation calculation. In this calculation, a pre-recorded map of the fiber’s
intrinsic helix (including variations) stored in memory is used in conjunction with the measured twist 6/L to un-wind the
measured curvature response «,, Ky and produce an output of x and y curvature in a global coordinate system (S15).
These curvature measurements, along with the twist measurement, are inputs along with OFDR data segment length
to a vector addition process (S16) which builds a shape and position measurement, as well as a measurement of
orientation at each point along the fiber. These calculations, and the methods to determine fiber geometry and calibration
coefficients, are described in detail in US 8,773,650 and US 8,531 ,655.

[0072] Because the twist measurement error resulting from differences in strain and/or temperature response is small,
compensation for this error does not require a high degree of fidelity in the discrimination of strain and temperature.
Simulations in later sections show that an example 4.8% difference in temperature response between primary and
secondary cores is sufficient to compensate for twist measurement error in shape sensing optical fibers.

NONLINEAR MODEL OF SHAPE SENSING FIBER RESPONSE

[0073] The shape measurement is also shown to have second order responses to these various stimuli. This section
describes a model of the shape sensing fiber's response to external stimuli, including first-order (linear) and second-
order effects. It presents an example embodiment, for the purpose of illustration, which uses mathematical derivations
of spectral shift response in the central core and two outer cores of a helixed shape sensing fiber. In this case, the stimuli
are limited to axial strain &, along the fiber axis, applied twist per unit length &L, and temperature change AT. Three
cores are required for this simplified model. Core 0 is defined to be a low-bend-loss (LBL) center core, Core 1 is an LBL
outer core, and Core 2 is a highly Germanium-doped outer core.

[0074] The model describing the second order responses to three stimuli (axial strain, twist, and temperature) is
described generally, so that the model may be easily extended to applied to the more general case described in the
previous section which includes five stimuli (two additional equations describe curvature effects in Equation 10). The
analysis and calculations presented here can be expanded to apply to shape calibrations with an arbitrary number of
stimuli.

NONLINEAR RESPONSE TO TWIST

[0075] In an OFDR measurement, the sensing system measures the change in optical path length €' vs. € along the
path of a given core. The center core’s path length does not change in response to twist. However, the outer core’s
helixed routing makes it sensitive to extrinsically-applied twist. The physical response of a helically-routed outer core to
twist is depicted in Figure 11. Consider an applied twist of total angle ®, which accumulates over a single helix period
of length p at a rate of 0/L, where L is distance along the fiber’s length z. The outer core’s radius from the neutral axis
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is given by the variable r. In this relationship, the change in distance traveled along the ¢-axis (axes are defined in Figure
4A)is given by the expression below where ris the core radius, p is the helix period, ® is the total applied twist in radians,
and 0/L is the twist rate in units of radians per unit length:

0
r@zrz (1)

[0076] Using the Pythagorean Theorem, the optical path lengths € and €' in the untwisted state and under extrinsic
twist are given by the following expressions.

£ =p?+ (2nr)? (12)

, 0\
¢ = p2+<2m’+rz ) (13)

[0077] The relationship below is used to derive an expression for the strain measured along the path of the core in
terms of the original and perturbed path lengths € and ¢’.

e=—n (14)

[0078] The expression for twisted path length €’ can be re-organized in terms of original path length €.

£ =0V1+x (15)

6 6 \2
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[0079] A binomial expansion may be used to determine an approximate closed-form solution for ¢’.

¢ =¢ (1+1 +1 2 4 )
- 2° 78" an

[0080] For a typical shape sensing optical fiber, in which the radius r is small and the extrinsic twist per unit length 6/L
is also small, the value x is significantly less than unity. Therefore, the small-value approximation is assumed and only
the first and second terms in Equation 17 are considered. The resulting expression for apparent strain under extrinsically-
applied twist is given below. Note that it includes terms which have both linear and nonlinear dependence on 6/L.

. 3 T3 o 3
SO i SO S L\ (8)
weist ¥ ST WL T 2GR 4 (G L

[0081] In order to apply the linear matrix calculation described in Equations 9 and 10, Equation 18 is further simplified
by assuming that the applied twist 6/L is sufficiently small that the second order term is negligible. Dropping the second
order term in Equation 18 results in the expression given in Equation 5, which is referenced in the text as the "first order
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model." Under moderate-to-large amounts of applied twist, the approximation becomes increasingly less valid, resulting
in error in the shape calculation. Both first order and second order terms in Equation 18 are necessary to avoid this error.

NONLINEAR RESPONSE TO STRAIN

[0082] Similarly, the outer cores of the helixed shape sensing fiber exhibit a nonlinear response to strain applied along
the longitudinal z-axis of the fiber. The outer core’s physical response to z-axis strain is illustrated in Figure 12. Under
strain g,, the helix period p is stretched by (1+ ¢,) and the projected length along the ¢-axis is compressed by the Poisson
effect. In this description, Poisson’s ratio is described by the term 7. An expression is derived for the outer core’s response
to z-axis strain g0, following the path length derivation and binomial expansion in Equations 11-17.

pi-@mln P Qe
Lopuston ¥ T &g AP 5°. (19)

¥

[0083] Again, a canonical linear approximation assumes that the applied strain ¢, is sufficiently small to ignore the
second order term in Equation 19. The resulting first-order model of strain response is presented in Equation 6. As with
applied twist, under moderate-to-large amounts of axial strain ¢, the first order approximation becomes increasingly
less valid, resulting in error in the shape calculation. Both first order and second order terms in Equation 19 are necessary
to avoid this error.

NONLINEAR RESPONSE TO TEMPERATURE

[0084] The temperature response measurements shown in Figure 7 and Equation 2 indicate that the optical fiber has
anon-zero second-order response to temperature changes. For LBL and high-Ge cores, these second-order temperature
coefficients are described by Ky g » and Ky g 5, respectively and determined empirically through a polynomial fit to
the response curve. The second order term is relatively large; if it is neglected in Equation 2, an error of over 1% will
result for a temperature change as small as 8 °C.

NONLINEAR SHAPE SENSOR MODEL

[0085] The nonlinear shape sensor model comprises a system of sensor response equations, including linear and
nonlinear terms, which describe the sensor’s spectral shift response to multiple stimuli, denoted by the vector s. This
system of equations can be represented in matrix form in which there is one matrix for each order of the equation: a
linear computation matrix M and a second-order computation matrix N, and the squaring of the stimulus vector s is
defined component-wise. The sensor’s response at each point along the fiber is measured by a vector of spectral shift
values Av, in which there is one scalar entry for each of the optical cores interrogated.

Ay = §s & Nat 20)

[0086] Based on the analysis above, the stimulus vector s, and computation matrices M and N are described for this
simplified three-input model in the equations below.

21)
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simulations use a typical value of

[0087] The numerical model described in Equations 20-23 is used in simulations in the following sections to illustrate
the validity of the described approaches to generate and apply a practical second-order shape sensing calculation. All
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The measured values of the thermal response from above are used:
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A common fiber geometry is used with r = 72um and p = 15.15mm.
ERROR RESULTING FROM LINEAR SHAPE COMPUTATION

[0088] The analysis and data presented in the previous five sections describing the nonlinear model show that a fiber
exhibits a nonlinear response to extrinsically-applied twist, z-axis strain, and temperature changes. Existing approaches
using a first-order (linear) computation, such as the matrix approach described in Equation 9, do not account for this
nonlinear response and therefore are prone to error when the applied twist or axial strain becomes too large. This problem
persists in the temperature-compensated linear matrix calculation of Equation 10. Temperature compensation eliminates
one source of error but leaves the residual error associated with un-modeled nonlinear responses. Based on these
recognitions, the inventors determined that a new shape sensing calculation is desirable that accounts for the nonlinear
response to external stimuli, including those described in Equations 18 and 19. In order to more fully characterize the
response of the fiber, the nonlinear computation must account for temperature in addition to strain, curvature and twist.

NONLINEAR SHAPE COMPUTATION

[0089] The inventors discovered that the errors described above are correctable with the use of a second-order
computation. This section provides an overview of the second-order shape computation, and specific implementation
examples are detailed in the following sections.

[0090] An example temperature-compensated nonlinear shape computation is implemented in the following general
steps, as outlined in the flow diagram of Figure 13. Similar steps from previous flowcharts use similar step numbers.
First, a calibration step is performed during sensor production (S 16). This calibration uses a series of sensor response
measurements to known stimuli to determine the terms in the matrices M and N in Equation 20. These calibration terms
are stored in memory, along with other pre-computed information about the fiber's properties such as the map of its
intrinsic helix vs. length and OFDR data segment length, and are applied during subsequent measurements.

[0091] During each OFDR measurement, an OFDR system like the example shown in Figure 1 interrogates each of
the fiber's sensing cores using the example method outlined in Figure 2 (S11). After adjustment for the path length
differences between the cores (S 12), the calibrated shape computation matrices are applied as part of the nonlinear
shape computation (S 17). This produces measurements of multiple output parameters, such as curvature, twist, strain,
and temperature. Note that the three-input model presented in the following sections analyzes temperature, twist, and
strain, for simplicity of illustration. These outputs are then fed into the twist compensation (S15) and vector addition
(S16) steps to produce a position and orientation output in the manner as the process outlined in Figure 10. In this case,
the position and orientation output is more accurate because it accounts for the nonlinear response of each core due to
various stimuli.

CALIBRATION OF NONLINEAR SHAPE COMPUTATION

[0092] In order to apply the nonlinear shape computation described above, one must determine the coefficients of the
two calculation matrices M and N. This process is defined as "calibration" of the shape sensing fiber and resulting
calculation. This section provides several example calibration methods. In this illustration each calibration matrix is of
size 3X3, and there are therefore eighteen unknown parameters for which to solve.

[0093] In practice, the known stimulus values, such as applied strain or temperature, are independently measured
with calibrated external devices, such as precision micrometers or RTD temperature probes. Calibration preferably also
takes into account measurements of fiber core geometry, such as those outlined in US 8,531,655, to derive physically
meaningful constants from the matrix coefficients determined in M and N.

[0094] Both calibration methods may be computed at a single point on the shape sensor, under the assumption that
fiber geometry is constant along the sensor. Storage space permitting, calibration matrices may be computed for each
point on the sensor and stored for application of different calibration ccefficients along the sensor’s length. In another
embodiment, the elements of calibration matrices determined at multiple points may be averaged to approximately
describe the entire sensor in a single pair of calibration matrices M and N.

SMALL-STIMULUS APPROXIMATE CALIBRATION

[0095] Figure 14 outlines an example embodiment using a small-stimulus method of determining the linear and quad-
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ratic calibration matrices Mand N. This method is based on the observation that, for sufficiently small stimulus parameters,
the action of the linear matrix M dominates that of the nonlinear matrix N. In this embodiment, the fiber optic sensor’s
spectral response Av is measured using OFDR (S11) under a set of n known stimuli s,SM) (S20), where i = {1:n}, with
small but measurable input values. In an example implementation, these vectors may be selected such that each has
only one nonzero entry. In general, the set of n stimulus vectors should be linearly independent.

[0096] An approximate solution for the linear matrix Mis then determined by solving Equation 24 below for all n stimulus
vectors (S21). The matrix concatenation approach in the next section details one example method to implement this
approximate solution.

g
R

av % 350 (24)

13

[0097] Next, the response of the fiber is re-measured (S11) using a second set of known stimuli s{-¢) with larger input
values (S22). The larger stimulus values elicit a significant response from the nonlinear term in the sensor’s system of
response equations. The nonlinear matrix N is then determined (S23) by substitution of the linear matrix M, measured
in the previous calibration step, into Equation 20.

&y RH
M) =av— s (25)

3 ¥

The calibration matrices N and M are stored for application to future measurements (S24).

[0098] There are two disadvantages to this example embodiment: (1) it gives approximations to the true calibration
matrices, and (2) values of stimulus parameters sufficiently small to allow the approximation may not be obtainable in
a laboratory setting. A more robust method for computing the calibration matrices is described as follows.

ROBUST CALIBRATION

[0099] In another example embodiment, the determination of M and N is performed with a set of linearly independent
stimuli, in which no individual stimulus is required to be either small or zero. This process is outlined in the block diagram
of Figure 15 and is described in detail below.

[0100] The nonlinear system described by Equation 20 can be written as a single matrix equation of size 2n2, which
is linear and soluble for M and N, First, a total of 2n sets of stimuli are defined (S25) such that they form 2n linearly
independent row vectors x;, as defined below. Each set of stimuli s; contains n entries corresponding to known stimulus
values, such as strain, temperature, or twist.

[0101] Next, for each stimulus set, a sparse stimulus matrix X; is built (529) from the ith stimulus vector x;. Each matrix
X; has n rows and 2n2 columns.

R T

[0102] The sparse stimulus matrices Xi are then concatenated to form a single sparse stimulus matrix A (S30) with
dimension 2n2x 2n2.
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[0103] Spectral shift measurements are performed (S27) on all sensing cores for each of the 2n sets of stimuli (526).
For each stimulus set s;, these spectral shift values are compiled into a vector Av; (S27), and the all 2n vectors are
concatenated (S28) to build the measurement vector AZ, which has a single column and 2n? rows.

(29)

[0104] Once the stimuli have been tabulated and the resulting spectral shift measurements have been made, these
values are used to solve the Equation 30 below for the vector y (S31).

‘%3 -

Py

(30)

[0105] The solution vector y, which has length 2n2, contains elements of the linear and quadratic calibration matrices
M and N, respectively (S32). This vector is formed by stacking the columns (M), and (N), of linear and quadratic matrices
into a single vector y containing the unknown variables. After solving Equation 30 to determine the entries in vy, this
vectoris un-packed tofill out the entriesin M and N, which are then stored in memory for applicationin future measurements
(S24).

R G1)

[0106] So long as the stimulus parameters are chosen so that the set x; is linearly independent, stimulus values
achievable in laboratory conditions can be used to compute the calibration matrices. Since the stimulus vectors x; are
linearly independent, the square matrix A is full-rank, and there is therefore a unigue solution to the linear system of
equations in Equation 30. Note that in the case of a linear model defined by Equations 5 and 6, the calibration process
is reduced to choosing n linearly independent stimulus vectors (s); and simplifying the concatenated stimulus matrix to

ITERATIVE COMPUTATION OF SECOND-ORDER SOLUTION

[0107] The linear and quadratic coefficient matrices M and N are determined during sensor production. During each
measurement, the sensing system uses this information along with the acquired measurement of Av in each core, to
determine a measurement of the stimuli s. This process requires that the sensing algorithm sclve the system of sensor
response equations described in Equation 20. The nonlinear system of equations in Equation 20 does not have a known,
closed-form solution. In one embodiment, an iterative approach, based on Newton’s Method, is used to solve for unknown
s given known M and N and measured Av. The Newton’s method solution, which must be repeated at every point along
the fiber, is summarized in block diagram form in Figure 16.

[0108] The Newton’s method solution begins by re-writing Equation 20 in the following form. The goal of the iterative
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solution is to compute a vector of measured stimuli s for which the function F(s) is zero.

F(e) = Ng¥ + Ms = dv (32)

[0109] Equations 20 and 32 are equivalent and comprise a general expression in which the linear matrix M is equivalent
to the embodiments described in Equations 3, 9, and 10. The solution to this linear approximation is defined as the
estimated stimulus s ~ s, which can be found by solving the following equation. Sclving this approximate linear equation
results in the shape measurement output errors described in the previous section (S33).

dw = M (33)

[0110] The first iteration of the solution to Equation 32 is detailed by the following equations, in which the linear
approximation sg is used as an estimate to find the next iteration for the solution of the nonlinear system of sensor
response equations. J is the Jacobian matrix of the system of sensor response equations in Equation 32. The elements

8 = Ny (34)

of J are calculated from the derivative of F(s), as shown in the equations below.

5y = oy — Fag) ~hwvad (35)
if} = L el Pm
TS gy T SRR (36)

[0111] The procedure is thus to calculate an initial estimate for the Jacobian J, using the linear approximation for the
solution sy (S34), calculate the inverse of J, (§35), use the inverse of J, to compute the next estimate of the solution s,
(836), which is used to calculate the next estimate of the Jacobian J4. The Netwon’s method algorithm iterates the
process described above until it converges on a solution for s which satisfies F(s) = 0. The equation below describes
the (k+1)th iteration of this process.

[0112] The Jacobian matrix should be well-conditioned at each iteration. Conditioning is verified by simulation of
extreme stimuli sets, for each sensor calibration. In a practical example, three or fewer iterations were found to be
sufficient for convergence to a solution of Equation 32. The number of iterations may be fixed at specific limit based for
more predictable computation timing

SIMULATED RESULTS

[0113] The following simulation is presented to illustrate the validity of the described approach to calibration and
computation of the example 3x3 nonlinear system of sensor response equations. This simulation also demonstrates the
effectiveness of thermal compensation in the shape sensing measurement through the introduction of an alternately-
doped fiber core with 4.8% difference in thermal response. For comparison, three different calculations are simulated,
each defined by the type of thermal compensation and calculation method used.

Simulation Description Thermal compensation Calculation method

1. No compensation None Linear

19



10

15

20

25

30

35

40

45

50

55

EP 3 218 747 B1

(continued)
Simulation Description Thermal compensation Calculation method
2. Linear compensation Alternately-doped core: 4.8% difference in response  Linear

3. Quadratic compensation  Alternately-doped core: 4.8% difference in response  Nonlinear (2" order)

[0114] Simulation software was produced which generates the calibration matrices at a fixed set of calibration stimuli.
The simulated spectral shifts are determined for a range of stimulus values, and the approximated stimulus values are
recovered by solving the nonlinear system of sensor response equations in Equation 32. The error between the simulated
and approximated stimulus values can then be deduced for each of the thermally compensated and non-compensated
cases.

[0115] The calibration matrices were computed using the robust calibration method, with calibration stimulus values
given below.

"

200 @ @ 08 U 9] s pey
| ) (38)

Q-92 @ 99 @ i%m
@ =40 O Q481 V¥«
[0116] Note that while the calibration stimulus matrix is not full-rank, the concatenated stimulus matrix [s s2] is full-
rank, allowing for determination of the calibration matrices M and N.

[0117] The following set of measurement stimuli {s,, 6/L, AT} was tested to represent relevant-environment conditions
for a variety of applications. From prior experience, it is known that a typical shape sensor in a loose-tube package (not
deliberately strain-coupled) remains well within a +/-200ue strain range during normal use. Under normal use, a typical
sensor will experience less than +/-90°/m of extrinsic twist and operate between +/-40°C.

sc & [—200, +200] pe
& .
— € [— 90, + 90] %/m (39)

ST € {— 40,4+ 491 °%C

P ]

[0118] A total of 1,030,301 configurations were tested by testing all combinations of 101 values of each stimulus.
Three Newton iterations were employed in the nonlinear computation. Figures 17A-17C compare temperature, applied
twist and axial strain errors for the three simulation conditions in the table presented above in adjacent subplots. For
each calculation condition, error is defined as the difference between the simulated measurement result and the true
response of the fiber as modeled by Equations 2, 18, and 19. Figures 17A-17C shows the functional dependence of
error vs. strain and twist at a fixed temperature of T = 20°C.

[0119] Figures 18A-18C present example maximum values of strain measurement error and twist measurement error
simulated across the domain of temperatures from -40 to 40°C. In the top row of plots, the maximal strain error is defined
over all values of twist. The bottom row depicts the maximal twist error over all values of strain.

[0120] The maximum simulated measurement errors across the domain of all strain, twist, and temperature stimuli
are tabulated below. Because temperature is not measured in Simulation 1, there is no temperature measurement error
listed. However, temperature effects contribute significantly to the high level of strain and twist measurement error
observed across the simulated domain. These effects are significantly reduced in Simulation 2 and almost entirely
eliminated in Simulation 3.

Temperature compensation
Error None Linear Quadratic

Strain (ne) 346 -4.63 4.40x10-3

Twist */m) 103 0721  -2.00x102
Temp (°C) - 245  8.67x10-13
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PRACTICAL COMPUTATION OF SECOND-ORDER SOLUTION

[0121] In some applications, the iterative solution presented above may be computationally prohibitive. Even a single
iteration may be considered computationally expensive due to the need to perform a stimulus-dependent inversion of
the Jacobian matrix. In this example embodiment, a computationally feasible method to approximate the solution of the
nonlinear shape system in a single deterministic computation step is developed. This approach is shown to be highly
accurate and well-optimized for real-time computation of shape measurements.

[0122] This example embodiment makes anapproximation which precludes the requirement of this stimulus-dependent
inversion. The action of the Jacobian and non-linear calibration matrix on

v
< z]

in Equation 32 is approximated by the action of a constant matrix ¢ on the concatenated stimulus vector [sg; s42] as
described below.

(40)

; ; e
=50 iwEs ol 5
{5 e W O {5 :

[0123] The approximation matrix C is not dependent on stimulus values and can therefore be determined prior to
making measurements. C can be computed using quadratic curve fitting over an n-dimensional domain. This approxi-
mation can be made at the time of calibration, using the same calibration stimuli used to determine the linear and
guadratic shape matrices M and N, or the approximation can be made after calibration, using a simulation as described
above. Because the curve fitting is applied over the entire n-dimensional domain, the matrix C describes the fiber’s
response over the entire range of stimuli, including axial strain, temperature, applied twist, and curvature.

[0124] Figures 19A-19C provide a visualization of this n-dimensional curve fitting as a set of 3D plots produced at
different temperatures. The quadratic fit to determine the Newtonian approximation matrix C is accomplished by matrix
computation. The correction matrix is determined by approximately solving alinear system (which may be overdetermined
in the case that the computation is made using many simulated stimulus vectors). Using m > n stimulus vectors

Eoplii

each satisfying Equation 34, the fit process starts by defining stimulus matrix B as follows.

]
]

&

k3

[0125] Next, the matrix fitting algorithm solves the following system of nonlinear equations.

=l T
il (42)
[0126] This solution is determined by multiplication of the pseudo-inverse, as described in the equation below.

= _;gli%]} -1;&@]3?‘@3?‘}-1 1n Rusda (43)

[0127] Once C is known, it can be applied as a single-step approximation to Equation 32, eliminating the need to
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compute a matrix inverse or perform an iterative step.

(44)

SIMULATED RESULTS

[0128] The simulation described above was re-run in which the quadratic temperature compensation in Simulation 3
was performed using the single-step Newtonian approximation matrix C. Figures 20A-20C graphically present maximum
values of strain measurement error and twist measurement error simulated across the domain of temperatures from -40
to 40°C. These plots are similar to those in Figures 18A-18C, with the exception of the difference in nonlinear computation
technique. A comparison between the two plots shows negligible difference between the exact Newton’s Method solution
and the more computationally efficient Newtonian approximation. Using the computationally efficient method, the max-
imum strain and twist measurement errors are less than 0.5p¢ and 0.05°/m, respectively.

[0129] The strain, twist, and temperature errors associated with the single-step Newtonian approximation technique
are negligible. So long as these errors in strain, twist, and temperature are within noise-limited measurement capability,
the single-step Newtonian approximation method is a complete, viable, and computationally efficient alternative to a
complete solution to the quadratic problem. If more accuracy is desired, the second-order correction may be extended
to include the quadratic cross terms of stimulus.

TWIST ERROR MINIMIZATION THROUGH FIBER DESIGN

[0130] A further example embodiment is now described that reduces or minimizes the temperature/strain-induced
twist error but that does not require an additional 5th input signal. This embodiment does not distinguish between axial
strain and temperature changes. Instead, through tuning of the doping and geometry of each the fiber's cores, this
embodiment reduces or minimizes the effects of either temperature or strain on the twist measurement. Then, the shape
sensing procedures are calibrated to compensate for whichever term (temperature or strain) has not been minimized.
Three example implementations of this approach are summarized in the table below.

Implementations of Physical Twist Error Reduction/Minimization

Fiber Design Shape Algorithm Calibration

Minimize twist response to Interpret center core signal as entirely due to axial strain

temperature

Minimize twist response to axial Interpret center core signal as entirely due to temperature

strain

Equalize twist response to axial Both temperature and axial strain cause same twist error for the same shift in
strain and temperature the center core optical frequency, so both are compensated with the same

correction factor

[0131] Optimization of the fiber's temperature-twist or strain-twist response can be done by designing a fiber with a
particular dopant level in the center and outer cores. If the fiber draw begins with source preforms that have all the same
doping and core size, the effective index (which is adjusted to include the effect of the longer path length for twisted
outer cores) of the outer cores will be higher because of the helix geometry. In this case, one expects to see a twist-
temperature coefficient near zero but a strong twist-axial strain response coefficient, for a typical Optical Path Ratio of
1.0001 (assuming a helix period of 20 mm and an outer core radius of 35 microns). The Optical Path Ratio is defined
as the ratio of the optical time of flight delay of an outer core vs. the center core for a given length of physical fiber.
[0132] If the fiber designer chooses a center core with higher doping so that the higher index compensates for the
extra path length of the outer cores, one expects to see a twist-strain coefficient near zero but a much stronger twist-
temperature coefficient, as the doping difference between the center core and the outer cores will lead to difference in
the spectral shift response between the center core and outer cores, which will lead to a false twist signal.

[0133] Because the example shape sensing fiber has seven cores, there are two different groups (triads) of outer
cores available for shape sensing, and small natural variations in core doping will lead to small differences in the core
spectral shift response to axial strain and temperature. During calibration, the optimal triad may be used to provide a
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desired minimal temperature or strain response. This choice can be performed on the specially-designed fiber designed
to have a doping difference between the center core and outer cores, or a fiber that was designed to have identical core
doping/geometry on all seven cores but with minor natural variations. In either case, the fiber's twist response to tem-
perature and strain is measured prior to sensor manufacturing, and the optimal triad is chosen for sensing. One might
select one triad to have an applied twist signal that is temperature-independent and the second triad to be strain-
independent and alternate sampling to eliminate both. Moreover, if the two triads have applied twist sensitivities to strain
and temperature that are sufficiently different, the effects can be separated with a technique similar to that described
above.

[0134] Figure 21is a graph showing results of an analysis which included different sensing triads selected from multiple
shape sensing fiber samples which included fiber from different draws. All fiber samples tested had the same nominal
geometry: an outer core separation of 35pm and an intrinsic helix period of 50-65 turns/m. Significant differences between
individual samples are the minor variations in doping level among the cores.

[0135] OFDR data was used to determine the average Optical Path Ratio of the selected outer core triad vs. the center
core. For each fiber sample, twist measurements were collected while the temperature or strain state of the fiber was
changed. Temperature and strain inputs were changed independently. Figure 21 shows the applied twist sensitivity in
degrees of twist per meter per pm of center core wavelength response to temperature and strain for each sample as a
function of Optical Path Ratio. The trends show that Optical Path Ratios can be tuned to minimize temperature or strain
error. An optimized fiber would be designed with an Optical Path Ratio of 0.99995 to produce a sensor with applied twist
that has near zero axial strain dependence, an Optical Path Ratio of 1.00006 to produce a sensor with applied twist that
has near zero temperature dependence, and an Optical Path Ratio of 1.00002 to produce a sensor with applied twist
that responds equally to a center core wavelength shift caused by either temperature or axial strain.

[0136] While this example embodiment alleviates the need for a fifth core in the shape computation, it also invokes a
constraint on the fiber design. If data processing circuitry in the shape sensing system are limited such that interrogation
of a fifth core is not feasible or undesirable in the acquisition system, the core dopants of the fiber draw can be controlled
to make the applied twist largely immune to temperature or axial strain, or a simplified calibration matrix is created to
compensate the applied twist signal for either temperature or axial strain change, although the calibration routine would
not be able to identify which stimuli was the source of the applied twist change.

THERMALLY-COMPENSATED MULTI-PARAMETER SENSOR

[0137] The technology described above has many example applications. Through the measurement of and correction
for thermal effects coupled into the applied twist and strain signals, the technology measures temperature along with
shape. The solution of Equation 20 is a stimulus vector containing shape parameters (strain, twist, curvature) and also
temperature. The decoupling of temperature from the shape parameters gives a temperature measurement that is
decoupled from strain. The resulting system is therefore a unified shape and strain-resistant temperature sensor that
knows its own position accurately in 3-dimensional space.

[0138] In the example application of strain sensing, with no interest in other shape stimuli, temperature decoupling
can be accomplished using just two outer cores with different dopants, and following the same procedure described,
with a reduced 2x2 system of equations.

[0139] Although various embodiments have been shown and described in detail, the claims are not limited to any
particular embodiment or example. None of the above description should be read as implying that any particular member,
step, range, or function is essential such that it must be included in the claims scope. The scope of patented subject
matter is defined only by the claims.

Claims
1. An optical fiber comprising:

one or more primary optical cores having a first set of properties;

one or more secondary optical cores having a second set of properties;

wherein the one or more primary optical cores and the one or more secondary optical cores comprise a first
core having a first radius and at least a second core having a second radius greater than the first radius, the
cores being helically-wound around a center of the fiber, and

wherein the primary set of properties includes a first temperature response and the secondary set of properties
includes a second temperature response sufficiently different from the first temperature response to allow a
sensing apparatus when coupled to the optical fiber to distinguish between temperature and strain induced by
applied twist on the optical fiber.
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The optical fiber in claim 1, wherein the optical fiber is configured as a temperature sensor that senses temperature
independently from strain or is configured as a strain sensor that senses strain independently from temperature.

The optical fiber in any of claims 1-2, wherein a temperature response coefficient that scales an applied temperature
change to measured spectral shift is at least 2% larger or smaller in one or more the secondary cores than in the
one or more primary cores to distinguish temperature from strain.

An apparatus for interrogating an optical fiber having one or more primary optical cores with a first temperature
response and one or more secondary optical cores with a second temperature response, wherein the one or more
primary optical cores and the one or more secondary optical cores comprise a first core having a first radius and at
least a second core having a second radius greater than the first radius, the cores being helically-wound around a
center of the fiber, the apparatus comprising:

interferometric measurement circuitry configured to detect interferometric measurement data associated with
each of the one or more primary optical cores and each of the one or more secondary optical cores when the
optical fiber is placed into a sensing position, and

data processing circuitry configured to:

distinguish between temperature and strain induced by applied twist to the optical fiber based on the inter-
ferometric measurement data;

determine one or more compensation parameters that compensate for measurement errors caused by
temperature variations along the optical fiber based on a difference between the first temperature response
of the primary cores and the second temperature response of the secondary cores;

compensate the detected interferometric measurement data using the one or more compensation param-
eters; and

generate measurement data based on the compensated interferometric measurement data.

The apparatus in claim 4, wherein the generated measurement data includes one or both of: strain data compensated
for temperature variations along the optical fiber and temperature data compensated for strain variations along the
optical fiber.

The apparatus in claim 4 or claim 5, wherein the one or more primary optical cores and the one or more secondary
optical cores comprise the first core, the second core, and at least three other cores helically-wound around the
center of the fiber, and wherein the data processing circuitry is further configured to use interferometric measurement
data from the first core, the second core, and the at least three other cores to distinguish between temperature and
strain on the optical fiber induced by bending in two orthogonal directions of the optical fiber and between temperature
and strain on the optical fiber induced by axial force on the optical fiber.

The apparatus in any of claims 4-6, wherein the optical fiber is a shape sensing fiber, and wherein the data processing
circuitry is configured to calculate a shape and position of the shape sensing fiber which accounts for a linear
response and a non-linear response of the shape sensing fiber to external stimuli in the detected interferometric
measurement data.

The apparatus in claim 7, wherein the data processing circuitry is configured to use a shape computation matrix
including a temperature measurement term to eliminate twist measurement error resulting from the difference be-
tween the first temperature response of the primary cores and the second temperature response of the secondary
cores, and wherein the temperature measurement term is based on the second temperature response.

The apparatus in claim 7 or claim 8, wherein the non-linear response includes second-order responses to temper-
ature, strain, twist, and curvature in the detected interferometric measurement data.

The apparatus in claim 8, wherein the data processing circuitry is configured to perform a shape computation using
multiple shape computation matrices to represent a system of equations that describe the linear and nonlinear
responses of the optical fiber to external stimuli in the detected interferometric measurement data.

The apparatus in claim 10, wherein the shape computation matrices characterize the linear and non-linear responses

of the optical fiber including inter-dependence of first-order and second-order strain, temperature, twist, and curva-
ture.

24



10

15

20

30

35

40

45

50

55

12.

13.

14.

15.

EP 3 218 747 B1

The apparatus in claim 10 or claim 11, wherein the interferometric measurement circuitry is configured to detect
calibration interferometric measurement data including linear and non-linear responses of the optical fiber after
individually isolating each of multiple stimulus parameters including temperature, strain, twist, and curvature, and
wherein the data processing circuitry is configured to calibrate the shape computation matrices based on the cali-
bration interferometric measurement data.

The apparatus in any of claims 10-12, wherein the interferometric measurement circuitry is configured to detect
calibration interferometric measurement data produced in response to multiple linearly-independent sets of stimuli
vectors, and wherein the data processing circuitry is configured to calibrate the shape computation matrices based
on the calibration interferometric measurement data to account for a non-minimized response to the multiple linearly-
independent sets of stimuli vectors.

The apparatus in any of claims 10-13, wherein the data processing circuitry is configured to:
apply the calibrated shape computation matrices to the detected interferometric measurement data using a
calculated or approximated inverse of the Jacobian matrix of the system of equations, and
apply the calibrated shape computation matrices to the detected interferometric measurement data using a pre-

computed approximation to the inverse of the Jacobian matrix of the system of equations.

Amethod forinterrogating an opticalfiber according to any of claims 1-3, using the apparatus in any one of claims 4-14.

Patentanspriiche

1.

Glasfaser, umfassend:

einen oder mehrere primére optische Kerne, die eine erste Gruppe von Eigenschaften aufweisen;

einen oder mehrere sekundére optische Kerne, die eine zweite Gruppe von Eigenschaften aufweisen;

wobei die einen oder mehreren priméren optischen Kerne und die einen oder mehreren sekundaren optischen
Kerns einen ersten Kern, der einen ersten Radius aufweist, und mindestens einen zweiten Kern umfassen, der
einen zweiten Radius aufweist, der gréfer als der erste Radius ist, wobei die Kerne spiralférmig um ein Zentrum
der Faser gewickelt sind, und

wobei die primé&re Gruppe von Eigenschaften eine erste Temperaturantwort aufweist und die sekundare Gruppe
von Eigenschaften eine zweite Temperaturantwort aufweist, die ausreichen verschieden von der ersten Tem-
peraturantwort ist, um einer Sensorvorrichtung zu erlauben, wenn sie mit der Glasfaser verbunden ist, zwischen
einer Temperatur und einer Dehnung zu unterscheiden, die durch eine auf die Glasfaser ausgebte Verdrillung
induziert werden.

Glasfaser nach Anspruch 1, wobei die Glasfaser als ein Temperatursensor konfiguriert ist, der eine Temperatur
unabhangig von einer Dehnung erfasst, oder als ein Dehnungssensor konfiguriert ist, der eine Dehnung unabhangig
von einer Temperatur erfasst.

Glasfaser nach einem der Anspriiche 1 bis 2, wobei ein Temperaturantwortkoeffizient, der eine applizierte Tempe-
raturanderung auf eine gemessene Spektralverschiebung skaliert, in einem oder mehreren der sekundéren Kerne
um mindestens 2 % gréRer oder kleiner als in dem einen oder den mehreren primaren Kernenist, um eine Temperatur
von einer Dehnung zu unterscheiden.

Vorrichtung zum Abfragen einer Glasfaser, die einen oder mehrere primare optische Kerne mit einer ersten Tem-
peraturantwort und einen oder mehrere sekundére optische Keme mit einer zweiten Temperaturantwort aufweist,
wobei die einen oder mehreren priméaren optischen Kerne und die einen oder mehreren sekundaren optischen Kerns
einen ersten Kern, der einen ersten Radius aufweist, und mindestens einen zweiten Kern umfassen, der einen
zweiten Radius aufweist, der gréRer als der erste Radius ist, wobei die Kerne spiralférmig um ein Zentrum der Faser
gewickelt sind, wobei die Vorrichtung umfasst:

eine interferometrische Messschaltung, die konfiguriert ist zum Erkennen von interferometrischen Messdaten,
die jedem des einen oder der mehreren priméaren optischen Kernen und jedem des einen oder der mehreren
sekund&ren optischen Kernen zugeordnet sind, wenn die Glasfaser in eine Messposition gebracht wird, und
ein Datenverarbeitungsschaltung, die konfiguriert ist zum:
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Unterscheiden aufgrund der interferometrischen Messdaten zwischen einer Temperatur und einer Deh-
nung, die durch eine auf die Glasfaser ausgeiibte Verdrillung induziert werden;

Ermitteln eines oder mehrerer Kompensationsparameter, die Messfehler kompensieren, die durch Tem-
peraturvariationen entlang der Glasfaser aufgrund einer Differenz zwischen der ersten Temperaturantwort
der primaren Kerne und der zweiten Temperaturantwort der sekundaren Kerne verursacht werden;
Kompensieren der erkannten interferometrischen Messdaten mithilfe des einen oder der mehreren Kom-
pensationsparameter; und

Erzeugen von Messdaten aufgrund der kompensierten interferometrischen Messdaten.

Vorrichtung nach Anspruch 4, wobei die erzeugten Messdaten eine oder beide aufweisen von: Dehnungsdaten, die
fur Temperaturvariationen entlang der Glasfaser kompensiert wurden, und Temperaturdaten, die fur Dehnungsva-
riationen entlang der Glasfaser kompensiert wurden.

Vorrichtung nach Anspruch 4 oder Anspruch 5, wobei die einen oder mehreren primaren optischen Kerne und die
einen oder mehreren sekundaren optischen Kerns den ersten Kern, den zweiten Kern und mindestens drei weitere
Kerne umfassen, die spiralférmig um das Zentrum der Faser gewickelt sind, und wobei die Datenverarbeitungs-
schaltung auRerdem konfiguriert ist zum Verwenden von interferometrischen Messdaten von dem ersten Kern, dem
zweiten Kern und den mindestens drei weiteren Kernen, um zwischen einer Temperatur und einer Dehnung an der
Glasfaser zu unterscheiden, die durch ein Biegen in zwei orthogonalen Richtungen der Glasfaser induziert werden,
und um zwischen einer Temperatur und einer Dehnung an der Glasfaser zu unterscheiden, die durch eine axiale
Kraft auf die Glasfaser induziert werden.

Vorrichtung nach einem der Anspriiche 4 bis 6, wobei die Glasfaser eine Formmessfaser ist, und wobei die Daten-
verarbeitungsschaltung konfiguriert ist zum Berechnen einer Form und einer Position der Formmessfaser, die eine
lineare Antwort und eine nichtlineare Antwort der Formmessfaser auf externe Reize in den erkannten interferome-
trischen Messdaten bericksichtigen.

Vorrichtung nach Anspruch 7, wobei die Datenverarbeitungsschaltung konfiguriert ist zum Verwenden einer Form-
berechnungsmatrix, die einen Temperaturmessterm enthalt, um einen Verdrillungsmessfehler aus der Differenz
zwischen der ersten Temperaturantwort der primé&ren Kerne und der zweiten Temperaturantwort der sekundaren
Kerne zu eliminieren, und wobei der Temperaturmessterm auf der zweiten Temperaturantwort beruht.

Vorrichtung nach Anspruch 7 oder Anspruch 8, wobei die nichtlineare Antwort Antworten zweiter Ordnung auf
Temperatur, Dehnung, Verdrillung und Krimmung in den erkannten interferometrischen Messdaten enthalt.

Vorrichtung nach Anspruch 8, wobei die Datenverarbeitungsschaltung konfiguriert ist zum Ausfuhren einer Form-
berechnung mithilfe von mehreren Formberechnungsmatrizen, um ein Gleichungssystem darzustellen, das die
linearen und nichtlinearen Antworten der Glasfaser auf externe Reize in den erkannten interferometrischen Mess-
daten beschreibt.

Vorrichtung nach Anspruch 10, wobei die Formberechnungsmatrizen die linearen und nichtlinearen Antworten der
Glasfaser einschlieRlich einer wechselseitigen Abhangigkeit einer Dehnung, Temperatur, Verdrillung und Krimmung
erster Ordnung und zweiter Ordnung charakterisieren.

Vorrichtung nach Anspruch 10 oder Anspruch 11, wobei die interferometrische Messschaltung konfiguriert ist zum
Erkennen interferometrischer Kalibrierungsmessdaten, die lineare und nichtlineare Antworten der Glasfaser auf-
weisen, nachdem Jeder der mehreren Reizparameter einschlieRlich Temperatur, Dehnung, Verdrillung und Kriim-
mung isoliert wurde, und wobei die Datenverarbeitungsschaltung konfiguriert ist zum Kalibrieren der Formberech-
nungsmatrizen aufgrund der interferometrischen Kalibrierungsmessdaten.

Vorrichtung nach einem der Anspriiche 10 bis 12, wobei die interferometrische Messschaltung konfiguriert ist zum
Erkennen von interferometrischen Kalibrierungsmessdaten, die als Reaktion auf mehrere linear unabhangige Grup-
pen von Reizvektoren erzeugt werden, und waobei die Datenverarbeitungsschaltung konfiguriert ist zum Kalibrieren
der Formberechnungsmatrizen aufgrund der interferometrischen Kalibrierungsmessdaten, um eine nicht minimierte
Antwort auf die mehreren linear unabhangigen Gruppen von Reizvektoren zu beriicksichtigen.

Vorrichtung nach einem der Anspriiche 10 bis 13, wobei die Datenverarbeitungsschaltung konfiguriert ist zum:
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Anwenden der kalibrierten Formberechnungsmatrizen auf die erkannten interferometrischen Messdaten mithilfe
einer berechneten oder angendherten Inversen der Jacobimatrix des Gleichungssystems, und

Anwenden der kalibrierten Formberechnungsmatrizen auf die erkannten interferometrischen Messdaten mithilfe
einer vorab berechneten N&herung an die Inverse der Jacobimatrix des Gleichungssystems.

15. Verfahren zum Befragen einer Glasfaser nach einem der Anspriiche 1 bis 3, mithilfe der Vorrichtung nach einem

der Anspriche 4 bis 14.

Revendications

1.

2.

4.

5.

Fibre optique comprenant :

une ou plusieurs dmes optiques primaires ayant un premier ensemble de propriétés ;

une ou plusieurs dmes optiques secondaires ayant un deuxiéme ensemble de propriétés ;

dans laquelle la ou les &mes optiques primaires et la ou les dmes optiques secondaires comprennent une
premiére ame ayant un premier rayon et au moins une deuxiéme ame ayant un deuxiéme rayon supérieur au
premier rayon, les ames étant enroulées hélicoidalement autour d’un centre de la fibre, et

dans laquelle I'ensemble primaire de propriétés comporte une premiére réponse en température et 'ensemble
secondaire de propriétés comporte une deuxieme réponse en température suffisamment différente de la pre-
miére réponse en température pour permettre a un appareil de détection, lorsqu'il est couplé a la fibre optique,
de faire la distinction entre une température et une contrainte induites par une torsion appliquée sur la fibre
optique.

Fibre optique selon la revendication 1, la fibre optique étant configurée comme un capteur de température qui
détecte la température indépendamment de la contrainte ou étant configurée comme un capteur de contrainte qui
détecte la contrainte indépendamment de la température.

Fibre optique selon 'une quelconque des revendications 1 et 2, dans laquelle un coefficient de réponse en tempé-
rature qui réduit un changement de température appliqué a un décalage spectral mesuré est supérieur ou inférieur
d’au moins 2 % dans la ou les &mes secondaires que dans la ou les Ames primaires pour distinguer la température
de la contrainte.

Appareil destiné a interroger une fibre optique ayant une ou plusieurs &mes optiques primaires avec une premiere
réponse entempérature et une ou plusieurs &mes optiques secondaires avec une deuxiéme réponse en température,
la ou les &mes optiques primaires et la ou les &mes optiques secondaires comprenant une premiére ame ayant un
premier rayon et au moins une deuxiéme &me ayant un deuxiéme rayon supérieur au premier rayon, les ames étant
enroulées hélicoidalement autour d’un centre de la fibre, 'appareil comprenant :

un circuit de mesure interférométrique configuré pour détecter des données de mesure interférométrique as-
sociées ala ou chacune des ames optiques primaires et la chacune ou des &mes optiques secondaires quand
la fibre optique est placée dans une position de détection, et

un circuit de traitement de données configuré pour :

faire la distinction entre une température et une contrainte induites par une torsion appliquée a fibre optique
sur la base des données de mesure interférométrique ;

déterminer un ou plusieurs paramétres de compensation qui compensent des erreurs de mesure provo-
quées par des variations de température le long de la fibre optique sur la base d’une différence entre la
premiére réponse en température des ames primaires et la deuxiéme réponse en température des dmes
secondaires ;

compenser les données de mesure interférométrique détectées en utilisant le ou les paramétres de
compensation ; et

générer des données de mesure sur la base des données de mesure interférométrigue compensées.

Appareil selon la revendication 4, dans lequel les données de mesure générées comportent . des données de

contrainte compensées pour des variations de température le long de |a fibre optique et/ou des données de tem-
pérature compensées pour des variations de contrainte le long de la fibre optique.
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Appareil selon la revendication 4 ou la revendication 5, la ou les ames optiques primaires et la ou les dmes optiques
secondaires comprenantlapremiére ame, la deuxiéme dme et au moins trois autres &mes enroulées hélicoidalement
autour du centre de lafibre, et le circuit de traitement de données étant également configuré pour utiliser des données
de mesure interférométrique issues de la premiére dme, de la deuxiéme ame et des au moins trois autres dmes
pour faire la distinction entre une température et une contrainte sur la fibre optique induites par une flexion dans
deux directions orthogonales de la fibre optique et entre une température et une contrainte sur la fibre optique
induites par une force axiale sur la fibre optique.

Appareil selon l'une quelcongue des revendications 4 a 6, la fibre optique étant une fibre de détection de forme, et
le circuit de traitement de données étant configuré pour calculer une forme et une position de la fibre de détection
de forme qui rend compte d’'une réponse linéaire et d’une réponse non linéaire de la fibre de détection de forme a
des stimuli externes dans les données de mesure interférométrique détectées.

Appareil selon la revendication 7, dans lequel le circuit de traitement de données est configuré pour utiliser une
matrice de calcul de forme comportant un terme de mesure de température pour éliminer une erreur de mesure de
torsion résultant de la différence entre la premiére réponse en température des &mes primaires et la deuxiéme
réponse en température des ames secondaires, et dans lequel le terme de mesure de température est basé sur la
deuxiéme réponse en température.

Appareil selon la revendication 7 ou la revendication 8, dans lequel la réponse non linéaire comporte des réponses
du deuxiéme ordre a la température, la contrainte, la torsion et la courbure dans les données de mesure interféro-
métrique détectées.

Appareil selon la revendication 8, dans lequel le circuit de traitement de données est configuré pour effectuer un
calcul de forme en utilisant de multiples matrices de calcul de forme pour représenter un systéme d’équations qui
décrivent les réponses linéaire et non linéaire de la fibre optique a des stimuli externes dans les données de mesure
interférométrique détectées.

Appareil selon la revendication 10, dans lequel les matrices de calcul de forme caractérisent les réponses linéaire
et non linéaire de la fibre optique, y compris l'interdépendance de la contrainte, la température, la torsion et la
courbure du premier ordre et du deuxiéme ordre.

Appareil selon la revendication 10 ou la revendication 11, dans lequel le circuit de mesure interférométrique est
configuré pour détecter des données de mesure interférométrique d’étalonnage comportant des réponses linéaire
etnon linéaire de la fibre optique aprés l'isclement individuel de chacun de multiples paramétres de stimulus incluant
la température, la contrainte, la torsion etla courbure, et dans lequel le circuit de traitement de données est configuré
pour étalonner les matrices de calcul de forme sur la base des données de mesure interférométrique d’étalonnage.

Appareil selon F'une quelconque des revendications 10 a 12, dans lequel le circuit de mesure interférométrique est
configuré pour détecter des données de mesure interférométrique d’étalonnage produites en réponse a de multiples
ensembles linéairement indépendants de vecteurs stimuli, et dans lequel le circuit de traitement de données est
configuré pour étalonner les matrices de calcul de forme sur la base des données de mesure interférométrique
d’étalonnage pour rendre compte d’une réponse hon minimisée aux multiples ensembles linéairement indépendants
de vecteurs stimuli.

Appareil selon 'une quelconque des revendications 10 a 13, dans lequel le circuit de traitement de données est
configuré pour :

appliquer les matrices de calcul de forme étalonnées aux données de mesure interférométrique détectées en
utilisant un inverse calculé ou approché de la matrice jacobienne du systéme d’équations, et

appliquer les matrices de calcul de forme étalonnées aux données de mesure interférométrique détectées en
utilisant une approximation précalculée de l'inverse de la matrice jacobienne du systéme d’équations.

Procédé d’interrogation d’une fibre optigue selon 'une quelcongue des revendications 1 a 3, utilisant 'appareil selon
I'une guelconque des revendications 4 a 14.
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A system controller initiates a tunable light source to scan S
through a range of optical frequencies.
Light enters the sensing fiber through the measurement arm .

of the inteferometric interrogator.

v

Light scattered from the sensing fiber is interfered with light that has
travelled through the reference path of the interferometric interrogator.

453

Y

The laser monitor network provides absolute wavelength
reference throughout the measurement scan using a HCN gas cell.

s 54

v

The laser monitor network uses an interferometer to measure

tuning rate variations throughout the scan.

v

The data acquisition electronics convert all detected optical

v

The interference pattern from the sensing fiber is resampled

using the laser monitor signal to ensure the data is sampled

with a constant increment of optical frequency.

v

signals to electrical signals. e SO

The resampled sensing fiber signal is then Fourier transformed to the
time-of-flight delay domain producing a signal of scatter amplitude
verses delay along fiber length.

1~ S8

v

The measurement scatter pattern is compared to a reference
scatter pattern of the fiber in an baseline state to extract a measure
of change in strain, temperature, or other phenomena.

e S

FIG. 2
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Primary Sensing
Cores

Secondary Cores
(different temperature
response)

FIG. 5
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High-Ge Fiber Data

LBL Fiber Data
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Simultaneously interrogate each sensing core
S10 using OFDR process

OFDR measurement data

S11 S11
\ lCore 0 lCore 1 \

OFDR reference data
Core 0 —» Measure spectral shift Measure spectral shift
Core 1 — vs. delay along core | vs. delay along core
319 S12 Spectral shift
\ \ measurement
Core path information Adjust for difference Adjust for difference
Core 0 —» in length between in length between
Core1 — core’spathand [—® core’s path and
physical fiber physical fiber

Spectral shift vs.

Temperature/strain + + length along fioer
response coefficients Matrix Strain/ S13
Core ) —— Temperature B
Core 1 ————» Calculation

:

Measurement of strain vs. length
Measurement of temperature vs. length

FIG. 8
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Simultaneously interrogate each sensing core

using OFDR process -~ 310
OFDR
measurementdata —mm————— « ¢+ - -+ - S11 Core N
lCore 0 ST ST Core 1
S S
—p
OFDR — Measure spectral shift [#| Measure spectral shift g/lpzacigarle shift
reference * | vs. delay along core vs. delay along core vs. delay along
data — ] 1 core
Spectral shift
measurement $12 $12 212 i
Core ath: Adjust for difference || Adjust for difference Adjust for
g . in length between difference in

in length between
core’s path and
physical fiber

information -

core’s path and
physical fiber

length between
core’s path and
physical fiber

Spectral shift vs.

length along fiber

—_—p
Shape sensorresponse 5,1

coefficients (multiple Matrix shape e
StlmUll) . calculation
— ]
Measurement of
$15 multiple parameters
—® including curvature,
+ twist, strain, and
temperature
_qu C.’f shape Sensors Twist compensation
intrinsic helix vs. length
Twist, and X,Y

Curvature (in global
coordinate system)

S16

OFDR data segment L

length

Vector addition

:

Position and orientation output

FIG. 10
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Fiber End View

Map of Unwrapped Helix
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Steps Performed Once
(During Sensor Production)

Calipration: Determine matrix coefficients
describing system of sensor response equations
(including linear and nonlinear terms)

—

516

Repeated Steps
(During Each Measurement)

OFDR Measurement: measure spectral shift S11

along the length of each of n sensing cores in the

multi-core optical fiber

iy

Adjust for difference in length between core’s e §12

path and physical fiber

Spectral shift vs.
length along fiber
(multiple cores)

Nonlinear Shape Computation: Apply matrix S17

solution to system of sensor response equations

Map of shape sensor’s
intrinsic helix vs. length

Y

Twist compensation

Measurement of
multiple parameters
including curvature,
twist, strain and
temperature

- S$15

Twist, and X,Y Curvature
(in global coordinate system)

OFDR datasegment — ! Vector addition

FIG. 13

length

e S16

:

Position and orientation output
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[~ Repeat for n stimuli
820»‘t

Apply known small stimulus

vectors si(SM)

l S11
{
Measure spectral shift Av in
each sensing core

;

vry

Solve for linear matrix M

s 5211

[~ Repeat for n stimuli ¢,

)

Apply known large stimulus
LG)

vectors si(

l {\811

Measure spectral shift Av in
each sensing core

;

;

Solve for nonlinear matrix N

brees 523

524

) v

Store calibration matrices N and M to apply in
future measurements
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Determine set of 2n linearly
independent stimulus vectors Xxi

S29

\ v

Form 2n sparse stimulus
matrices Xj

'

Concatenate into single
sparse stimulus matrix A

)

S30

'~ Repeat for 2n stimulus sets

S25

’ S26

Apply known stimuli as
described in sj

l /527

Measure spectral shift in
each sensing core to
produce vector Avij

;

vry

Concatenate to form
measurement vector A

e S28

'y

Solve Ay = A¢ for vector y

S31

l

Separate y into calibration
matrices M and N

S32

l

Store calibration matrices N and M to apply in
future measurements

- 524

FIG. 15
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- Repeat for each point along length of fiber

Determine estimate sQto
linear equation —~— S33
Av= MSO

Repeat for K iterations

v / S34

Calculate Jacobian matrix J

l fS35

Compute matrix inverse J'1

l (536

Compute next estimate of
stimulus s(k+1)

\/

Measurement of multiple
parameters including curvature,
twist, strain, and temperature

FIG. 16
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FIG. 20C

FIG. 20B

FIG. 20A
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