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(57) ABSTRACT

The present invention is an improved fiber optic sensing
system (FOSS) having the ability to provide both high
spatial resolution and high frequency strain measurements.
The inventive hybrid FOSS fiber combines sensors from
high acquisition speed and low spatial resolution Wave-
length-Division Multiplexing (WDM) systems and from low
acquisition speed and high spatial resolution Optical Fre-
quency Domain Reflection (OFDR) systems. Two unique
light sources utilizing different wavelengths are coupled
with the hybrid FOSS fiber to generate reflected data from
both the WDM sensors and OFDR sensors operating on a
single fiber optic cable without incurring interference from
one another. The two data sets are then de-multiplexed for
analysis, optionally with conventionally-available WDM
and OFDR system analyzers.
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HIGH SPEED AND HIGH SPATIAL DENSITY
PARAMETER MEASUREMENT USING
FIBER OPTIC SENSING TECHNOLOGY

STATEMENT OF GOVERNMENT INTEREST

The invention described hereunder was made in the
performance of work under a NASA contract, and is subject
to the provisions of Public Law #96-517 (35 U.S.C. 202) in
which the Contractor has elected not to retain title.

BACKGROUND

a. Field of Invention
The invention relates to strain sensing technology and,

more particularly, to a hybrid fiber optic sensing system
(FOSS) for high spatial resolution and high frequency strain
sensing measurements.

b. Background of the Invention
The prediction and monitoring of the strains acting on a

vehicle or structure during its operation are important engi-
neering tools that have the ability to greatly improve vehicle
or structure safety and performance. Fiber optic sensors
represent some of the most mature technology for obtaining
active environment measurements such as strain and tem-
perature. FOSS technology is particularly suited for aero-
space applications in that the sensors are lightweight, accu-
rate within a wide temperature range, and immune to
electromagnetic and radio-frequency interference and radia-
tion. FOSS-based sensors therefore have a relatively long
lifespan, especially as compared to conventional foil strain
gage sensors, and may be embedded into the composite
structure of an aircraft or other vehicle or into a stationary
structure during manufacturing to optimally measure active
strain data during the lifespan of the system. Also, due to
these sensors' wide range of elasticity under environmental
perturbation, they may be used for failure testing during the
design phase of a vehicle or structure to ascertain the limits
of the system in operation.
One conventional type of fiber optics-based sensor is

known as the Fiber Bragg Grating (FBG or "Bragg grat-
ing"). When incorporated into an optical fiber, an FBG
reflects particular wavelengths of light based on its Bragg
wavelength, an inherent characteristic of the FBG for a
given mode. Strain or certain other forces acting on the fiber
and thus on the FBG will alter the reflected wavelength. The
characteristics of the reflected light can thus be analyzed to
determine the strain characteristics of the fiber, with data
points corresponding to the discrete locations of the Bragg
gratings.
A representative FBG is depicted in FIG. 1. Fiber 1 has a

core 2, typically made of silica and having a refractive index
nz. The FBG is represented by area 3 comprising a plurality
of individual index variations 4, shown in shading along
core 2. Each index variation 4 has been modified by UV light
or the like to alter its refractive index to n,. As described
below, a single fiber may have multiple FBGs along its core
2. Light traveling along core 2 and passing through FBG 3
is partially reflected at each index variation 4. Where light
has the characteristic Bragg wavelength of a given FBG,
reflections at each index variation 4 are propagated back
down the fiber. The grating period refers to the layout and
spacing of the index variations 4.

Fiber optic sensing technology to measure parameter data
conventionally falls into one of two categories: Optical
Frequency Domain Reflection (OFDR) and Wavelength-
Division Multiplexing (WDM). In a WDM sensor array

N
system, a source emits a light covering a selected wave-
length range. The light is coupled into the fiber containing an
array of serially multiplexed sensor gratings, each having a
different Bragg wavelength. The WDM system is designed

5 so that the Bragg wavelengths of each sensor are separated
from one another by a certain wavelength range so that the
FBGs don't interfere with each other. However, the wave-
length range of reflections from a given FBG combined with
the finite bandwidth of the light source means that only a
limited number of FBGs can be used in a single fiber, thus

10 
limiting the spatial resolution of strain measurements in a
WDM system. WDM systems typically have relatively high
sample rates in terms of kHz ranges.
By contrast, OFDR allows for a much higher number of

gratings per fiber (thousands of gratings per fiber are per-
15 miffed) but is characterized by a much lower sample rate

(i.e., less than 100 Hz) than WDM. Thus, with OFDR,
higher spatial resolution is available but is acquired much
less frequently. In an OFDR system, all of the FBGs in a
single fiber have the same central wavelength, and their

20 positions and characteristics along the fiber are detected by
measuring the beat frequency of an individual grating's
reflection against the reflection from a reference arm of an
interferometer having a known length. Because only a
narrow band of light is supplied, an optical fiber in an OFDR

25 system can effectively be "continuously grated" with FBGs
having similar characteristics. However, current technology
limitations prevent OFDR systems from having a high
sample rate and therefore applications for OFDR systems
are limited to lower frequency applications.

30 FOSS technology based on OFDR has a wide range of
applications. Applications include the use of FOSS sensors
on commercial and non-commercial aeronautics and Aero-
Structures, on rotary blades for helicopters and other rotor-
craft, on high performance automobiles and/or in the racing

35 industry, and in the fields of civil and mechanical engineer-
ing to measure strains on bridges, buildings, wind turbines,
and the like. In aerospace applications, strain sensing tech-
nology must be lightweight and have a small footprint, both
in terms of the sensor array and the analytics technology, it

40 must be able to be securely attached to or embedded in the
structure of the aircraft, and it must function across a wide
temperature range.
The ability of engineers to capture structural strain mea-

surements during high frequency shock and/or vibration
45 events would enable better modeling of the structural

capacities of a structure during extreme conditions, to pre-
dict the fatigue of the structures during normal operating
conditions, and to gain other important information about
the system in operation or at failure. High frequency sam-

50 pling (1 kHz or more) is necessary to capture such mea-
surements. However, it is also necessary to maintain the
spatial resolution available under low-frequency methods
like OFDR.

Therefore, it would be advantageous to provide an optical
55 strain sensing system for the active capture of strain sensing

data which provided both a high spatial resolution and a high
frequency rate of measurement. It would also be desirable to
provide such a system in a single, integrated unit that is
capable of receiving and processing both high frequency and

60 high spatial resolution strain data in real time. In addition, it
would be advantageous for this system to be able to interface
with conventional strain sensing analytics technologies.

65

SUMMARY OF THE INVENTION

It is, therefore, an object of the present invention to
provide a fiber optic sensing system that provides both high
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spatial resolution and high frequency measuring capabilities.
It is another object of the present invention to provide both
high resolution and high frequency capabilities within a
single continuously grated fiber that maintains the low
weight and low profile of modern WDM and OFDR Sys- 5

tems.
The present inventors herein provide a hybrid fiber optic

cable capable of generating both high frequency and high
resolution strain measurement types. The inventive hybrid
fiber contains both WDM FBGs (typically 1310 mu) and 10
OFDR FBGs (typically 1550 mu) from which discrete
readings using two different light sources are obtainable.
The two types of gratings are spaced at different intervals
along the length of the fiber such that the OFDR FBGs are
densely spaced along the length of the fiber to function as an 15
OFDR system cooperatively with its unique light source and
the WDM FBGs are relatively sparsely spaced to function as
a WDM system cooperatively with its unique light source.
Light sources are selected to correspond with the central
wavelength and overall bandwidth of each type of optical 20
strain sensing system and both light sources are coupled to
the same hybrid fiber optic cable. The reflected information
is then de-multiplexed into separate light components and
analyzed separately. The two independent data sets are then
fused together, recorded and then transmitted to a computer 25

where they are received and displayed.
In a preferred embodiment, the hybrid fiber according to

the present invention occupies one of eight available fiber
channels on a conventional FOSS interrogation unit. This
allows the entire system to comprise a single 8-fiber fiber 30
optic strand and a single interrogation unit.

Additional aspects of the present invention will become 35
evident upon reviewing the embodiments described in the
specification and the claims taken in conjunction with the
accompanying figures, wherein like numerals designate like
elements, and wherein:

FIG. 1 is a side cut-away view of a conventional fiber 40
Bragg grating.

FIG. 2 is a perspective view of the hybrid Fiber Optic
Sensing System (hyFOSS) fiber 10 according to the present
invention on which shading variants represent areas of
different grating patterns on the core of fiber 10. 45

FIG. 3 depicts the layout of the hyFOSS fiber 10 accord-
ing to the present invention as applied to a representative
aerospace vehicle 100.

FIG. 4 is a block diagram of the hyFOSS interrogation
system according to the present invention. 50

FIG. 5 is a schematic diagram of the FOSS system
according to the present invention including a single repre-
sentative hyFOSS fiber 10.

DETAILED DESCRIPTION OF THE 55

PREFERRED EMBODIMENTS

The present invention is an improved fiber optic strain
sensing system through which both high spatial resolution
and high frequency strain measurements are provided on a 60
single hybrid fiber.
The combination of high spatial resolution and high

frequency measurements on a single fiber is accomplished in
the inventive fiber onto which OFDR FBGs and WDM
FBGs are incorporated, herein termed a hybrid FOSS or 65
"hyFOSS" fiber. The characteristics of the FBGs are selected
to match the wavelengths transmitted by two discrete light

4
sources. In a preferred embodiment, both a 1310 mn broad-
band light source 20 and a 1550 nm tunable light source 30
are both coupled onto the hyFOSS fiber as described in
further detail below.

FIG. 2 is a perspective view of the hyFOSS fiber 10
according to the present invention with areas of different
grating patterns on the core of fiber 10, including areas of
densely spaced fiber Bragg gratings, and areas of sparsely
spaced fiber Bragg gratings. Areas 11 represent locations of
the fiber onto which densely spaced OFDR (1550 mu) FBGs
are inscribed onto the fiber's core (not shown). Darkly
shaded bands 12 represent the locations of WDM (1310 mu)
FBGs that serve as WDM sensors. In a preferred embodi-
ment of the present invention, "densely spaced" means
OFDR sensors spaced no more than 1/4 in. apart with little to
no gap between gratings.
By way of example, for a WDM sensor array light source

having a bandwidth of 70 mu, and wherein the Bragg
wavelengths of all WDM sensors are separated by 2 mn for
interference avoidance, a maximum of 35 sensors may be
used for the WDM sensor array on a single fiber. For a
representative 80 ft. FOSS sensor, then, WDM sensors 12
would be located approximately every 27 inches along the
length of the fiber. By contrast, OFDR sensors 11, which
operate within the same central wavelength, may be densely
spaced between WDM sensors 12 along the length of the
fiber 10. According to one embodiment of the present
invention, a single fiber may contain 4,096 OFDR sensors
11, spaced approximately every 1/4 in. along fiber 10. How-
ever, these parameters are not meant to be limiting, and it
will be understood that the number and spacing of WDM
and OFDR sensors can be varied within the technological
constraints discussed herein, to suit the desired application.
For example, as described in more detail below, a number of
WDM sensors can be concentrated along a short length of
hyFOSS fiber 10 and placed on the structure being measured
in places where the structure is expected to experience
exceptionally large or unique forces.
The hyFOSS technology according to the present inven-

tion can be applied to any industry where high spatial
resolution shape and/or strain measurements and high speed
acquisition of parameter measurements are desired. Based
upon the application, hyFOSS fiber 10 could be strategically
located on the structure to be measured in areas of expected
high strain or on particularly strain-sensitive areas like, for
example, the leading edge of an aircraft wing. Moreover,
WDM sensors 12 need not be equally spaced along the
length of hyFOSS fiber 10 and can be clustered on a
particular area of fiber 10 such that, when fiber 10 is applied
to the structure, WDM sensors 12 are able to measure, up to
5 kHz, a particularly sensitive area of the structure or an area
of greatest interest to the engineers, or the like.
FIG. 3 depicts the layout of the hyFOSS fiber 10 accord-

ing to the present invention as applied to a representative
aerospace vehicle 100. As in FIG. 2, unshaded areas 11 in
FIG. 3 represent areas of densely spaced OFDR sensors
while WDM sensors 12 are shown at spaced intervals along
fiber 10. Fiber 10 is depicted as applied to the surface of the
vehicle's outer structure for illustration purposes, but it will
be understood that the FOSS sensor system according to the
present invention may be either partially or fully embedded
in the composite material comprising the external structure
or any internal structure of vehicle 100 for which high
frequency, high resolution strain sensing data is desired.
Moreover, the FOSS sensor system may be wrapped fully
around, affixed to or embedded in any configuration on or
into the vehicle or structure being measured. FIG. 3 depicts
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a single hyFOSS fiber according to the present invention as
applied to a representative aerospace vehicle 100. However,
as described in more detail below, hyFOSS fiber 10 may
actually be incorporated into a unitary fiber optic strand
comprising multiple individual fibers either in parallel with
or axed to or embedded in other regions of the structure
being measured. The FOSS sensors system, including
hyFOSS cable 10, is coupled to an interrogation system (not
shown in FIG. 3) to collect and analyze the reflected data and
which, in an aircraft, may reside inside the vehicle and be
provided with a screen for viewing measured strain data of
the aircraft in real time.

FIG. 4 is a block diagram of the inventive hyFOSS
interrogation system which allows signals from both sensor
types (WDM and OFDR) along the same hyFOSS fiber 10
to be interrogated and analyzed. hyFOSS interrogation sys-
tem 40 comprises both an OFDR analyzer 41 and a WDM
analyzer 42. In a preferred embodiment, OFDR analyzer 41
comprises an 8-fiber FOSS analyzer, but alternatively may
be any OFDR analyzer known in the art or subsequently
developed. Both OFDR analyzer 41 and WDM analyzer 42
contain a light source. In a preferred embodiment, WDM
analyzer 42 contains a 1310 mir broadband light source with
a 70 mir bandwidth for supplying light in the proper wave-
length range for reflection by the plurality of WDM sensors
12 located along hyFOSS fiber 10. OFDR analyzer 41
preferably contains a 1550 mir tunable light source for
emitting light for reflection by the plurality of OFDR sensors
11 located along hyFOSS fiber 10. In addition, according to
one embodiment of the instant invention, OFDR analyzer 41
may be coupled to additional, non-hyFOSS fibers occupying
the same fiber strand as one or more hyFOSS fibers 10.
hyFOSS interrogation system 40 additionally contains

hyFOSS multiplexer 43 that accomplishes the multiplexing
and de-multiplexing required for hyFOSS fiber 10. As
shown in FIG. 4, hyFOSS multiplexer 43 receives light from
both the WDM 42 and OFDR 41 analyzer light sources.
Thus, in the preferred embodiment, hyFOSS multiplexer 43
receives light at 1310 nm wavelength and at 1550 mir
wavelength. hyFOSS multiplexer 43 functions similarly to
an add-drop multiplexer by combining the light received
from both light sources at 1310 mir and 1550 nm, then feeds
the combined signal into hyFOSS fiber 10.
As described above, hyFOSS fiber 10 contains both

WDM and OFDR sensors wherein each separate sensor type
is configured to reflect a given bandwidth of light. Thus,
light at 1310 nm is reflected by the plurality of WDM
sensors and light at 1550 nm is reflected by the plurality of
OFDR sensors. Reflections are received by hyFOSS multi-
plexer 43, which then de-multiplexes the signal by separat-
ing the reflected light into its respective components (1550
mir and 1310 mir) for interrogation by their respective
analyzers 41, 42. Incorporated with WDM 42 and OFDR 41
analyzers in hyFOSS interrogation system 40 is a CPU 44
which fuses the data sets received by the two analyzers 41,
42 and, optionally, records and/or transmits the fused and/or
independent data sets based on design preference and
desired means of data capture. CPU 44 and/or hyFOSS
interrogation system 40 also optionally contain a display
unit (not shown) for interactive viewing and/or to enable
manipulation of the data received from the sensor array.
FIG. 5 is a schematic diagram of the FOSS system

including a single representative hyFOSS fiber 10. Box 40
encapsulates components of the hyFOSS interrogation sys-
tem. In operation, light from both a 1550 nm tunable light
source 30 and a 1310 nm broadband light source 20 are fed
into wavelength-division multiplexer 43. Optionally, a

6
3-port circulator 50 may be used to apply signals to and from
1310 mir broadband light source 20, multiplexer 43 and
WDM analyzer 42 as shown. 3-port circulator 50 facilitates
the transmission of light from 1310 mir broadband light

5 source 20 to multiplexer 43 and of reflection data from
multiplexer 43 to WDM analyzer 42 as will be described.
Multiplexer 43 then multiplexes light from both light
sources 20, 30 for transmission to hyFOSS fiber 10. Trans-
mission between multiplexer 43 and hyFOSS fiber 10 may

to be accomplished via a standard optical patch cable 52, as
shown. The multiplexed light comprising wavelengths from
both light sources 20, 30 is then fed into hyFOSS fiber 10
and reflections from WDM sensors 12 and OFDR sensors 11

15 are received back at the multiplexer 43.
Optionally, a narrowband reflector box 51 comprising a

chirped FBG with 50% reflectivity at 1550 mir and an 80 mir
bandwidth is connected between hyFOSS fiber 10 and
multiplexer 43 and/or optical cable 52. A narrowband reflec-

20 for box 51 configured in this fashion will reflect 50% of the
light having a wavelength of (and within 80 mir of) 1550 mir
and pass all light having a wavelength of approximately
1310 nun.

Multiplexer 43 receives the reflected light from the
25 hyFOSS fiber containing both WDM 12 and OFDR 11

sensor types. Multiplexer 43 then de-multiplexes, i.e. sepa-
rates, the reflected light into its respective components (13 10
nm and 1550 mu) and transmits each separate component to
its respective analyzer 41, 42. Although not shown, multi-

30 plexer 43 may also be connected to 1550 nm light source 30
and OFDR analyzer 41 via a 3-point circulator for efficiency
of transmission. With reference now to FIG. 4, a CPU 44
collects and fuses the data sets from the respective analyzers
41, 42 and records and/or transmits and/or displays same as

35 described above.
Although the inventive system and hyFOSS fiber is

described herein with respect to a 1550 mir OFDR sensor
system and corresponding light source and a 1310 mir WDM
sensor system and corresponding light source, it should be

40 understood to one having ordinary skill in the art that the
invention may be adapted to utilize light having different
wavelengths by modification of the grating periods of WDM
12 and OFDR 11 sensors, with modification and/or tuning of
light sources 20, 30 and with minimal additional adjustment

45 to hyFOSS interrogator 40. In addition, it should be under-
stood that a FOSS system may include one or more hyFOSS
fibers according to the present invention, which may be
combined in a fiber optic strand with one or more traditional
FOSS sensors such as one or more traditional OFDR sensors

5o and/or one or more traditional WDM sensors, with minor
alteration to the system as disclosed in FIG. 4. Moreover, the
total number and total length(s) of each sensor adapted for
use with the hyFOSS interrogator may vary based on design
choice and space limitations in terms of both sensor place-

55 ment and the interrogator system itself. For example, the
hyFOSS interrogation system 40 as depicted in FIG. 4 may
be adapted for use with a traditional OFDR analyzer having
more than 8 fiber channels.
One skilled in the art should now understand that the

6o above-described system is an improvement over conven-
tional WDM and OFDR FOSS systems as it provides strain
measurements at both a high spatial resolution and a high
frequency. The system may be modified for cooperative use
with a wide range of systems requiring active or experimen-

65 tal strain measurements, such as bridges and automobiles,
and may be adapted to provide high spatial resolution and
high frequency strain measurements along areas of interest
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to the engineer. The inventive system may also be easily
integrated into an existing WDM or OFDR FOSS system.

It should be understood that various changes may be made
in the form, details, arrangement, and selection of the
components. Such changes do not depart from the scope of
the invention which comprises the matter shown and
described herein and set forth in the appended claims.
The invention claimed is:
1. A hybrid fiber optic strain sensor, comprising:
a first plurality of densely spaced fiber Bragg gratings,

each of said first plurality of densely spaced fiber Bragg
gratings having a first resonant wavelength; and

a second plurality of fiber Bragg gratings, spaced at
intervals for WDM interrogation, each of said second
plurality of fiber Bragg gratings having a second reso-
nant wavelength domain;

wherein said first resonant wavelength comprises 1550
mn and second resonant wavelength domain comprises
1310 mn plus or minus 70 mu.

2. A fiber optic strain sensing system, comprising:
at least one hybrid fiber optic strain sensor as claimed in

claim 1;
a first light source;
a second light source;
a multiplexing device operably coupled between said at

least one hybrid fiber optic sensor on a first side and
said first and second light sources on a second side, said
multiplexer being configured to multiplex light from
said first and second light sources and to de-multiplex
reflections from said at least one hybrid fiber optic
sensor;

a first signal analyzer operatively coupled to said multi-
plexing device; and

a second signal analyzer operatively coupled to said
multiplexing device.

3. The fiber optic strain sensing system of claim 2,
wherein said first signal analyzer is a WDM analyzer.

4. The fiber optic strain sensing system of claim 2,
wherein said second signal analyzer is an 8 fiber OFDR
analyzer.

5. The fiber optic strain sensing system of claim 4, further
comprising 7 additional FOSS fibers operatively coupled to
said second signal analyzer.

6. The fiber optic strain sensing system of claim 2, further
comprising a narrowband reflector box operatively con-
nected between said at least one hybrid fiber optic strain
sensor and said multiplexing device.

7. The fiber optic strain sensing system of claim 2, further
comprising a 3-point circulator operatively coupled between
said first light source, said first signal analyzer, and said
multiplexing device.

8
8. The fiber optic strain sensing system of claim 7, further

comprising a 3-point circulator operatively coupled between
said second light source, said second signal analyzer, and
said multiplexing device.

5 9. The fiber optic strain sensing system of claim 2,
wherein said at least one hybrid fiber optic strain sensor is
at least partially embedded into the structure of a vehicle.

10. The fiber optic strain sensing system of claim 9,
wherein said at least one hybrid fiber optic strain sensor is

10 fully embedded into the structure of a vehicle.

11. The fiber optic strain sensing system of claim 10,
wherein said vehicle is an aircraft, and further comprising a
CPU having a monitor mounted in the cabin of said aircraft,

15 said CPU being operatively connected to said first and
second signal analyzers.

12. The fiber optic strain sensing system of claim 2,
wherein said at least one hybrid fiber optic strain sensor is
at least partially embedded into the structure of a structure

20 selected from the group comprising a rotorcraft blade,
bridge, building, or wind turbine.

13. A fiber optic strain system, comprising:

a hybrid fiber optic strain sensor, comprising:

a first plurality of fiber Bragg gratings, each of said first
25 plurality of fiber Bragg gratings having a first reso-

nant wavelength; and

a second plurality of fiber Bragg gratings, each of said
second plurality of fiber Bragg gratings having a

30 
second resonant wavelength domain;

wherein said first resonant wavelength and second
resonant wavelength domain are not equal;

a multiplexer configured to de-multiplex reflections from
said at least one hybrid fiber optic sensor such that

35 reflections from said first plurality of fiber Bragg grat-
ings are separated from said second plurality of fiber
Bragg gratings: and,

a narrowband reflector box operatively connected
between said at least one hybrid fiber optic strain sensor

40 and said multiplexing device.

14. The fiber optic strain sensing system of claim 13,
wherein said at least one hybrid fiber optic strain sensor is
at least partially embedded into the structure of a vehicle.

45 15. The fiber optic strain sensing system of claim 14,
wherein said first resonant wavelength is longer than said
second resonant wavelength domain, and wherein said sec-
ond plurality of fiber Bragg gratings are physically concen-
trated along a portion of said structure of said vehicle

50 
expected to experience large or unique forces.
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