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(57) Abstract: Optical sensors and sensing methods are provided. A particu-
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lar method includes applying light to a first end of an optical fiber (110, 210,
310, 410, 506). Light reflected by at least one of a first photonic crystal
sensor (106) coupled to a second end of the optical fiber (110, 210, 310, 410,
506) and a second photonic crystal sensor (107) coupled to the second end of
the optical fiber (110, 210, 310, 410, 506) is detected. The first photonic
crystal sensor (106) exhibits a first reflection spectrum that changes respons-
ive a first sensed parameter and the second photonic crystal sensor (107) ex-
hibits a second retlection spectrum that changes responsive a second sensed
parameter. A parameter value of at least one of the first sensed parameter and
the second sensed parameter is determined based on the detected light.
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OPTICAL SENSOR SYSTEMS AND METHODS

FIELD OF THE DISCLOSURE

The present disclosure is generally related to optical sensors.

BACKGROUNMD

In many systems multiple parameters may be sensed in order to monitor operating
conditions, such as operating teraperatures, pressurcs, fluid levels, and so forth. Installing
sensors and associated wiring may add considerable weight and expense to a system. When
multiple sensors arc used i a particular area, roultiple wires may be used to connect the sensors
to a control system that gathers information from the sensors. Instalitng the multiple sensors
may require routing many wires through structures which can be a costly and time consuming
process. For example, aircraft fuel tank sensing systems may include multiple scusors inside a
fuel tank. Each sensor may be connected to a control system via a wire. Further, cach sensor
may be associated with a tank penetration to route wires froro the scusor to the control system.
Since the control system may be distant from the fuel tank, cach wire may also be routed through
other atreraft structures, such as bulkheads. Providing penetrations for the wiring (in the fuel
tank and in the other atrcraft structures) as well as routing the wiring can be challenging both
during aireraft design and in manufacturing and maintenance of the aircraft. Additionally, the

wiring and sensors themselves may add considerable cost and weight to the aircraft.
124 Y E

SUMMARY

Optical sensors may have certain advantages over electrical sensors. For example,
optical sensors are gencrally not sensitive to electromaguetic interfercuce. Also, optical sensors
may be relatively small as compared to certain legacy sensors. Particular optical sensor
assernblics and optical scusor systems disclosed herein may be relatively inexpensive and may
provide highly accurate sensing.  For example, an optical sensor system may use encapsulated
nultimode fiber arrays with fiber tip sensors to measure temperature, pressure, or other
pararocters sumwltancously. Such a system way be sivaple in configuration, flexible, highly
tolerant to light source fluctuations, and inexpensive. Additionally, the system can achicve high
accuracy while operating in an adverse environment. For example, disclosed optical sensors
may be used in aircraft engines and fuel tanks where conditions such as heat and safety concerns

may lead to difficultics in applying clectrical sensing systems. Additionally, the optical sensors
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may be considerably smaller than electrical sensors and may use less power. Further, since the
optical sensors are not sensitive to clectromagnetic interference, no metallic shielding is reguired
and couvsiderable cost and weight savings roay be achieved.

In a particular embodiment, an optical sensor assembly includes a substrate, a first
photonic crystal sensor coupled to the substrate, and a second photonic crystal sensor coupled to
the substrate. The first photonic crystal sensor is configured to reflect a first portion of incident
Light corresponding to a first reflection spectrum. A fivst wavelength range of the first reflection
spectrum changes in response to changes in a first sensed parameter. The second photonic
crystal sensor is configured to reflect a second portion of the incident light corresponding to a
second reflection spectrum. A second wavelength range of the second reflection spectaum
changes in response to changes in a second sensed parameter. The first reflection spectrum and
the second reflection spectrurn may be different.

In a particular embodiment, an optical sensor system includes an optical fiber and an
optical sensor assembly coupled to a tip of the optical fiber. The optical seusor assembly
inchades a first photonic crystal sensor configured to exhibit a first reflection spectrum that
changes responsive to a first sensed parameter and a second photonic crystal sensor configured to
exhibit a second reflection spectrum that changes responsive to a second sensed parameter. The

Iu a particular embodiment, a method includes applying hight to a fivst end of an
optical fiber. Light reflected by at least one of a first photonic crystal sensor coupled to a second
end of the optical fiber and a secound photouic crystal sensor coupled to the secound end of the
optical fiber is detected. The first photonic crystal sensor exhibits a first reflection spectrum that
changes responsive a fivst seused parameter and the second photonic crystal sensor exhubits a
second reflection spectrum that changes responsive a second sensed parameter. The method also
mcludes determining g parameter value of at least one of the first sensed parameter and the
second sensed parameter based on the detected light.

The featurcs, functions, and advantages that have been described can be achieved
wdependently n various ewbodiments or maay be combined 1n vet other conbodiments, further
details of which are disciosed with reference to the following description and drawings.

FIG. 1 is a block diagram of a first particular cmmbodiment of an optical scnsor

Systeny;
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FIG. 2 1s a simoplified perspective drawing of a first particular embodiment of an
optical sensor assembly;

FIG. 3 15 a simphified perspective drawing of a second particular embodiment of an
optical sensor assembly;

FIG. 4 1s a stmplified perspective drawing of a third particular embodiment of an
optical sensor assembly;

FIG. 5 is a diagram of a sccond particular ecmbodiment of an optical sensor system
that is deployed in an aireraft;

FIG. 6 is flow chart of a particular embodiment of a method of determining a
parameter value using an optical sensor system; and

FIG. 7 is block diagram of a computer system adapted to determine a parameter value

using an optical sensor system.

DETAILED DESCRIPTION

Certain sensing systeras utilize multiple, independently-targeted, electrical or
clectromagnetic sensor packages. For example, separate sensors may be used for sensing
pressure, temperature, acceleration, and so forth. In certam applications, such as aireraft fuel
tanks, using separate sensors for cach sensed parameter can cause significant complications. For
exaraple, each seusor may be coupled by a wire to a control system and may communicate
information about a sensed parameter to the control system using electrical signals. Routing the
wiring from each sensor to the control system may require structural penetrations and tank
penetrations which can be a considerable design chalienge. For example, each structural
penetration and tank penctration may introduce safety considerations to be addressed. Further,
cach structural penetration and tank penetration has an associated installation time and cost. In
newer aircraft that utilize carbon fiber skins and structures, shiclding that was associated with
metal skans and stroctures 1s vo longer avalable. Thus, additional compilations and costs may
arise due to designing and installing shiclding and isolation systems to provide shielding for
wiring and sensors.

Optical technologies and optical sensors may be used to avoid some of these concerns
with electrical sensor systems. For example, an optical photonic crystal sensor device may be
significantly smaller and lighter than a corresponding electrical sensor. Additionally,
electromagnetic interference 1s not a concern for optical technologies; thus, shielding and

isolation concerns may be significantly reduced. Further, embodiments disclosed herein enable

“ 3.



(9]

10

5

25

WO 2013/002921 PCT/US2012/039218

sensing from multiple optical sensors via a single optical fiber which reduces a number of
structural penetrations and tank penetrations to install multiple sensor systems into a particular
arca. Using a single optical fiber rather than roultiple optical fibers or multiple electrical
connections may significantly reduce installation and repair costs as well as weight of a sensor
system. Accordingly, cost, rehiability, installation time, and other factors may be improved by
using optical sensor systems, especially optical sensor systems that include multipie photonic
crystal sensors attached to a single optical fiber.

In addition, photonic crystals may be substantially chemically and electrically inert
and durable. Thus, photonic crystal sensors may be able to operate reliably in harsh
envirouments, such as high temperature environments, chemically aggressive environments, and
high shock or acceleration or vibration environments. For example, glass optical fibers and
sensing nodes of the photonic crystals may operate 1o exifreme temperatures upwards of 900
degrees Celsius. In less extreme environments, lower cost polymer materials may be used for
the optical fibers which may reduce costs and be lighter weight.

An optical photonic crystal sensor includes a material that is structured to respond to
changes 1n its covironment in g manner that modifies a refractive index of the material. This
change in the refractive index may result in frequency shifts in the reflection spectrum of the
optical photonic crystal sensor. Thus, the reflection spectrura of the optical photonic crystal
senisor may be responsive 1o a parameter scused within the environment. For example,
depending on the configuration of the optical photonic crystal sensor, the refractive index of the
optical photonic crystal sensor roay shift in respouse to temperature changes, pressure changes,
vibration, acceleration, magnetic forces, etc. Accordingly, by supplying light to an optical
photonic crystal sensor and detecting a reflection spectrum from the optical photonic crystal
sensor an indication of values of one or more sensed parameters in the enviroument of the optical
photonic crystal sensor may be determined.

FIG. 1 is a block diagram of a first particular embodiment of an optical sensor system
100. The optical seusor system 100 may include a substrate 102 coupled to an optical fiber 110,
The substrate 102 may 1oclade a plurahity of regions 104 and 103 correspouding to separate
physical locations on the substrate 102, A first photonic crystal sensor 106 may be coupled to or
located withio a first region 104 of the substrate 102 and a second photonic erystal sensor 107
may be coupled to or located within a second region 105 of the substrate 102, In a particular

embodiment, the photonic crystal sensors 106-107 are formed as part of the substrate 102, For
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example, the substrate 102 way be eiched, ablated, or otherwise processed to form the first
photonic crystal sensor 106, the second photonic crystal sensor 107, or both. In another
particalar embodiment, the photonic crystal sensors 106-107 are formed separately from the
substrate 102 and are subsequently mechanically affixed to the substrate 102 {c.g., using an
adhesive or a manufacturing process).

The first photonic crystal sensor 106 may be configured to reflect a first portion of
mncident Hight that corresponds to a first retlection spectrum of the first photonic crystal sensor
106. A wavelength range of the first reflection spectrum may change in response to changes ina
first sensed parameter. For example, the first photonic crystal sensor 106 may have a first
structure that is formed of two or more materials, such as a first material that has a first refractive
index and a second material that has a second refractive index. In response to changes in the
postiion or orientation of the two or roore materials {e.g., due to pressure, temperature,
acceleration, vibration, magnetic forces or other physical influences or forces), the refractive
wdex (and the retlection spectrum) of the first photouic crystal sensor 106 may chavge. To
thastrate, the first structure of the first photonic crystal sensor 106 may include boles or other
“defects” (.o, rregularttics) within the first moaterial that are filled with the second material. For
example, the first material may be a solid, glass or crystalline material and the second material
may be a gas, a liquid or another solid {c.g., air, an ambient gas or another matenial). Sinee the
two ot more materials have different refractive imdices, changes n the structure of the first
material may cause changes in the relative refractive index of the two materials, resulting in an
overall shift in the {irst reflection spectrum of the first photonic crystal sensor 106.

Similarly, the sccond photonic crystal sensor 107 may have a second structure that is
formed of two or more materials. The two or more materials used for the second photonic
crystal sensor 107 may be the same materials as used for the first photonic crystal sensor 106, or
the second photonic crystal sensor 107 may include one or more materials that are differcut from
materials of the first photonic crystal sensor 106. The second photonic crystal sensor 107 may
be configured to reflect a second portion of incident light that corresponds to a sceond reflection
spectrum. A wavelength range of the second reflection spectrum roay change in response to a
second sensed parameter {¢.g., pressure, tomperature, acceleration, vibration, magnetic force,
etc.}. In a particular embodiment, the fivst reflection spectrum of the first photonic erystal sensor

106 may be different than the second reflection spectrum of the second photonic crystal sensor

i0
107. That s, the first photonic crystal scusor 106 and the second photonic crystal sensor 107
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may reflect different wavelengths of light. The first sensed parameter and the second sensed
parameter may be the same parameter or may be different parameters.

The optical fiber 110 may be coupled to an interrogator systemn 128, The interrogator
system 120 may include one or more light sources 122 and one or more detectors 124, The one
or more hight sources 122 may provide incident light 112 that may be applicd to the first
photonic crystal sensor 106 and to the second photonic crystal sensor 107 via the optical fiber
110. In a particular embodiment, the incident light 112 may be applied to the first and sccond
photonic crystal sensors 106-107 substantially simultaneously. For example, the one or more
light sources 122 may simulitancously emit light in a wavelength corresponding to the first
reflection spectrum of the first photonic crystal sensor 106 and light in a wavelength
corresponding to the second reflection spectrum of the second photonic crystal sensor 107, For
exaraple, the oue or more light sources 122 may include a broad spectrum light source. Tn
another example, the one or more light sources 122 may inchude two or more separated relatively
nartow spectrurn Hght sources, such as laser light sources. The one or more light sources 122,
the interrogator system 128, the optical fiber 110, or the substrate 102 may include a filter (not
shown} that filters out portions of the spectrum of the incident light 112 that are not used or are
not needed by the photonic crystal sensors 106, 107,

The first photonic crystal sensor 106 may reflect first reflected light 114 responsive to
the first scused parameters. Since the reflection spectrurn of the first photonic crystal sensor 106
changes in response to the first sensed parameter, the first reflected light 114 may havea
wavelength that is mdicative of a value of the first sensed parameter. The second photonic
crystal sensor 107 may reflect second reflected light 115, The second reflected light 115 may
have a second wavelength that is indicative of a value of the secoud sensed parameter.

The one or more detectors 124 may detect the first reflected light 114 and the second
reflected light 115, The one or more detectors 124 may be coupled to one or more processors

26. The one or more processors 126 may receive information indicative of the wavelength of
the tirst reflected hight 114, the second reflected hight 115, or both, from the one or more
detectors 124, In response to the information provided by the detectors 124, the processor 126
may determine a parameter value of at least one of the first sensed parameter and the second
sensed parameter.

In a particular embodiment, the sensed paramcters may include temperature, pressure,

acceleration, vibration, magnetic force, one or more other pararneters, or a combination thereof.

.
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Although two photonic crystal sensors 106, 107 are shown in FIG. 1, the optical seusor system
100 may include more than two photonic crystal sensors, and the photonic crystal sensors of the
optical sensor systern 100 may be counfigured to sense one ot more sensed parameters. Ina
particular embodiment, the first photonic crystal seusor 106 is responsive to the same sensed
parameter as the second photonic crystal sensor 107, In another particular embodiment, the first
photonic crystal sensor 106 1s responsive to a different seused parameter than the second
photonic crystal sensor 107, When more than two photonic crystal sensors are present, cach
photonic crystal sensor may be responsive to the same sensed parameter, or one or more of the
photonic crystal sensors may be responsive to a different sensed parameter than one or more
other photonic crystal sensors.  Additionally, the optical fiber 110 may include a multimode
optical fiber that is adapted to transmit multiple wavelengths of light including wavelengths of
the incident hight 112, the first reflected light 114, the second reflected light 115, other
wavelengths, or a combination thereof.

Iu a particular embodiment, the fivst reflection spectrum of the first photonic crystal
sensor 106 may change in response to the first sensed parameter and in response to the second
scnsed parameter. For example, when the first photonic crystal sensor 106 1s a pressure sensor.
The reflection spectrum of the pressure sensor may change as a result of changes in physical
dimensions of the structure of the first photonic crystal sensor 106 cansed by changes in
pressure.  The second photonic crystal sensor 107 may be a temperature seusor.  The reflection
spectrum of the temperature sensor may change as a result of changes in physical dimensions of
the structure of the second photonic crystal sensor 107 cansed by changes in teroperature. o this
cxample, a change in temperature of the first photonic crystal sensor 106 may also change the
physical diroensions of the stracture of the first photonic crystal sensor 106, This can imtroduce
some error in the pressure sensed by the first photonic crystal sensor 106, In this embodiment,
the processor 126 may have access to calibration relationships that may be used by the processor

26 to determine a valae of the first sensed parameter based on the first reflected light 114 from
the first photonic crystal sensor 106, the second reflected light 115 frora the sccond photonic
crystal sensor 107, and the calibration relationship that relates changes in the fivst reflection
spectrum to changes in the first sensed parameter and changes in the second sensed parameter.
For example, by comparing mforration about changes 1o the first reflection spectrurn and
changes in the second reflection spectrum, the processor 126 may remove a contribution of the

temperature change from a determned pressure value.
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Iu a particular embodiment, at least a portion of the optical sensor system 180 may be
disposed within a fucl tank of an aircraft. In this embodiment, light reflected by the first
photonic crystal sensor 106 and the second photonic crystal seusor 107 may be used to provide
information that is indicative of quantity of fuel present in the fuel tank. For example, by
sensing pressure of fuel over the sensor, an estimate of the quantity of fuel may be determined
{c.g., based on the density of the fuel or based on a calibration relationship, such as a look-up
table). A more accurate cstimate may be determined by taking multiple pressure readings
{potentially at different locations within the fuel tank), by seusing temperature of the fuel as well
as pressure to more accurately estimate density of the fuel, or both. Thus, the optical sensor
system 100 may be used to avoid some of the concerns related to use of elecirical sensor systems
in a fuel tank. For example, the optical sensor system 100 may be significantly smaller and
highter thao a corresponding clectrical seusor system. Since a single optical fiber (e.g., the
optical fiber 110) can be used to connect multiple photonic crystal sensors {¢.g., the first
photonic crystal sensor 106 and the second photouic crystal sensor 107} to the mterrogator
system 120, a number of structural penetrations and tank penetrations that may be used to install
optical sensor systern 100 may be reduced. Additionally, using the single optical fiber 110 may
reduce installation and repair costs as well as weight of the optical sensor system 100 relative to
an electrical sensor system. Thus, cost, reliability, installation time, and other factors may be
wnproved by using the optical sensor sysiern 100, The optical sensor system 100 may also be
substantially immune from clectromagnetic interference. Additionally, the optical sensor system
100 may operate reliably in harsh environments, sach as high temperature environments,
chemically aggressive environments, and high shock or acceleration or vibration environments.

FIG. 2 1s a simoplified perspective drawing of a first particular embodiment of an
optical sensor assembly 200. The optical sensor assembly 200 includes an optical fiber 210
having a tip or end 212, A substrate 202 may be coupled to the end 212 of the optical fiber 210.
The substrate 202 may include one or more photonic crystal sensors. For example, the substrate
202 may divided o quadrants (or other spatial regions) with cach guadrant associated with a
separate optical photonic crystal sensor, such as a first photonic crystal sensor 206, a second
photonic crystal sensor 207, a third photonic crystal sensor 208, and a fourth photonic crystal
sensor 209,

Each of the photonic crystal sensors 206-209 may be associated with a different reflection

spectrumy. The reflection spectrum of each of the photonic crystal sensors 206-209 may change
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responsive to one or more sensed parameters. For example, the reflection spectra of the fivst
photonic crystal sensor 206 and the second photonic crystal sensor 207 may cach change
respousive to the same sensed parameter, such as terperature. In another example, the reflection
spectra of the third photonic crystal sensor 208 and the fourth photontc crystal sensor 209 may
cach change responsive to a second sensed pararocter, such as pressure. Information descriptive
of changes in the sensed parameters may be transmitted via the optical fiber 210 by way of the
reflection spectra of the photonic crystal sensors 206-209. Information from the one of the
photonic crystal sensors 206-209 may be differentiated from information from another of the
photonic crystal sensors 206-209 based on the different wavelengths of the reflection spectra
frorn the photounic crystal sensors 206-209. Thus, the optical sensor asserably 200 may include
two or more photonic crystal sensors that together provide an indication one or more sensed
pararacters,

FIG. 3 is a simplified perspective drawing of a second particular embodiment of an
optical sensor assembly 300. The optical seusor assembly 300 wmchudes an optical fiber 310
having a tip or end 312, A substrate 302 may be coupled to the end 312 of the optical fiber 310.
Two or more photonic crystal sensors, such as a first photonic crystal sensor 303, a sccond
photonic crystal sensor 306, a third photonic crystal sensor 307, a fourth photonic crystal sensor
308, and a fifth photonic crystal sensor 309, may be coupled to the substrate 302, The optical
sensor assembly 300 1Hustrates a different physical arrangement of the photonic crystal sensors
305-309 relative to the arrangement of the photonic crystal sensors 206-209 of the optical sensor
assembly 200 of FIG. 2. The arrangement of the photonic crystal sensors 305-309 enables the
optical sensor assembly 300 to include more photonic crystal sensors than does the quadrant
based arrangement of the optical sensor assembly 200 of FIG. 2. In other emboditaents, an
optical sensor assembly may include more than the five photonic crystal sensors 305-309 shown
i FIG. 3 or fewer than five photonic crystal sensors.

FIG. 4 is a simplified perspective drawing of a third particular embodiment of an
optical sensor assembly 400. The optical scusor assembly 400 inchudes an optical fiber 410
having a tip or end 412. A subsirate 402 may be coupled to the end 412 of the optical fiber 410.
Two or more photonic crystal sensors, such as a first photonic crystal sensor (e.g., reference
photonic crystal sensor 405), a second photonic erystal sensor 406, a third photonic crystal
sensor 407, a fourth photonic crystal sensor 408, and a fifth photonic crystal sensor 409, may be

coupled to the substrate 402, The optical sensor assembly 400 dlustrates a different physical
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arrangement of the photouic crystal sensors 405-409 relative to the arrangement of the photonic
crystal sensors 206-209 of the optical sensor assembly 200 of FIG. 2 and relative to the
arrangeroent of the photonic crystal sensors 305-309 of the optical sensor assembly 300 of FIG,
3. For cxample, the optical sensor assembly 400 includes a reference photonic crystal sensor 435
which may be at least partially 1solated from an ambient environment of the optical sensor
asserubly 400. For example, the reference photonic crystal sensor 405 may be encapsulated or
covered (e.¢., by a covering layer 404),

The reference photonic crystal sensor 405 may act as a reference relative to one or
more of the other photonic crystal sensors 406-409. The covering layer 404 may at least
partially shield the reference photouic crystal sensor 405 frovo the ambicut environment {o enable
differentiation of various sensed parameters. For example, the reference photonic crystal sensor
403 may be subject to feraperature in the ambient environment but roay be at least partially
shiclded from pressure changes in the ambient environment. Thus, information from the
reference photonic crystal sensor 405 may be used to solate temperatare aund pressure affects
sensed by one or more of the other photonic crystal sensors 406-409. For example, the second
photonic crystal sensor 406 may have a reflection spectrur that changes responsive to a first
sensed parameter and is respounsive to a second sensed parameter. The third photonic crystal
sersor 407 may likewise have 4 reflection spectrum that changes respounsive to the first sensed
parameter and 1s responsive to the second sensed parameter. The referenced photonic crystal
sensor 405 may have a reflection spectrum that changes responsive only to the second sensed
pararocter. Thus, the reference photonic crystal sensor 405 may be used to determine a
parameter value of the first sensed parameter independently of the second sensed parameter, to
determuvne a parameter value of the second sensed pararcter independently of the first sensed
parameter, or both, by isolating affects of one sensed parameter from affects from the other
sensed paramcter.

FIG. 5 is a block diagram of a second particular embodiment of an optical sensor
system 500. In the embodiment illustrated 1n FIG. 5, the optical sensor system 500 1s disposed
ou a portion of an aircraft 502, The optical sensor system 500 may mnclude an mterrogator
system 504 coupled to one or more optical fibers, such as an optical fiber 506. The optical fiber
506 roay have a first end with a tip that is coupled fo an optical sensor asserably 508, For

cxanmple, the optical sensor assembly 508 may disposed in a location from which sensing data is
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to be gathered, such as within a fuel tank 512 of the aircraft 502, within an engine of the aircraft
502, external to the aircraft 502, ctc.

The optical sensor asserubly 308 may include a fivst photonic crystal sensor 510 and a
second photonic crystal sensor 511, The first photonic erystal sensor 310 may be configured to
cxhibit a first reflection spectrurn that changes responsive to a first sensed parameter. The
second photonic crystal sensor 511 may be configured to exhibit a second reflection spectrum
that changes responsive to a second sensed parametier. The first sensed parameter and the sccond
sensed parameter may be the same or may be different. For example, the first photonic crystal
sensor 510 and the second photonic crystal sensor 511 may sense pressure within the aircraft fuel
tank S12. In another example, the first photonic crystal sensor 310 may sense pressure and the
sccond photonic crystal sensor 511 may sense temperature within the aircraft fuel tank 512

The reflection spectra of the first photonic crystal seusor 510 and the second photonic
crystal sensor 511 may be different. Thus, the interrogator system 504 may identify and
differentiate mformation from the photonic crystal sensors 510, 511 based oo a wavelength of
reflected light from the optical sensor assembly SOK. The optical sensor system 500 may enable
estimation of the quantity of fucl present in the fuel tank 512 based on light reflected to a hight
detector of the interrogator system 504, Thus, light associated with multiple sensors within the
tuel tank 512 may be reduced as well as a number of penetrations required to enable sensors {o
provide sensing information to onboard systems may be reduced since multiple sensors may
provide information via a single optical fiber 506. The optical sensor system 500 may be used to
avoid some of the concerns with electrical sensor systems. For example, the optical scusor
system 500 may be significantly smaller and lighter than a corresponding electrical sensor
system. Since a single optical fiber (e.g., the optical fiber 506) can be used to connect multiple
photonic crystal sensors {e.g., the first photonic erystal sensor 5310 and the second photonic
crystal sensor 511} to the interrogator system 504, a number of structural penctrations and tank
penetrations to install optical sensor system 300 may be reduced. Additionally, using the single
optical fiber 506 may reduce mstallation and repair costs as well as weight of the optical sensor
aystem 500 relative to an electrical sensor system. Thus, cost, reliability, installation time, and
other factors may be improved by using the optical sensor system 500. The optical sensor
system 500 roay also be substantially immune frore electromagnetic interference. Additionally,

the optical sensor system 500 may operate reliably in harsh environments, such as high
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temperature environments, chemically aggressive environments, and high shock or acceleration
or vibration enviromments.

FIG. 6 1s flow chart of a particular embodiment of a method of determining a
parameter value using an optical sensor system. The method may include, at 602, applying hight
to a first end of an optical fiber. For exaraple, one or more hight sources of an interrogator
system, such the one or more light sources 122 of the interrogator systern 120 of FIG. 1, may
apply light having one or more particular wavelengths to the optical fiber 110 as incident light
112.

In response to the light applied to the first end of an optical fiber, light may be
detected, at 604. The detected light may be reflected by a first photonic crystal sensor coupled to
a second end of the optical fiber, by a second photonic crystal sensor coupled to the second end
of the optical fiber, or by both the first photonic crystal sensor and the second photouie crystal
sensor. As previously explained, more than two photonic crystal sensors may be coupled to the
second end of the optical fiber, such as the four photonic crystal sensors 206-209 of FIG. 2, the
five photonic crystal sensors 305-309 of FIG. 3, or the four photonic crystal sensors 406-409 and
the reference photonic crystal sensor 405 of FIG. 4. Thus, the detected light may be reflected
from more than two photonic crystal sensors.

Using two photonic crystal sensors as an example, the first photonie crystal sensor
may be configured to exhibit a first reflection spectrura that changes responsive to a first sensed
parameter. The second photonic crystal sensor may be configured to exhibit a second reflection
spectrum that changes respousive to a second sensed parameter. The first sensed pararocter and
the second sensed parameter may be the same or may be different. A wavelength of the first
veflection spectrum and a wavelength of the second reflection spectrum may be different.

The method may also include, at 606, determining a parameter value of at least one of
the first sensed parameter and the second sensed parameter based on the detected hight. For
example, the parameter value may be determined based on Light reflected by the first photonic
crystal sensor, based on light retlected by the second photonic crystal sensor, or based on both,
For example, the first photonic crystal sensor may exhibit a change responsive to the first seused
parameter and in responsive to the second sensed parameter. Light reflected by the second
photonic crystal sensor may be used to determine a value of the first sensed parameter by
providing information about an affect of the second sensed parameter on the first photonic

crystal sensor. fo another example, the system ray include a third sensor. The third sensor may
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be another photouic crystal sensor, such as the refercoce photonic crystal systern 405 of FIG. 4,
or may be another type of sensor (such as a non-optical sensor, ¢.g., an electrical sensor). The
third seosor may provide 1nformation about the first sensed parameter, the second sensed
parameter, or both., Thus, the parameter value may be determined based on information from the
third sensor and based on light reflected by the first photonic erystal scusor. Additionally, light
reflected by the second photonic crystal sensor may be used in determining the parameter value.
In a particular embodiment, the first reflection spectrum of the first photonic crystal sensor does
not change significantly responsive to changes in the second sensed parameter. For example, the
first photonic crystal sensor may be a reference sensor that 18 physically or mechanically isolated
for affects of the second seused parameter. Thus, the first reflection specirum may be
independent of the changes in the second sensed parameter.

FIG. 7 15 a block diagram of a geveral purpose coraputer system 700 operable to
perform computer-implemented methods or to process computer-executable instructions to
process data from one or more sensors, sach as the photonic crystal sensors 106-107 of FIG. 1,
the photonic crystal sensors 206-209 of FIG. 2, the photonic erystal sensors 305-309 of FIG. 3,
the photonic crystal sensors 406-409 of FIG. 4, the reference sensor 405 of FIG. 4, the photonic
crystal sensors 510-511 of FIG. 5, other sensors, or any combination thereof. For example, the
computer system 700 may be inelude or be included within the interrogator systera 120 of F1G. 1
ot the mnterrogator system 304 of FIG. 5.

In an itlustrative embodiment, a computing device 710 of the computing system 700
may include at least one processor 720. The processor 720 may be configured to execute
instructions to implement @ method of determining a parameter value using an optical sensor
system, such as the method described with reference to FIG. 6. The processor 720 may
cormmunicate with a system memory 730, one or more storage devices 740, and one or more
input/output devices 770, via input/output interfaces 750,

The system memory 730 may include volatile memory devices, such as random
access mernory (RAM) devices, and nonvolatile memory devices, such as read-only memory
{(ROM), programmable read-only memory, and flash oemory. The system memory 730 roay
inchade an operating system 732, which may include a basic input/output system (BIOS) for
booting the coraputing device 710 as well as a {full operating system to enable the coraputing
device 710 to interact with users, other programs, and other devices. The system memory 730

may also inchude one or roore application programs 734.
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The processor 720 also may communicate with one or more storage devices 740. The
storage devices 740 may include nonvolatile storage devices, such as magnetic disks, optical

disks, or flash memory devices. In an alternative embodiment, the storage devices 740 roay be

(&4

ey
I

configured to store the operating system 732, the applications 734, the program data 736, or any
combination thercof. The processor 720 may communicate with the one or more communication
interfaces 760 to enable the computing device 710 to communicate with other computing
systems 780. In a particular embodiment, the storage devices 740 ruay store mformation that is
used by the processor to determine a parameter value using an optical sensor system. For
cxanmple, the storage devices 740 may include a calibration relationship that relates changes in
one or more reflection spectra to changes in sensed parameters.

As tllustrated in the Figures 1-7 and the accompanying text above, an optical sensor
system 100, 500 is disclosed including an optical fiber 110, 510, and an optical sensor assembly
200, 300, 400, 508 coupled to a tip of the optical fiber 110, 210, 310, 410, 506, The optical
sensor assembly 200, 300, 400, 508 may wnclude a fivst photonic crystal sensor 106 configured to
exhibit a first reflection spectrum that changes respounsive to a first sensed parameter, and a
sccond photonic crystal sensor 107 configured to exhibit 4 second reflection spectrurm that
changes responsive 1o a second sensed parameter, wherein the first reflection spectrum and the
second retlection spectrum are different. In one variant, the optical fiber 110, 210, 310, 410, 506
1s a multimode optical fiber. In yet another variant, a light source may be coupled to the optical
fiber, wherein the light source provides light to the optical sensor assembly 200, 300, 400, 508
via the optical fiber 10, 218, 310, 418, 506 and wherein at least a portion of the light provided by
the light source 122 has a wavelength within at least one of the first reflection spectrum and the
second reflection spectrum. To yvet another example, a light detector 124 may be coupled to the
optical fiber 110, 210, 310, 410, 506 and configured to detect light reflected by at least one of the
first photonic crystal scusor 106 and the sccond photonic crystal sensor 107.

In one alternative, a processor 126, 720 may be coupled to the light detector 124 and
contfigured to determunc a value of the first sensed parameter and a value of the second sensed
parameter based on the light detected by the light detector 124, In yet another aliernative, the
first reflection spectrum of the first photonic crystal sensor 106 further changes in response o
changes 1o the second sensed parameter, wherein the optical sensor system 100, S00 further
compriscs a processor 126, 720 to determine a value of the first sensed parameter based on light

reflected by the fivst photonic crystal seusor 106, light reflected by the second photonic crystal
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sensor 107 and a calibration relationship that relates changes in the first reflection spectrum to
changes in the first sensed parameter and changes in the sccond sensed parameter. In one
exarnple, the optical sensor assembly 200, 300, 400, 50K vay be disposed within a fuel tank 512
of an aircraft and is configured to reflect light to a light detector 124 onboard the aircraft to
cstimate a guantity of fuel present in the tfucl tank 512,

The lustrations of the embodiments described herein are intended to provide a general
understanding of the structure of the various embodiments. The iltustrations are not mtended to
serve as a compiete description of all of the elements and features of apparatus and systems that
utilize the structures or methods described hercin. Many other embodiments may be apparent to
those of skill in the art upou reviewing the disclosure. Other cmbodiments maay be utidized and
derived from the disclosure, such that structural and logical substitutions and changes may be
made without departing from the scope of the disclosure. For example, method steps may be
performed in a different order than is shown m the figures or one or more method steps may be
omitted. Accordingly, the disciosure and the figures are to be regarded as tlustrative rather than
restrictive.

Morcover, although specific embodiments have been tlustrated and described herein,
it should be appreciated that any subsequent arrangement designed to achieve the same or similar
results may be substituted for the specific crbodiments shown. This disclosure s intended to
cover any and all subsequent adaptations or variations of various erbodirents. Combinations of
the above embodiments, and other embodiments not specifically described herein, will be
apparent to those of skill in the art upon reviewing the description.

The Abstract of the Disclosure is submitted with the understanding that it will not be
used to juterpret or limit the scope or meaning of the claims. Io addition, 1u the foregoing
Detatled Description, various features may be grouped together or described in a single
erabodiraent for the purpose of strearnlining the disclosure. This disclosure 18 not to be
interpreted as reflecting an intention that the claimed embodiments require more features than
are expressly recited in cach claimn. Rather, as the following claims reflect, the claimed subject

matter may be divected to less than all of the features of any of the disclosed embodiments.
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WHATISCLAIMED 1S:

1. Aun optical sensor asserobly comprising:

a substrate (102, 202, 302, 402);

a first photonic crystal sensor (136) coupled to the substrate (102, 202, 302, 402), the first
photonic crystal sensor (106) configured to reflect a first portion of incident light corresponding
to a first reflection spectrurmn, wherein a first wavelength range of the first reflection spectrum
changes in response to changes in a first sensed parameter; and

a second photonic crystal sensor (107} coupled to the substrate (102, 202, 302, 402), the
second photonic crystal sensor (107) configured to reflect a second portion of the incident hight
corresponding to a sccond reflection spectrum, wherein a second wavelength range of the second
reflection spectrum changes in response to changes in a second seused parameter;

wherein the first reflection spectrum and the second reflection spectrum are different.

2. The optical sensor assembly of claim 1, wherein:

the first photonic crystal sensor (106} has a first structure formed of a first material with a
first refractive index and a second material with a second refractive index; and

the second photonic crystal sensor (107} has a second structure formed of the first

material and the second material, the first structure different than the second structure.

]

3. The optical sensor asserubly of claim 1, wherein:

the first photonic crystal sensor (106) has a first structure formed with two or more
matenials having two or more different refractive indices; and

the second photonic crystal sensor (107} has a second structure formed with at least one

material that is different from the two or more materials of the first structure,

4. The optical sensor assembly of any of ¢laims 1-3, wherein the first sensed paramcter
] 3 y : ]

wcludes one of teraperature, pressure, acceleration and vibration.

5. The optical sensor assembly of any of claims 1-3, wherein the first sensed parameter
¥ 3

is different from the sccond sensed parameter.

- 16 -
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6. The optical sensor assembly of any of the preceding claims, wherein the first photonic
crystal sensor (106} is coupied to a first region {104 of the substrate (102, 202, 302, 402) and the
second photonic crystal sensor {107} is coupled o a second region (105} of the substrate (102,

202, 302, 402), wherein the first region (104} is different from the second region (105).

7. 'The optical sensor assembly of any of the preceding claims, wherein the meident light
is applied substantially simultancously to the first photonic crystal sensor (106) and to the second
photonic crystal sensor {107) via an optical fiber (110, 210, 310, 410, 500) when the substrate

(102, 202, 302, 402} is coupled to an end of the optical fiber (110, 210, 310, 410, 506).

8. A method comprising:

applying hight to a fivst end of an optical fiber;

detecting light reflected by at least one of a first photonic crystal sensor (106} coupled to
a second cnd of the optical fiber and a second photonic crystal sensor {107) coupled to the
second end of the optical fiber, wherein the first photonic crystal sensor (106} exhibits a first
reflection spectrum that changes responsive a first sensed pararacter and the sccond photonic
crystal sensor (107) exhibits a second reflection spectrum that changes responsive a second
sensed parameter; and

deterroining a parameter value of at least one of the first sensed parameter and the second

sensed parameter based on the detected light.

9. The method of claim 8, wherein the light applied to the optical fiber (110, 210, 310,
410, 506) has a wavelength range that includes a fivst wavelength range corresponding to the first
reflection spectrum and a second wavelength range corresponding to the second reflection

spectrum.

10. The mcthod of any of claims 8 or 9, wherein the first scused parameter and the
second seused patameter are the same pararcter, and wherein the parameter value is determined
based on light reflected by the first photonic crystal sensor (106} and based on light reflected by

the second photonic crystal sensor (107).
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11. The racthod of any of claims & or 9, wherein the fivst reflection spectrum of the first
shotonic crystal sensor (106) does not change significantly in response to changes in the second
B 8l Y

sensed parameter.

12. The mcthod of claim §, wherein the first reflection spectrurn of the first photonic
crystal sensor {106} changes responsive to changes in the second sensed parameter, and wherein
determining the parameter value inchudes using hight reflected by the first photonic crystal sensor
{106} and light reflected by the second photonic crystal sensor {107} to determine a value

corresponding to the first sensed parameter.

13. The method of any of claims & or 9, wherein the first reflection spectrum of the first
photonic crystal sensor {106) changes responsive to changes in the second sensed pararoeter, and
wherein the method further comprises receiving information from a third sensor, wherein the
parameter value is determined based on the information {frow the thivd sensor and based on bight
reflected by the first photonic crystal sensor (106).

14, The apparatus of any one of claims 1-7 and any one of the method claims 8-13.

15. The method of any one of claims 8-13 and any one of the apparatus claims 1-7.
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