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individual transmission spectra of the sensing elements forming the array are smooth and strongly overlap, and a method has been
developed for determining the characteristics of the individual elements from the variations in the total (combined) transmission
spectrum.



10

15

20

25

30

WO 2013/052932 PCT/US2012/059149

BROADBAND FIBER SENSOR ARRAY

Cross-Reference to Related Applications
This application claims the benefit of US Provisional Application No. 61/543,917,

filed October 6, 2011 and herein incorporated by reference.

Technical Field _

The present invention relates to a fiber sensor array and, more particularly to a
broadband fiber sensor array based on a plurality of sensing elements formed along a
section of optical fiber, with each sensing element including unique perturbations and thus
exhibiting a different transmission spectrum, allowing for a plurality of sensing parameter
values to be determined from a single measurement of the output transmission spectrum of

the fiber sensor array.

Background of the Invention

It is known in the art to form a sensor array by providing an optical fiber with
multiple sensing segments separated by weakly reflecting portions, such as fiber Bragg
grating reflectors. The sensing segments undergo a change in refractive index in response
to changes in a physical condition (such as temperature, pressure, refractive index value),
resulting in changes in the transmitted optical signal. An analysis of the transmission
spectrum of the output optical signal can then be used to determine these local changes in
physical condition along the length of the fiber.

In particular, a fiber sensor array may be used to monitor the characteristics ol a
medium (e.g., gas or liquid) adjacent to a fiber as well as the fiber itself. The
characteristics include, for example, changes in temperature, pressure, refractive index,
electromagnetic field, mechanical properties (stress, strain), chemical properties
(introduction of a noxious gas into the ambient, for example), etc., where the
characteristics are monitored by measuring one or more variations in the properties of light
propagating along the optical fiber. Suitable properties to be measured include, but are not
limited to, spectrum, polarization, pulse characteristics and the like.

One conventional type of fiber sensor atray utilizes a plurality of fiber Bragg
gratings (FBGs) formed along disparate sections of an optical fiber. An FBG sensor array

monitors shifis of narrow Bragg resonances in response to changes in the environment,
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where cach grating forming the array has a different, narrow resonant wavelength, Asa
result, a plurality of FBGs with different resonant wavelengths may be disposed in series
along a single optical fiber so that all of the individual resonance shifts are separated and
can be determined from a single transmission or reflection spectral measurement.

While useful in forming an “array” sensor that requires an analysis of only a single
output signal, the need to evaluate several different, narrow resonances along the spectrum
requires expensive optical analyzers with the required fine spectral resolution capability.
Additionaily, FBG sensors have somewhat limited applicability inasmuch as the gratings
themselves degrade at relatively high temperatures. In particular, UV-inscribed gratings
become unstable at elevated temperatures. Thus, FBG sensor arrays are not suitable for
applications where the sensor may be exposed to extreme temperature (or other
environmental) conditions.

In contrast, other types of sensors, such as Mach-Zehnder fiber interferometer
sensors, are more robust and can be used in high temperature environments, since they do
not require include UV-inscribed gratings. A Mach-Zehnder interferometer (MZI) type of
sensor does not use resonance wavelength analysis and is considered to be more
broadband than an FBG sensor. Advantageously, since there is no need to monitor shifts
in narrow wavelength resonances, the MZI sensor does not require the use of expensive
optical spectrum analyzers. However, it is difficult to arrange the MZI type of sensor in
an array configuration so that a plurality of individual sensors receive a common input
signal and their output signals can thereafter be combined and applied as an input o a
single optical spectrum analyzer or other type of detector arrangement. Unlike the spectral
resonances of the FBG sensor array, the broadband element spectra of an MZI strongly
overlap and it is unclear how to separate individual sensor contributions from the spectrum
of the entire array.

Therefore, a need remains for a fiber sensor array configuration that retains the
robust, broadband attributes of an MZI-based system, yet is able to provide the individual
sensor-based results associated with an FBG array system and is also able to operate under

high temperature conditions.

Summary of the Invention
The needs remaining in the prior art are addressed by the present invention, which

relates to a fiber sensor array and, more particularly to a broadband fiber sensor array
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based on a plurality of sensing elements formed along a section of optical fiber, with each
sensing element including unique perturbations and thus exhibiting a different
transmission spectrum, allowing for a plurality of sensing parameter values (e.g., a
plurality of temperatures) to be determined from a single measurement of the output
transmission spectrum of the fiber sensor array.

In accordance with the present invention, a fiber sensor array is formed by
introducing a plurality of local perturbations along a length of an optical fiber, each local
perturbation forming a sensing element. Each sensing element functions as an MZ],
transforming at least a fraction of the mode of the propagating signal into higher order
modes (HOMs) and then back again into the original propagating mode. The optical fiber
can be single-moded or multi-moded, and/or may comprise one or more cores, where, in a
multicore configuration, at least one core responds differently to the perturbation or
sensing parameters when compared to the other core(s). The individual characteristics of
the sensors (e.g., temperature and applied stress) associated with the plurality of sensing
elements can then be extracted from the final output transmission spectrum such that local
values of a characteristic being measured (hereinafter referred to at times as a “sensing
parameter’”) can be calculated (local temperature being one sensing parameter capable of
being calculated from the spectra associated with the sensing elements forming the array
of the present invention).

Each sensing element may be first calibrated to define its “control” transmission
spectrum in the absence of environmental changes (referred to at times as the “calibration
spectrum”). Upon being deployed, the output transmission spectrum from the sensor array
is analyzed in conjunction with the plurality of calibration spectra to determine the “local”
values of a selected sensing parameter. In particular, for a plurality of N sensing elements,
the value of the output transmission spectrum at N separate wavelengths can be used to
determine the local value of the sensing parameter at each of the plurality of N sensing
elements. While it is necessary to use measurements at N separate wavelengths, the use of
more than N wavelengths has been found to improve the accuracy of the results.

In accordance with the present invention, the local perturbations may take the form
of local variations in the diameter, the refractive index profile, or index properties of the
optical fiber, local variations in the doping levels in the core and/or cladding, local

variations in the “type” of optical fiber (e.g., standard single mode fiber, photonic crystal
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fiber, large mode area fiber, etc.), local variations in the physical length or effective
optical length of a specific perturbation, or any combination thereof.

It is to be additionally understood that various types of single mode fiber may be
used to form the sensing elements of the fiber sensor array. In situations where high
temperature measurements may be required, it is considered preferable to use a pure silica
fiber, such as a photonic crystal fiber, which is not as susceptible to degradation in
performing in the presence of high temperatures as standard (doped) optical fiber.

It is an aspect of the present invention that the functions are all lincarly
independent so that the local values of the sensing parameter can be determined from a set
of N measurements for N sensing elements.

It is another aspect of the present invention that the fiber sensor array can be used
to determine the value of M different sensing parameters (temperature, pressure, change in
refractive index, etc.) at each sensing element, by using measurements from at least M*N
different wavelengths.

Other and further aspects of the present invention will become apparent during the

course of the following discussion and by reference to the accompanying drawings.

Brief Description of the Drawings

Referring now to the drawings, where like numerals represent like parts in several
views:

FIG. 1 illustrates an exemplary broadband fiber sensor array formed in accordance
with the present invention;

FIG. 2 shows a particular two-element broadband fiber sensor array of the present
invention, as configured to first determine the calibration characteristics of each sensing
element;

FIG. 3 contain graphs of the calibration output from both the first sensing element
and the second sensing element in the arrangement of FIG. 2, FIG. 3(a) associated with the
first sensing element and FIG. 3(b) associated with the second sensing element; and

FIG. 4 is a graph comparing the results of direct measurement of ambient
temperature changes with utilizing the output from a broadband fiber sensor airay of the

present invention.
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Detailed Description

The present invention, as described in detail below, discloses a broadband fiber
optic sensor array that is formed along a length of optical fiber. The sensor array requires
only a single light source input and a single (conventional) optical spectrum analyzer
output and is capable of providing individual measurements for each sensing element
disposed along the length of fiber. The individual transmission spectra of the sensing
elements forming the array are smooth and may strongly overlap, and a method has been
developed for determining the characteristics of the individual elements from the
variations in the total (combined) transmission spectrum.

FIG. 1 illustrates an exemplary broadband fiber sensor array 10 formed in
accordance with the present invention. As shown broadband fiber sensor array 10
comprises a single mode optical ftber 12 responsive to an input optical signal from a light
source 14. The output from optical fiber 12 is thereafter directed into an optical spectrum
analyzer (OSA) 16 which measures the transmission spectrum at the output of optical fiber
12. The transmission spectrum may be determined using any of several well-known
methods. For example, the optical signal should have a bandwidth large enough to
interrogate a sufficient portion of the spectral extent of the response of the sensor array,
thus forming a signal with the desired accuracy. In another example, the source could
exhibit a narrow bandwidth, but be tunable across the desired spectral range. In this case,
the measurement may be performed with a power meter.

In accordance with the present invention, a plurality of N separate sensing
elements 18 are disposed along optical fiber 12, shown as sensing elements 18;, 18, ...,
[84 in FIG. 1. Each sensing element 18; is formed by incorporating local perturbations in
optical fiber 12 such that each element exhibits a different, unique transmission spectrum.
The local perturbations can take the form of, for example, variations/perturbations in the
local diameter of the fiber, variations in the refractive index profile or index propertics
(which may arise from variations in dopant distributions in the core and/or cladding or
through modification of the strain state of the fiber), concatenating different types of fiber,
or any combination of these or other types of perturbations that will alter the modal
properties of the propagating signal.

Each sensing element 18 functions as an MZI, which transforms at least a fraction

of one mode, such as the fundamental mode, of the signal propagating along optical fiber
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12 into one or more higher order modes, and then back to the original mode again. The
transmission power spectra £,(2,T,) of each sensing clement 18; is also shown in FIG. 1,
where it is obvious that each is unique in terms of transmitted power as a function of
wavelength. The transmission power spectra depend on both wavelength A and the
specific sensing parameter 7, (i.e., the ‘characteristic’ being measured/sensed, such as
temperature, pressure, refractive index, etc.). These spectra result from the interference
between the original signal mode and higher order modes as the optical signal propagates
through each separate sensing element 18;.

It is assumed that inasmuch as the higher order modes exhibit a relatively higher
propagating loss, these modes will attenuate before reaching the next sensing element in
the array. Preferably, they will attenuate to a level that will not influence the spectral
characteristics of downstream sensing element. As an option, the broadband fiber sensor
array of the present invention can be configured such that the local perturbations are
relatively small, ensuring that any energy remaining in higher order modes from a
previous sensing element can be ignored. [t is possible that the higher order modes may
not significantly attenuate and, in that case the effects of their interference and reflections
can be taken into account by calibration and/or numerical modeling, which can be used for
determination of the parameters of the individual sensor elements. In some cases, it is
desirable that the perturbations are not large enough to introduce reflections of the light
along the signal path.

To determine multiple sensing parameters at a local position, multiple fibers or one
fiber with multiple cores with different responses to the sensing parameter can be used.
For example, if the fiber contains two cores each having a different waveguide design or
composition {(which cause the cores to respond differently to sensing parameters such as
temperature and strain), a taper in fiber diameter will cause the cores to exhibit different
transmission spectra, allowing for separation of the effects of temperature and strain.

In accordance with the present invention, it is presumed that for any sensing
parameter, such as temperature 7, all functions P¢4, 7) are linearly independent. This is an
important aspect of the present invention, and allows for the individual sensing parameter
values to be recovered by an analysis of the single output transmission spectrum from each
core of the sensor array. Therefore, since each sensing element is linearly independent,

the total transmission power through broadband fiber sensor array 10, denoted as P4, T},
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15 ..., Ty, is found as a product of the partial transmission powers at the individual
sensing elements:

Pior(A Ty, Ty e, Tn) = [IR=1 P4 T).
Expressing this relation in the logarithmic scale then provides a sum of the contributions

from the individual sensing elements, or:
log(Ptot(la T, T, ---:TN)) = Xh-1 IOQ(Pn(L Tn)) . (h

Using this relation, the local sensing parameters T, can then be determined from the total
power P, once each sensing element 18; has been initially calibrated to define its local
transmission spectrum (referred to at times as its calibration spectrum C). That is, once all
“local” power spectra P, are created from an initial calibration process, the individual
local parameters 7,, can be restored from the single spectrum log(Pu(A, 71, Ts, ..., Tn)),
using a set of measurements from at least N different values of wavelength  (i.e., creating
a system of N equations with N unknowns). It is to be understood that there are several
cases where calibration may not be necessary, such as, for example, when only relative
changes in a parameter are to be determined.

An arrangement for performing an initial calibration is shown in FIG. 2, in this
case for a broadband fiber sensor array 10 including a pair of sensing elements 18, and
18,. In this particular arrangement, a “perturbation” in the form of a biconical taper is
utilized to form each sensing element. The tapers are formed to have different lengths
and, therefore, their transmission spectra log(#;(4,T1)) and log(P2(4,T>)} will be unique
and linearly independent. The local characteristic (i.e., “sensing parameter”) being
analyzed in this arrangement is the temperature and the calibration equipment takes the
form of a pair heating coils 20, and 20, disposed to surround biconical taper sensing
elements 18, and 18, respectively. A variable transformer (i.e., variometer) 22 is used to
separately control/change the temperature of each heating coil 20. A pair of
thermocouples 24| and 24, is associated respectively with sensing elements 18; and 18; to
record the “local” temperature values during the calibration process, where these recorded
values will later be used to compare the theoretical results of using the sensor array of the

present invention with direct, individual measurements.
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In one example of performing the calibration process, the local temperature of one
sensing element was held constant (at room temperature, 22°C), and the local temperature
of the other sensing element was increased from room temperature in steps of 50°C, up to
a temperature of 400°C. FIG. 3(a) shows the results of the calibration process for sensing
element 18;, that is a set of plots of spectral variations as a function of temperature defined
as follows:

C1a, (A, T®) = 10l0g (Proe(A,T®, T®)) = 10l0g (Proe(2, T, T@)),
where 7% =22°C and T = 7%V - 1% = 50°C, k=1, 2, .... 8. FIG. 3(b) shows the
calibration results for sensing element 18,, where it is clear that the two power spectra are
different, based upon the differences in the physical design of the biconical fiber tapers.

Once the calibration spectra are obtained, local temperatures T at each sensing
element can be determined by performing a single measurement of the output transmission
spectrum from the sensor array, and evaluating the result at each different waveiength (for
example, using two sensing elements would determine two temperature values T| and T).
FIG. 4 contains plots comparing the “computed” values of T}, T> determined using the
process of the present invention with “actual” values measured with a pair of
thermocouples, as shown in FIG. 2.

In a first experiment (shown as plots a in FIG. 4), heating coils 20, and 20, were
equally configured, providing essentially the same temperature to each of the sensing
elements 18; and 18,. In the second experiment, different temperatures were applied to
the pair of sensing elements, yielding the results as shown in plots 5. In both cases, the
theoretically predicted values {calculated using the relations of the present invention) are
shown to be in agreement with the actual values measured by the thermocouples.

In accordance with equation (1) as defined above, the theoretical plots as shown in
FIG. 4 were determined by extrapolating the calibration spectra Cp(A,7%) from discrete to
continuous temperature values, According to this relation, the variation of the

experimentally measured transmission spectrum can be defined as follows:
Col A, T1, T3) = 10log(Pod A, T1, T2) — 1010g(Piud AT, T7)) = CHAT) + CAAT) Q)

In the above, the relation Cod A4, T3, T5) is known from the experiment, and the functions

C{(A4,T) and Cy(A,T5) are known from calibration and extrapolation. Within measurement
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errors, equation (2} is valid for all wavelengths 2, even though only two separate
wavelengths A; and A, are “mathematically” required to determine the values of 77 and 7.
However, for better accuracy, additional wavelengths can be used, and in associated

numerical simulations, the equation is solved by minimizing the following:

ZAIC‘COL’(/L Tlr TZ) - Cl (A! Tl) - CZ (A' T2)|2>
for multiple values of A.

While the above description of the principles of the present invention have been
associated with determining the local temperature of each sensing element, it is to be
understood that this is exemplary only, and various other physical parameters (pressure,
refractive index, acoustic, etc., may similarly be determined, once a set of calibration
functions are determined. Indeed, it is another aspect of the present invention that the
same premise may be used to determine a plurality of separate physical parameters
associated with each of the sensing elements, presuming that each parameter is linearly
independent from the other values. In general terms, therefore, a plurality of M physical
parameters may be determined for a set of N sensing elements, based upon a single
measurement of the transmission spectrum. In order to achieve this result, an Man array
of calibration functions must first be determined for the sensor array. Once this calibration
matrix is created, the process of finding the individual parameter values proceeds as
outlined above.

Moreover, while various types of optical fiber, both single mode and multimode,
are suitable for use in the broadband fiber sensor array of the present invention, pure silica
single mode photonic crystal fiber (PCF) is a preferred choice for high temperature
applications, where the silica material forming the PCF remains essentially unaffected by
temperature extremes.

[0035] While a preferred embodiment of the present invention has been set forth,
those skilled in the art who have reviewed this disclosure will appreciate that
modifications can be made within the scope of the invention. Therefore, the present

invention should be construed as limited only by the claims as appended hereto.
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What is claimed is:

1. A broadband fiber sensor array formed along a length of optical fiber, said
sensor array for sensing at least one physical characteristic and comprising

an input optical signal source coupled to a first end termination of the optica! fiber
for supplying an optical input signal to the broadband fiber sensor array;

a plurality of N sensing elements disposed along the length of the optical fiber,
each sensing clement including local perturbations sufficient to excite the propagation of
at least one higher order mode of the optical input signal propagating therethrough and
create a Mach-Zehnder interferometer within each sensing element, each sensing element
exhibiting a unique transmission spectrum such that the at least one physical characteristic
can be determined from an analysis of the output transmission spectrum of the broadband
fiber sensor array; and

an optical detector coupled to the ouiput of the single mode fiber for measuring the

output transmission spectrum and the plurality of N unique transmission spectra.

2. A broadband fiber sensor array as defined in claim 1 wherein the optical

detector comprises an optical spectrum analyzer.

3. A broadband fiber sensor array as defined in claim 1 wherein the optical

detector comprises an optical power meter.

4. A broadband fiber sensor array as defined in claim 1 wherein the local

perturbation comprises a local perturbation in the diameter of the optical fiber.

5. A broadband fiber sensor as defined in claim 1 wherein the local perturbation is
selected from the group consisting of: optical fiber diameter, doping index profile of a core
region of the optical fiber, doping index profile in a cladding region of the optical fiber,

type of optical fiber, and any combination thereof.

6. A broadband fiber sensor array as defined in claim 1 wherein the at least one
physical characteristic is selected from the group consisting ofi temperature, pressure,

refractive index, mechanical properties and chemical properties.

10
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7. A broadband fiber sensor array as defined in claim 1 wherein a plurality of M
physical characteristics are sensed at each sensing element of the plurality of N sensing

elements.

8. A broadband fiber sensor array as defined in claim 1 wherein the optical fiber

comprises a single mode optical fiber.

9. A broadband fiber sensor array as defined in claim | wherein the optical fiber
comprises a multicore optical fiber, where each core comprises different properties and

responds differently to to the local perturbations.

10. A method of determining local values of a sensing parameter along a
broadband fiber sensor array, the method comprising the steps oft

a) creating a plurality of N sensing elements along a section of optical fiber by
introducing a plurality of N local perturbations to the optical fiber;

b) creating a calibration transmission spectrum of each sensing element as a
function of wavelength with respect to the sensing parameter;

c¢) measuring the output transmission spectrum from the broadband fiber sensor
array; and

d) determining the value of the output transmission spectrum at least N different
wavelengths; and

¢) determining the local values of the sensing parameter from a combination of the
N values determined in step d) with the plurality of N calibration transmission specira

created in step b).

11
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