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Abstract—We review the recent developments in the area of
optical fiber grating sensors, including quasi-distributed strain
sensing using Bragg gratings, systems based on chirped gratings,
intragrating sensing concepts, long period-based grating sensors,
fiber grating laser-based systems, and interferometric sensor
systems based on grating reflectors.

I. INTRODUCTION

T HE advantages of optical fiber sensing are well known
and have been widely extolled in the research litera-

ture on the subject. Fiber sensors have, however, resulted
in relatively few real commercial successes, and the tech-
nology remains in many instances, laboratory-based at the
prototype stage. The reason for this is becoming clear to
most researchers in the field: many fiber optic sensors were
developed to displace conventional electro-mechanical sensor
systems, which are well established, have proven reliability
records and manufacturing costs. Thus, even though fiber
sensors offer important advantages such as electrically passive
operation, EMI immunity, high sensitivity, and multiplexing
capabilities, market penetration of this technology has been
slow to develop. In applications where fiber sensors offer new
capabilities, however, such as distributed sensing, fiber sensors
appear to have a distinct edge over the competition. Fiber
Bragg gratings (FBG’s) and other grating-based devices are
examples of the type of sensors which provide this capability.

Gratings are simple, intrinsic sensing elements which can
be photo-inscribed into a silica fiber [1]–[6] and have all the
advantages normally attributed to fiber sensors. In addition,
the devices have an inherent self referencing capability and
are easily multiplexed in a serial fashion along a single
fiber [7]–[9]. Grating-based sensors appear to be useful for
a variety of applications. In particular the area of distributed
embedded sensing in materials for creating “smart structures”
is of primary interest. Here fibers with sensor arrays can
be embedded into the materials to allow measurement of
parameters such as load, strain, temperature, and vibration,
from which the health of the structure can be assessed and
tracked on a real-time basis. Gratings may also prove to be
useful as the optical sensing element in a range of other
fiber sensor configurations; grating-based chemical sensors,
pressure sensors, and accelerometers are examples.
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This paper will review developments in the area of grating
based sensors, including basic quasi-distributed sensors based
on Bragg gratings, chirped grating sensing, fiber Bragg grating
laser sensors, long-period grating sensors and interferometric
configurations based on gratings. The techniques discussed
will primarily focus on the measurement of strain, but systems
have also been used for temperature measurements.

II. BRAGG GRATING POINT SENSORS

The basic principle of operation commonly used in a FBG-
based sensor system is to monitor the shift in wavelength of
the returned “Bragg” signal with the changes in the measurand
(e.g., strain, temperature). The Bragg wavelength, or resonance
condition of a grating, is given by the expression [7]

(1)

where is the grating pitch and is the effective index of the
core. With such a device, injecting spectrally broadband source
of light into the fiber, a narrowband spectral component at the
Bragg wavelength is reflected by the grating. In the transmitted
light, this spectral component is missing, as depicted in Fig. 1.
The bandwidth of the reflected signal depends on several
parameters, particularly the grating length, but typically is

0.05 to 0.3 nm in most sensor applications. Perturbation
of the grating results in a shift in the Bragg wavelength of
the device which can be detected in either the reflected or
transmitted spectrum, as shown.

Most of the work on fiber Bragg grating sensors has focused
on the use of these devices for providing quasi-distributed
point sensing of strain or temperature. The strain response
arises due to both the physical elongation of the sensor (and
corresponding fractional change in grating pitch), and the
change in fiber index due to photoelastic effects, whereas the
thermal response arises due to the inherent thermal expansion
of the fiber material and the temperature dependence of the
refractive index. The shift in Bragg wavelength with strain
and temperature can be expressed using

(2)
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Fig. 1. Basic Bragg grating-based sensor system with transmissive or reflective detection options.

where is the applied strain, coefficients are the Pockel’s
(piezo) coefficients of the stress-optic tensor,is Poisson’s
ratio, and is the coefficient of thermal expansion (CTE) of
the fiber material (e.g., silica), and is the temperature
change. The factor has a
numerical value of 0.22. The measured strain response at
constant temperature is found to be

(3)

This responsivity gives a “rule-of-thumb” measure of the
grating shift with strain of 1 nm per 1000 at 1.3 m. In
silica fibers, the thermal response is dominated by the
effect, which accounts for 95% of the observed shift. The
normalized thermal responsivity at constant strain is

C (4)

A wavelength resolution of 1 pm (0.001 nm) is required
(at m) to resolve a temperature change of0.1 C,
or a strain change of 1 strain. Although this wavelength
resolution is attainable using laboratory instrumentation such
as spectrum analyzers and tunable lasers, the ability to resolve
changes on this order using small, packaged electro-optics
units is a challenge, and this has been the focus of a con-
siderable amount of research work in the grating sensor field.

The nature of the output of Bragg gratings provide these
sensors with a built-in self-referencing capability. As the
sensed information is encoded directly into wavelength, which
is an absolute parameter, the output does not depend directly
on the total light levels, losses in the connecting fibers and
couplers, or source power. This is widely acknowledged as one
of the most important advantages of these sensors. The wave-
length encoded nature of the output, however, also facilitates
wavelength division multiplexing by allowing each sensor
to be assigned to a different “slice” of the available source
spectrum. This enables quasi-distributed sensing of strain,
temperature, or potentially other measurands by associating
each spectral slice with a particular spatial location. The
concept is illustrated in Fig. 2: The upper limit to the number
of gratings which can be addressed in this way is a function
of the source profile width and the operational wavelength

Fig. 2. Quasi-distributed sensor system using FBG elements.

bandwidth required for each grating element. With current
gratings it is possible to multiplex 20 or more devices along a
single fiber path if the peak strains experienced by the gratings
do not exceed 0.1% ( 1000 strain).

Although a wide variety of techniques have been demon-
strated for monitoring Bragg wavelength shifts, only certain
techniques appear to have the potential for being reduced to
a practical, cost-effective instrumentation systems for use in
“real-world” applications. Here we review the progress made
in the development of such instrumentation systems for static
and dynamic strain applications.

The most frequently utilized method for the interrogation
of FBG sensors is based on passive broadband illumination of
the device: Light with a broad spectrum which covers that of
the FBG sensors is input to the system; either the narrowband
component reflected by the FBG is directed to a wavelength
detection system, or the spectral “notches” in the transmitted
are analyzed.

A. Quasi-Static Strain Monitoring

Several techniques have been demonstrated to be quite
reliable for performing this wavelength analysis. A ratiometric
approach based on the use of broadband filters was the first
approach to be demonstrated [10]. This method allows the
shift in the FBG wavelength of the sensor element to be
assessed by comparing the transmittance of the FBG-reflected
light through a filter to that passed through a direct reference

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on October 8, 2008 at 06:44 from IEEE Xplore.  Restrictions apply.



1444 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 8, AUGUST 1997

Fig. 3. Scanning filter FBG grating detection technique.

path. Edge or bandpass filters provide a suitable wavelength-
dependent loss for this type of detection system. A relatively
limited sensitivity is obtained using this approach due to as-
sociated problems with the use of bulk-optic filter/collimation
components and associated alignment stability. One means to
improve on this is to use a fiber device with a wavelength
dependent transfer function, such as for example, a fiber
wavelength-division multiplexing (WDM) coupler [11], [12].
A resolution 5 strain, corresponding to 0.5 C
has been demonstrated using this approach. Other types of
filters, such as biconical fiber filters have been used for this
purpose [13].

One of the most successful techniques for interrogating FBG
sensors is based on the use of a tunable passband filter for
tracking the FBG signal. The most commonly used technique
is based on the use of Fabry–Perot (FP) filters [15]–[17],
however, acousto-optic filters [18], [19], and FBG-based filters
[20], [21] are examples of the types of filter suitable for this.
A system based on a scanning FP filter is depicted in Fig. 3.
Here, light reflected from an array of Bragg grating sensors
is passed through a FP filter which passes one narrowband
wavelength component, depending on the spacing between
the mirrors in the device. Electrical control of this mirror
spacing via piezoelectric stacks allows for tuning the passband
wavelength. As the filter is tuned, the passband scans over the
return signals from the gratings, and the wavelengths can be
determined and recorded from the voltage applied to the filter
as the return signals are detected.

In operation, the light reflected from the grating sensors is
returned via the coupler to the scanning Fabry–Perot optical
filter and to a detector. Typical characteristics of the type of FP
used are a free spectral range (FSR) of 50 nm and a bandwidth
of 0.3 nm. This allows as many as 16 individual sensor
gratings spaced by 3 nm to be used. For a FSR of 50 nm,
generation of the scanning voltage for the FP filter via a 16-
bit digital-to-analog converter produces a minimum resolvable
(least significant bit) wavelength shift of approximately 0.8
pm, or an equivalent strain resolution of 0.8strain. Currently
available FP filters can be scanned at rates300 Hz, although
scan rates to 1 kHz should be possible.

Fig. 4 shows a comparison of the strain monitored with
a scanning-filter demodulated FBG and resistive foil strain
gauge when both were strained to2000 strain. Resolutions
on the order of 1 strain have been achieved with the
FP approach, and up to 16 gratings have been multiplexed
on a single fiber. The use of an optical switch allows such an

Fig. 4. Comparison between a resistive strain gauge (RSG) and an FGB
sensor.

Fig. 5. Schematic diagram of the 60 channel FBG sensor electro-optics
system.

instrumentation system to address several “arrays” of gratings,
and a system for tracking 60 grating sensors was recently
developed [22]. The system is schematically illustrated in
Fig. 5. Single-mode optical fiber switches driven under PC
control are utilized to allow the measurement of strain along
5 independent strings of 12 FBG sensors. The strings are
illuminated using a single 1.3m ELED source ( 150 W
power) through a 3 dB coupler and the switches. This pro-
cessing occurs for each of the 60 elements in the array within
a 2.5 s interval (with 50 averages/sensor), which is more
than an adequate sampling rate for static strain monitoring,
for example, in civil engineering. Obviously, by using a
switch with more ports, a larger number of sensors could be
monitored.

Fig. 6 shows the lab performance of the system. Here, all
60 sensors were monitored over a 30 minute period. Two
sensors were strain-modulated to demonstrate the performance
of the system. One with a 100-strain square wave modulation
function at a period of 4 min, and the other with a sine-wave
modulation of period 2 min. The short term resolution of the
system was 1 strain, and drift over the 30 min period
was 3 strain, which was attributed to slight temperature
fluctuations in the laboratory.

The scanning optical filter approach has the drawback of
utilizing only a narrow “slice” of the optical spectrum at a
given time. When an array of FBG’s, spanning a spectral
range, is repeatedly interrogated at a frequency, the amount
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Fig. 6. Laboratory performance of the 60 channel FBG sensor system.

of energy reflected by each FBG per sample period is equal
to its reflectivity times the spectral brightness of the source
times the grating’s spectral width divided by the repetition
frequency. When a scanning filter is used, the amount of
energy available for detection is times the filter’s bandwith

, divided by the width of the scanned wavelength range
. As a result, if the filter’s bandwidth equals1% of

the scanned width and each FBG is very strong (95%
reflecting), the detectable energy per scan from each
FBG is approximately 0.01 . Consequently, relatively strong
reflectors and/or bright sources are generally required for good
resolution of wavelength shifts. Nevertheless, measurements
made with FBG’s of 2–4% reflectivity and erbium fiber
sources with average optical powers in the 10 mW range have
demonstrated 1 strain resolution using the scanning filter
approach.

The optical throughput power penalty of a scanned filter,
however, can be avoided through parallel detection of the
entire spectrum with a linear-array detector such as a charge-
coupled device (CCD). In such a system, wavelength dis-
crimination is achieved with a fixed dispersive element (e.g.,
prism or grating) which converts wavelength into position
along a line imaged onto an array of detector elements, as
depicted in Fig. 7. Because the CCD spectrometer collects all
the light returned by each FBG over the entire scan period
[23], , so a 1% FBG provides as much signal with
parallel detection as does a 95% FBG with scanned detection.
Parallel detection is then effective with either a much dimmer
source, or much lower reflectance gratings.

The CCD spectrometer was developed for instrumenting
wavelength-stepped FBG sensor arrays fabricated on-line as

Fig. 7. Schematic of the fiber-coupled CCD spectrometer showing the CCD
imager, collimating lens, and plane grating.

part of the fiber draw process [24]. Fig. 8 illustrates a typical
array of gratings fabricated in this manner. The sensors are
produced very rapidly (1/s) and retain the original fiber
strength ( 5.5 GPa) since no handling of the bare glass occurs.
While the single-pulse writing exposure results in reflectivities
of 5% (@ 800 nm) for grating lengths below 1 cm, the CCD
spectrometer readily detects reflections from these gratings,
and provides high-speed strain information with moderate
source intensities.

By dispersing a 24-nm bandwidth over a 256-pixel CCD,
as many as 22 FBG’s spaced by 1 nm may be resolved, with

0.4 nm overlap-free range (corresponding to a600 strain
range). The spectrometer’s imaged wavelength dispersion is
such that the center-to-center pixel spacing corresponds to

0.10 nm. Strain resolution of 1strain requires a wavelength
resolution of better than 0.0007 nm or less than 1/100th pixel.
The image of each FBG is spread over several adjacent pixels,
so a weighted average of the center wavelengths of those
illuminated pixels scaled by each pixel’s detected signal
gives the computed center of the reflected signal’s wavelength
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Fig. 8. Spectrum of 1–3% reflecting FBG’s produced on the draw tower and
detected with the CCD spectrometer at>3 kHz sampling rates. The shape of
the source spectrum indicates the available range of the strain channels.

(5)

Strain sensitivity below 1 strain (without averaging) at
repetition rates above 3.5 kHz has been demonstrated with 20
1–3% reflectors illuminated by several hundred microwatts of
broadband light. As with other detection techniques, capacity
can be expanded many times with a multiport fiber switch.
CCD spectrometers adapted for strain measurement are much
less developed than scanned detection methods, are only
practical at wavelengths below 900 nm, and require bulk
optics. However, parallel detection is insensitive to intensity
and temperature fluctuations, and there is no time delay
between channel readings. Along with its improved sensitivity,
the advantages of parallel detection may be important in some
applications.

The other form of direct spectroscopic tool for analyzing the
return signals is analysis via Fourier transform spectroscopy
(FTS). In this case, the light from an array of grating sensors
is fed to an interferometer in which one arm can be scanned to
change the relative optical path lengths. As the path difference
passes through zero, a beat signal between the optical com-
ponents is generated at the detector. For a multiwavelength
signal, such as that produced by the grating array, the detector
output comprises a series of discrete audio frequencies, each
of which corresponds to a particular grating. Temperature or
strain variations at a given grating modulate the corresponding
frequency component.

An all-fiber scanning interferometer [25] has been demon-
strated with a 30-cm optical path difference (OPD) scan
capability for FTS analysis of gratings sensors. The sys-
tem utilized a Michelson interferometer with Faraday-rotator
mirrors as reflector elements to avoid unwanted polarization-
induced fading of the interferogram [26]. Each fiber arm was
approximately 100 m in length, with one arm wound on a fiber
stretcher element used to induce strains on the order of 0.1%.
This produced a 10 cm physical path change in the length
of one arm, corresponding to an approximately 30 cm change
in optical path length in the interferometer. Resolutions on the
order of 0.015 nm were reported with this system.

Another recently developed demodulation scheme utilized
the broadband, ultra-short pulses generated by a passively
mode locked fiber laser [27]. Pulses generated from such

lasers are typically a few picoseconds in duration, and as a
consequence of self phase modulation, they can exhibit optical
bandwidths in excess of 80 nm in the 1.55 mm window
[28]. These pulses were injected into a long coil of highly
dispersive fiber and then into an array of FBG’s. The reflected
pulses then traversed the dispersive coil a second time on
their way to a high speed detector connected directly to a
sampling oscilloscope. The highly dispersive fiber acts to form
a passive wavelength-dependent optical delay line. Thus, in the
time domain an array of FBG’s would generate a sequence of
pulses separated by the time of flight between gratings, plus
a wavelength-dependent delay resulting from the double-pass
through the highly dispersive fiber. For applications where the
physical spacing between gratings is effectively constant
(i.e., for small ), only changes in the Bragg wavelength will
shift the relative time of the reflected pulses. Strain sensitivities
of approximately 20 strain were demonstrated, limited by
the total fiber dispersion of only 540 ps/nm, and the timing
jitter of the oscilloscope. With a higher dispersion fiber or
a long (approximately, 30 cm) chirped Bragg grating, it is
believed that 1 strain sensitivities could be obtained by this
method. The conventional, wavelength-domain demodulation
is limited by the spectral separation between adjacent gratings,
while time-domain demodulation lifts this restriction. As only
the induced delay is measured, the wavelengths of different
gratings may be allowed to shift past one another, or even
overlap spectrally, so long as sufficient light is returned from
each grating to determine the arrival time of its reflection.
Finally, it should be noted that it should be possible to
derive both the local strainat the individual elements and the
integrated strainbetweenelements by comparing a direct tem-
poral interrogation (i.e., standard OTDR) with the dispersive
OTDR result.

B. Time- and Wavelength-Division Multiplexing

A primary advantage of using FBG’s for distributed sensing
is that large numbers of sensors may be interrogated along a
single fiber. WDM provides for tens of sensors per fiber, but
time-division multiplexing (TDM) can multiply this number
several times by re-using of the spectrum of the source. With
mixed WDM/TDM in the serial configuration of Fig. 9(a),
several wavelength-stepped arrays are concatenated, each at
a greater distance along the fiber. By launching a short
pulse of light from the source, the reflections from FBG’s,
at successively more distant positions along the fiber, will
return to the detector at successively later times. The detection
instrumentation is configured to respond to the reflected signals
only during a selected window of time after the pulse is
launched, so that a single WDM set of sensors is selected
for detection.

This approach has been demonstrated using a 33 grating
array with time-gating at the detector combined with the
scanning FP filter wavelength detection [29]. Fig. 10 shows
the outputs obtained with the nine element array: Here, a strain
perturbation was applied to only one grating (#9), while the
others were left unstrained. This approach has the potential
to be expanded to much larger arrays, e.g., 1010 for
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(a)

(b)

(c)

Fig. 9. WDM/TDM addressing topologies for FBG arrays. (a) Serial system with low reflectivity gratings, (b) parallel network, and (c) branching network.

example for a 100-element system would be feasible with
current components.

Although TDM with CCD detection has not yet been
demonstrated, the pairing of low-reflectivity gratings with
high-sensitivity detection will be critical to interrogating large
numbers of FBG’s in a single fiber [Fig. 9(a)] because of two
deleterious effects that can arise with strong reflectors. FBG’s
whose reflected light signals are separated in time, but which
overlap in wavelength can experience cross-talk through what
can be termed “multiple-reflection” and “spectral-shadowing.”

Multiple-reflection crosstalk arises due to light reflected
from one grating which arrives in the time window allotted
to the detection of a downstream grating, because multiple
reflection paths have delayed some of the first grating’s signal.
The analysis of this problem is nearly identical to that covered
in [76]. The effect is, obviously, strongly dependent on the
reflectivity of the gratings, and can be minimized by the use
of low reflectivity gratings.

Spectral-shadowing crosstalk is defined as distortion of
a downstream FBG’s spectrum due light having to pass
twice through an upstream FBG. If the two gratings’ center
wavelengths are slightly offset, it appears as though the
downstream FBG is shifted further in the direction of the
actual offset. The worst case distortion, with two FBG’s equal
in width and reflectivity, occurs approximately when they

are spectrally offset by their FWHM. The error will vary
somewhat with the detection method, but errors1 strain
are projected for a pair of interfering FBG’s with reflectivities

5% [23].
The TDM/WDM parallel and branching optical fiber net-

work topologies of Fig. 9(b) and (c) eliminate these deleterious
effects, but at the price of reduced overall optical efficiency
and the need for additional couplers and stronger FBG’s.

C. Dynamic Strain Sensing

The use of interferometric configurations to detect the
shift in the resonance condition of a Bragg grating have
been described by a several groups [30]–[32]. An unbalanced
interferometer is an optical filter element with a transfer
function of the form where the phase term
depends on the input wavelength. Fig. 11 shows the general
principle of this technique applied to grating sensors. Light
reflected from a grating is directed through an interferometer
which has unequal paths. Due to the inherent wavelength
dependence of the phase of an unbalanced interferometer
on the input wavelength, shifts in Bragg wavelength are
converted into phase shifts. One caveat with this approach
is that the interferometer path difference must be kept less
than the effective coherence length of the light reflected from
the grating ( 1 cm for a 1-cm grating @ 1.3 m). As
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Fig. 10. WDM/TDM system outputs for a 3� 3 array.

Fig. 11. Interferometric detection system for FBG sensors.

the interferometer output can be modulated via control of
the path imbalance between the interferometer arms, various
phase-reading techniques can be applied to determine phase
modulation, , induced by FBG wavelength shifts, .

The dependence of the output phase change on Bragg
grating wavelength shift is given by

(6)

By appropriate choice of the interferometer OPD ( ),
this technique can be made to be extremely sensitive to weak
dynamic Bragg wavelength shifts: For example, with an inter-
ferometer of OPD of 1 cm (6.7 mm fiber length) the output
wavelength-to-phase conversion factor is37 rad/nm at a
wavelength of 1.3 m. Using the grating strain response of ap-
proximation 1 nm/1000 strain (at 1.3 m), the strain-to-phase
response of the system is0.037 rad/ strain. Typically, with
interferometric systems, measurements down torad/ Hz
levels are possible, which results in predicted strain resolution
of 0.035 nanostrain/Hz (35 picostrain/ Hz). Although
this sensitivity has yet to be demonstrated, a sensor with
a resolution of 0.6 nanostrain/Hz has been demonstrated.
It is interesting to note that the equivalent wavelength shift
corresponding to this strain change is on the order of10 6

nm at 1.3 m (or 100 kHz shift in optical frequency).
Although very sensitive to dynamic strains, the interfero-

metric technique can be problematic when used for quasistatic
strain measurements due to drifts in the interferometer bias
phase itself. This can lead to inaccurate readings. However,
a technique to compensate for this drift using a reference
wavelength to directly monitor the interferometer stability has
been reported [31]. This approach has been used to improve
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Fig. 12. Multiplexing system for interferometric detection using a four-channel WDM splitter.

the ability of FBG’s to monitor temperature, and in particular
to allow differential temperature measurements [32].

Multiplexing using the interferometric detection system
has been demonstrated via the use of both wavelength- and
time-division based addressing techniques. In the case of
TDM addressing, the multiplexing of 8 gratings sensors was
demonstrated using a pulsed optical source and a single “read-
out” interferometer [33]. In the case of WDM addressing,
wavelength demultiplexing filters have been used to separate
the outputs from an array of gratings after they pass through
a single interferometer [34]. The system is illustrated in
Fig. 12. Here, four Bragg gratings at wavelengths of 1.535,
1.542, 1.549, and 1.56m were interrogated using an Er-
doped fiber amplified spontaneous emission (ASE) source.
The optical returns from the gratings were directed through an
unbalanced interferometer followed by a four-port wavelength
division demultiplexer, which directed the component at each
wavelength to separate detectors. Each of these outputs is
an interferometric output of the form previously described.
Phase detection can be accomplished for each of the four
wavelengths, , by utilizing phase generated carrier
demodulation simultaneously applied to each interferometer
signal by a p/z fiber stretcher in one arm of the interferometer.
Noise-equivalent sensitivities of 1.5 nano-strain/ Hz were
reported with the system. This approach can be extended to 8
or 16 wavelengths using currently available components, and
is also suitable for use with the TDM/WDM topologies of
Fig. 9.

D. Temperature/Strain Discrimination

One of the most significant limitations of FBG sensors is
their dual sensitivity to temperature and strain. This creates

a problem for sensor systems designed to monitor strain,
as temperature variations along the fiber path can lead to
anomalous, thermal-apparent strain readings. One approach
to addressing this issue is to use reference gratings along
the array, i.e., gratings that are in thermal contact with the
structure, but do not respond to local strain changes. This
technique provides some compensation, but a system capable
of providing strain and temperature measurements from the
same fiber without requiring that a section of the fiber be
isolated from strain is much more desirable. One approach
is to locate two sensor elements which have very different
responses to strain ( ) and temperature ( )
at the same point on the structure (collocated sensors). Then
a matrix equation

(7)

can be written and inverted to yield strain and temperature
from measurements of the two wavelength shifts. The success
of this technique depends on the ratio of the strain responses
of the two sensors being different from the ratio of their
temperature responses, so that the determinant of the matrix
is nonzero. For FBG’s, the wavelength dependence of the
photoelastic and thermooptic coefficients of the fiber glass
cause a small variation in the ratio of responses of FBG’s
written at different wavelengths. Xuet al. [35] measured the
responses of a collocated 850 and 1300 nm pair of FBG’s, and
found that the responses were 6.5% higher for strain and 9.8%
less for temperature at 1300 nm compared to 850 nm. These
researchers concluded that this approach has the potential for
simultaneously determining strain and temperature to5 C
and 10 strain. Other types of fiber gratings, such as
rocking filters and long-period gratings (discussed later in
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this review), can have very different responses from FBG’s
even if the two devices operate in the same wavelength band.
Kanellopouloset al. [36] reported simultaneous strain and
temperature measurement using an FBG and a long period
rocking filter in the 800 nm band, and obtained errors of

165 strain and 1.5 C. We have demonstrated that a
long-period grating and FBG’s in the 1300 nm band can be
used to determine strain and temperature to9 strain and

1.5 C. Assuming improved resolutions can be attained,
this technique could provide a practical means for providing
strain/temperature discrimination in arrays of grating sensors.
This approach is described in more detail later in the paper.

III. CHIRPED GRATING SENSORS

The majority of sensing techniques based on gratings uti-
lizes only the most basic properties of FBGs; namely the
wavelength-encoded nature of the devices. More novel sensors
based on chirped and other tailored grating structures are,
however, possible, and several examples have been reported
in the literature.

Interest in chirped gratings focused originally on their
potential for dispersion compensation in high bit-rate telecom-
munications systems [37]. Several techniques for fabricating
chirped Bragg gratings were demonstrated. Until recently
chirped fiber Bragg gratings proved inadequate for their in-
tended purpose.1 However, as it often happens in technology,
ideas in one arena find applicability in another. Specifically,
the types of gratings originally designed for dispersion com-
pensation needed only slight modification to be useful in the
development of a new brand of strain and temperature sensors.

Since a chirp is achieved simply by varying the grating
period, the average index, or both along the length of the
grating, the method chosen for making a chirped grating must
target one or both of these free parameters. Byronet al.
first demonstrated a method for making chirped gratings by
tapering a fiber in the region of the grating [38]. The decreasing
core size decreases the effective index along the length of the
taper, resulting in a chirp. This technique, though well-suited
for relatively small chirps ( 3 nm), requires fairly extreme
tapers (decrease in OD from 125 to 50 mm) to achieve even
moderate chirps (3 nm), and the small core diameters result
in increased susceptibility to bend loss.

An alternative method, demonstrated by Hillet al., involves
bonding an unchirped grating to a substrate with a “soft glue”
that allows a strain gradient to be formed along the grating
length through the differential shear strength of the glue [39].
This technique allows dynamic control of both the spectral
shape and location of the grating after fabrication. However,
it is not generally compatible with the requirements of many
sensing applications which often involves embeddment of the
sensor in materials like concrete or composites.

1Chirped fiber Bragg gratings have now been fabricated up to one meter
in length with the appropriate dispersion needed for compensating high bit-
rate transmission of pulses at 15.5�m in fiber originally designed for 1.3�
application.

Fig. 13. Reflectance spectra of chirped grating tapered from 115 to 105�m
before grating under�1700�" and measured under different strains.

A. Tapered Grating Sensor

We reported on the fabrication and properties of a chirped
grating which capitalizes on the strain gradient realized when a
tapered fiber is under tension [40]. Only the outer diameter of
the fiber is tapered in the region of the grating, eliminating
effects associated with changing the effective index, while
allowing control over the spectral shape and location of
the chirp. The chirped gratings were fabricated in hydrogen
loaded, Ge-doped silica fibers and exposed with a KrF ex-
cimer laser. The fibers were held under preset tension during
exposure while in contact with the phase mask. The tapers
were fabricated by lowering a section of fiber into a buffered
HF solution at a constant rate (20 mm/h) using a computer-
controlled translation stage. Various linear tapers were made,
ranging from 115 85 mm to 115 105 mm by adjusting
the rate of submersion and the acid strength. Because the
etch rate is linear with time, controlled and reproducible taper
profiles were easily achieved. Though the tapers used in this
study were linear, the process can be generalized to fabricate
higher order tapers as well, by varying the immersion rate.

Fig. 13 shows a series of spectra taken from a 115
105 m chirped grating (where the two numbers refer to
original and minimum diameter of the etched taper). In this
case, the fiber was first tapered, and then the grating was
written while the fiber was subjected to a 1750 tensile
load. After removal from the exposure mount, the grating was
analyzed with a scanning erbium fiber laser under six different
loads from 0 to 3500 strain. As seen from the results, the
unstrained fiber contains a chirped grating. Subsequent strain
causes the reflectance peak to narrow and shift until the tension
at which the grating was exposed is applied; at this point the
width and location are now the same as that of an untapered
fiber exposed under zero strain. Additional strain causes it to
shift further, and broaden.

The strain profile along the length of the taper can be
calculated point-by-point from

(8)
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Fig. 14. Reflectance spectra of chirped grating tapered from 115 to 85�m
after grating writing under zero strain and measured under different strains.

where and are the strain and cross-sectional fiber area at
the point . Based on the diameter differences and the applied
strain of 1750 , a chirp of 0.4 nm is calculated for this
grating, which agrees well with the experimental results shown
in Fig. 13.

We have also fabricated chirped Bragg gratings by exposing
an untapered fiber then etching it in a more concentrated HF
solution, which produced a linear taper from 115 to 85m
over a 20-mm long section. As seen in Fig. 14, fabricating
the grating in this manner results in a narrow-line grating in
the unstrained fiber. An applied strain then results in spectral
broadening and a shift in the peak of the spectrum. The more
pronounced chirp per unit applied strain, evident in Fig. 14, is
a consequence of the more pronounced taper.

Such devices behave uniquely in the presence of strain
and temperature fields. Their response to strain results in a
broadening and a shift in the Bragg condition, while tem-
perature effects only the location of the centroid through
the temperature dependent index of refraction ( ). By
carefully calibrating and simultaneously measuring the spectral
shift and broadening, in principle one can use such devices to
simultaneously measure strain and temperature [40].

B. Reflectometric Chirped-Grating Sensor

Another example of the use of a chirped fiber Bragg grating
sensing element is to utilize a grating with an asymmetric
broadband spectral response as a strain sensitive reflective
filter [41]. A measure of the strain applied to the grating is
obtained from the reflectivity of the grating at a particular
probe wavelength. This concept is particularly suitable for use
with simple optical time domain reflectometry addressing a
large number of such weakly reflecting gratings.

In this instrumentation approach, a narrowband source is
used in conjunction with a broadband sensor grating element.
Strain induced shifts in the spectrum of the grating then result
in a changes in the reflectivity of the device as measured at
the source wavelength. The type of grating which can be used
for this technique can be either a simple broadband grating
formed by a constant pitch short grating; e.g., a grating of
length 50 m produces a BW of 3 nm at 1.3 m, or

Fig. 15. Spectrum of the asymmetric profile FBG at 0 and 2000�strain
(resolution= 0.2 nm).

a tailored device in which the pitch is chirped to produce
a broadband response, and apodization is used to modify
the spectral response. One type of device which might be
particularly suitable for this type of application is a strongly
asymmetric device with a “ramp” type of spectral profile
providing a gradual change in reflectivity along one edge of
the response. For a probe wavelength corresponding to the
mid point of the long-edge region of the asymmetric grating
response, compressive or tensile strain applied to the grating
gives rise to either increasing or reduced reflectivity. Via the
use of OTDR interrogation the reflection coefficient of a series
of such weakly reflecting gratings at multiple spatial locations
along the fiber could be assessed, allowing distributed sensing
capabilities.

Fig. 15 shows the spectrum of a chirped and strongly
apodized grating fabricated using a phase mask with a curved
fiber in the plane of the mask, as described by Sugdenet al.
[42]. Curving the fiber has two effects in this process: first,
a chirp is created by fiber geometry, and second, a strong
asymmetrical apodization of the grating coupling strength
occurs along its length. This latter effect arises due to both
the reduction in the efficiency of the grating sections with
increasing blaze angle, and the fact that the curved-fiber
geometry means that a uniform exposure is not attained along
the entire length.

Fig. 15 also demonstrates the shift of the profile with
strain (2000 strain). As observed, the profile retains its
asymmetrical form, and the peak wavelength shift is in good
agreement with the expected shift. Fig. 16 illustrates the
change in reflectivity with strain applied to the grating for
a probe wavelength of 1534 nm.

With a series of weak asymmetric gratings, OTDR inter-
rogation could be used to accurately monitor the reflection
coefficient at multiple points along the fiber providing a dis-
tributed sensing capability. In this case, the OTDR background
(scattering) could be used as a reference to reduce the effects of
extraneous losses. This type of grating could also be utilized as
the primary sensing element for a variety of discrete sensors.
For example, using the device as part of a pressure sensing
probe in which the pressure alters the strain on the grating
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Fig. 16. Change in reflectivity of the asymmetric FBG at a fixed “probe”
wavelength of 1534 nm.

could yield a simple sensor in which the reflectivity is a direct
function of the pressure.

C. Intragrating Sensing

The changes in the reflection spectrum caused by a nonuni-
form measurand field along the length of a grating forms the
basis of a relatively recent and potentially powerful technique
called intragrating sensing. This approach involves detailed
analysis of the reflection spectrum in order to obtain a contin-
uous profile of the measurand over the length of the grating.
Profiles of grating lengths ranging from 5 mm to 10 cm have
been reported [43]–[47], with a spatial resolution as low as
0.4 mm [43]. This technique exploits the fact that different
sections of the grating will contribute to the reflection at dif-
ferent wavelengths when the gratings modulation periodicity
is nonuniform along its length. Each section of the grating
can be considered to mainly contribute at the “local” Bragg
wavelength given by

(9)

Therefore, if a uniform grating (i.e., constant and )
is subjected to a nonuniform strain , or temperature

profile, different parts of the gratings will contribute
to different wavelengths according to the local state of the
measurand. As a consequence, its reflected spectrum will
broaden, and the peak reflectivity will decrease. Both the
intensity and phase response of the grating are affected by
this nonuniformity. Analyzing either the intensity or the phase
component of the reflection spectrum, or both, permits one to
deduce . The subtraction of from the “as-written”
grating distribution yields from which either

or is obtained. If one starts with a uniform grating,
the original profile is just the Bragg wavelength of the
grating . There are, however, advantages associated with
using an initially chirped grating, the simplest form being a
linearly chirped grating such that )
where is a constant and is the position of the grating’s
center.

1) Intensity-Based Intragrating Sensing:The intensity-
based analysis is the simplest intragrating sensing approach.
Here, one needs only the intensity reflection spectrum ,
obtained conventionally using an optical spectrum analyzer
or a scanning FP filter as described earlier. The distribution

is obtained as the solution of the following integral
equation [43]:

(10)

Here, is the depth of modulation imposed on the grating
by the writing UV beam. This indicates that the intensity-
based approach requires detailed knowledge of the gratings’
characteristics [specifically, ]. A simplification of (10)
comes when is uniform; for increasing , we get

(11)

We also have neglected the nonuniformity ofinside the right
integral of (10). This is of no consequence here, given the
fact that only small changes of are involved. Note also that
when is small, . A limitation of
this approach is that only profiles which result in monotonic

can be interpreted with the intensity technique. If
we start with a uniform grating, this means that only strain
or temperature profiles which are continuously increasing or
decreasing along the grating, can be measured. In addition,
the technique does not give the sign of the gradient [this is the
reason for the sign in (10)]. In many situations, however,
the sign of the strain gradient is knowna priori, removing this
limitation. Furthermore, if one uses an initially chirped grating,
measurand fields which are nonmonotonic can be measured as
long as the total effect of the measurand gradient is never
large enough to cancel the pre-chirp bias of the grating. The
use of a chirped grating also increases the spatial resolution
of the measurement. This resolution is position-dependent and
is given by [43]

(12)

Figs. 17 and 18 depict an experiment that illustrates the use of
the intensity approach. An initially chirped grating, about 19
mm long is used, and the temperature along the grating is the
quantity measured. A small air jet is used to locally heat the
optical fiber to a temperature around 70C over a very small
length. The resulting temperature profile along the grating is
nonuniform. As we can see from the bottom center-most graph
in Fig. 16 the changes in are small compared to the
initial chirp. However, it is clear from the spectrum and the
calculation of that the change is clearly detected, and

has been evaluated with reasonable accuracy.
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Fig. 17. Experimental arrangement for the intragrating interrogation of a grating. (The inset shows the measured original spectrum of the chirped grating
used for this experiment.)

(a)

(b)

Fig. 18. Measurement of the sharp temperature profile increase due to the flow of a 1-mm diameter hot air jet over a section of a grating using the
intensity-based Bragg intragrating sensing approach.

2) Phase-Based Intragrating Sensing:The phase response
of the grating can be obtained using an arrangement such as
the Michelson interferometer shown in Fig. 19. The theory for

the conversion of the phase response to , which is given
by Huanget al. [47], is based on Ouellette’s description of
the dispersion in chirped fiber gratings [48]. The group delays

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on October 8, 2008 at 06:44 from IEEE Xplore.  Restrictions apply.



1454 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 15, NO. 8, AUGUST 1997

Fig. 19. Chirped grating fiber Michelson interferometer.

of the light propagating in the two interferometer arms will
differ by an amount given by

(13)

where is the measured phase difference, is the
angular frequency of the light, and is the effective pene-
tration depth, as measured relative to point along the sensing
fiber where the optical path imbalance with the reference arm
is zero. Expressed in terms of wavelength, we have

(14)

(The dispersion of the optical fiber material is ignored in this
result.) When the grating is monotonic and has a sufficiently
large gradient (chirp), the center of reflection of light at a
given wavelength is the point where the local Bragg condition
(9) is satisfied; therefore, is just the inverse of .
An advantage of the phase-based approach compared to the
intensity approach is that the sign of the gradient can be
unambiguously determined. Another advantage is that one
does not need to know with a high degree of accuracy,
as long as it is sufficiently high and varies relatively smoothly
so that its variation does not affect the phase of the reflected
light.

Fig. 20(a) shows the direct interferometric response of a
chirped grating Michelson interferometer [49] of the form
shown in Fig. 19. The system, in this case, used a grating
19 mm in length, 33 nm bandwidth centered at 1535 nm
(similar to the one used in the previous example, see inset
in Fig. 17). The interferometer arms were balanced in length
at a point approximately 80% along the length of the chirped
grating. The phase response was measured using broadband
illumination from an erbium doped fiber ASE source and a
scanning optical spectrometer. Fig. 20(b) shows the change in
phase with wavelength derived from the raw interferometric
response. Note that the density of fringes observed at the
shorter wavelengths was beyond the resolution of our instru-
ment, and therefore that part of the grating was excluded from
the presented data.

The derivative of the phase plot of Fig. 20(b) is proportional
to the group delay of the grating, and is shown in Fig. 21(a).
The variation of the group delay with wavelength allows

(a)

(b)

Fig. 20. Interferometer phase response (a) direct spectral output and (b)
phase versus wavelength.

the relationship between the Bragg wavelength and spatial
position along the grating (relative to the OPD balance point)
to be determined through (14). This transformation of the
data in Fig. 21(a) is shown in Fig. 21(b) for the “as-is”
chirped grating, and clearly indicates a linear change in Bragg
wavelength along the length of the grating. Fig. 21(c) and (d)
show the same type of plots, but derived for the situation where
the grating was subjected to a thermal gradient over a2 mm
section near its center induced by placing the grating between
two peltier elements separated by 2 mm at their edges. The
deviation in the chirp characteristics created by the additional
thermally induced chirp is clearly observed, illustrating the
ability of the technique to assess the variation of the Bragg
wavelength along the length of the grating.

3) Combined Intensity and Phase Measurement:When the
reflectivity of the grating is low, its intensity and phase
response are essentially equivalent to the Fourier transform
(in the optical wavelength domain) of the grating’s structure
(in the spatial domain) [50]. Huanget al. have recently shown
that this knowledge allows the determination of an arbitrary
measurand profile based on the combined measurement of
phase and intensity [47]. This approach removes the limitation
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(a) (b)

(c) (d)

Fig. 21. (a)��=�� for the “as-is” chirped grating and (b) variation in Bragg wavelength with spatial position along the grating derived from (a). (c) and (d)
are the same plots as in (a) and (b), but with a thermally induced gradient over a�2-mm section of fiber near the center of the grating.

of monotonicity of the fields and allows, at least in principle,
a spatial resolution not limited by the effective length. This
presents a more complex operation because the set-up is
slightly more involved, to measure both phase and intensity
simultaneously, and more processing of the data is required.
A full analysis of this new approach has yet to be performed,
and at this stage it is not clear which of the interrogation
approaches described would prove most useful for practical
applications.

4) Low-Coherence Approaches:Volanthenet al. [51] have
used another approach to obtain distributed strain measurement
along a grating. Their set-up is similar to that of Fig. 19, except
that the reference arm uses a grating as the reflector, which
can be strained to make the reference reflector wavelength-
tunable. A stretcher was attached to the reference arm so as to
permit a scanning of the OPD of the interferometer. Finally,
a piezoelectric actuator was used to generate a modulation
of the OPD. All this is done to generate a rapidly changing
optical signal at the detector which has peak amplitude when
the OPD of the interferometer is optimized for the wavelength
selected by the reference grating. In this way, a plot of optimal
wavelength versus OPD is obtained, which gives, in essence,

. Low-coherence approaches to characterizing FBG’s
along their length have also been developed [52].

IV. L ONG PERIOD GRATING SENSORS

In 1995, Vengsarkaret al. [53] introduced a new type of
fiber grating device to the optics community. The long-period

fiber grating, or LPG, is a periodic modulation of the core
index of refraction written into a single mode fiber using UV
exposure through an amplitude mask. A typical LPG has a
period in the hundreds of microns, a length of about 1–3
cm, and an index modulation depth of 104 or greater. The
LPG couples light out of the core and into the cladding at
specific wavelengths

(15)

where is the effective index of the core mode, and
is the effective index of theth axially symmetric cladding
mode. The light in the cladding quickly decays due to losses
at the cladding/air interface, leaving a series of loss bands or
resonances in the guided mode. Because depends on the
index of the medium surrounding the cladding, the section of
the fiber where the grating is located is usually left stripped
of its polymer coating after fabrication. An individual grating
can have many resonances over a broad wavelength range, as
illustrated by the transmission spectrum shown in Fig. 22.

LPG’s were initially developed for use as band-rejection
filters [54], and have been used for gain-flattening of erbium-
doped fiber amplifiers (EDFA’s) [55]. However, LPG’s also
present unique opportunities as fiber optic sensors. The center
wavelengths of the LPG resonances depend critically on the
index difference between the core and the cladding, and hence
any variation caused by strain, temperature, or changes in the
external refractive index can cause large wavelength shifts in
the resonances.
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Fig. 22. Transmission spectrum of an LPG. Grating written in AT&T DSF
fiber � = 225 �m.

For strain and temperature sensing, LPG’s are unique among
fiber grating sensors in that an LPG resonance at a given
wavelength can have a very different sensitivity, depending
on the fiber type and the grating period. The strain and
temperature response of a long period grating resonance can
be either positive or negative, depending on the differential
responses of the core and cladding [56]–[62].

We have observed an LPG resonance with a temperature
response as low as 0.20 nm/ C, and positive response
as large as 0.15 nm/C has been reported [56]. Observed
strain responses range from0.0007 to 0.0015 nm/ [53].
Additionally, the responses of two resonance bands of the
same LPG usually differ in magnitude. These properties make
LPG’s particularly useful for multi-parameter sensors such as
the strain and temperature sensors discussed earlier. Two LPG
resonances can be used to simultaneously determine strain
and temperature using a single grating element, or an LPG
resonance can be paired with an FBG to make the same
measurement.

Fig. 23 shows the configuration of a hybrid FBG/LPG
sensor which has been used to simultaneously determine strain
and temperature at the sensing element using this technique
[57]. The sensor consists of three gratings, an LPG with
a resonance located at a wavelength of 1306 nm, and
two FBG’s, with center wavelengths at nm and

nm. In this system, the shift observed in the
LPG wavelength with temperature was seven times that of the
FBG’s, while the strain response was about 50% that of the
FBG’s.

The sensor configuration uses the reflections of the two
FBG’s ( and ) to interrogate the wavelength shift of the
LPG resonance. For the initial demonstration, the wavelength
shift of one of the FBG’s and the change in the intensities of

and were monitored using an optical spectrum analyzer.
A change in strain leads to a small decrease inand small
increase in because the shift in lags the shift in
and . However, a change in temperature produces a large
increase in and large decrease in , because the shift in

is much larger than the shifts in and .
The sensor was calibrated by simultaneously measuring the

shift in one of the FBG wavelengths and the change the
intensities of and as known strains and temperatures

Fig. 23. Schematic of hybrid FBG/LPG sensor for simultaneous strain and
temperature measurement.

were applied. To analyze the reflectance signals, we calculated
the function

(16)

which corrects and for the double pass through the LPG
and normalizes for changes in the overall source intensity. The
results for and versus strain at a temperature
of 38 C are shown in Fig. 24(a), and similarly the result for

and versus temperature at an applied strain of
590 strain is shown in Fig. 24(b).

Once the sensor was been calibrated, any applied strain and
temperature could be simultaneously determined by measuring

and , then using the known calibrations to solve
for the strain and temperature required. The sensor was tested
by applying known strains and temperatures, then calculating
the values of strain and temperature from and
and comparing the values. Over the range from 290strain
to 1270 strain and 25–50 C, the rms deviation of the
measured strain from the applied strain was9 strain,
and the rms deviation of the measured temperature from the
applied temperature was1.5 C.

A similar measurement can be made using two resonances
of a single LPG, provided that the ratio of strain responses
in the two resonances is different from the ratio of their tem-
perature responses (i.e., that the determinant of the response
matrix is far from zero) [58]. The accuracy of such a system
will depend critically on the magnitudes of the responses. We
have measured the strain and temperature responses of two
resonances in a m grating written in AT&T 3D
fiber. The resonance wavelengths and responses were 1248
nm, 0.000 97 nm/ and 0.074 nm/C, and 1634 nm, 0.0039
nm/ and 0.03 nm/ C. Error propagation analysis for this
system shows that if the resonance wavelengths could be
determined to 0.1 nm, then the strain and temperature could
be determined to within 31 strain and 1.5 C. In an
actual system there would also be some uncertainty in the
matrix coefficients, which would decrease the accuracy of
the strain and temperature measurements, but this ideal case
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(a)

(b)

Fig. 24. (a)F (R1; R2) and �b2 versus strain in�strain, measured while
the sensor was held at a temperature of 38�C, and linear fits to the data. (b)
F (R1; R2) and �b2 versus temperature in�C, measured while the sensor
was held at 590�strain applied, and linear fits to the data.

illustrates the potential for multi-parameter sensing using LPG
resonances.

An alternative approach for temperature-independent strain
sensing is to fabricate LPG’s which have no response to
temperature, by balancing the temperature responses of the
core and cladding effective indices. This ideal has not been
realized; however, reduced temperature response has been
achieved in fiber with specially tailored refractive index profile
(0.0045 nm/C), [59] with boron-codoped core (0.005 nm/C)
[60], and by using a shorter period ( m) grating in a
standard fiber ( 0.0018 nm/C) [61].

LPG’s have been used in several sensor systems and have
some particular advantages. They are the only short-gauge
length fiber sensor whose response can be selected for a
specific application, and their multiple resonances can be used
for simultaneously sensing multiple parameters. Challenges to
the widespread use of the devices in structural sensing include
developing suitable coatings to protect the fiber, refining inter-
rogation techniques for the resonances, and narrowing the LPG
resonance bands to allow multiplexing of the sensors. Finally,
the area of environmental monitoring using the sensitivity of
the LPG to the surrounding refractive index has not been
explored in this review, but it should be an increasingly
important application [61].

V. BRAGG GRATING LASER SENSORS

Fiber Bragg gratings are also ideal for use as spectrally nar-
rowband reflectors for creating in-fiber cavities for fiber lasers.
This area has attracted interest from both the communications
research community for tunable single frequency devices
for wavelength division multiplexed networks [63]–[65], and
in the sensing field for strain, temperature and very high
resolution dynamic strain monitoring. Several variations on
this concept have been reported over the past few years.

The basic form of a fiber Bragg grating laser sensor
(FBGLS) utilizes either two gratings of matched Bragg
wavelength to create an in-fiber cavity, or one grating
combined with a broadband reflector. The use of doped fiber
section between the gratings or grating and reflector (e.g.,
erbium) allows the system to be optically pumped to provide
cavity gain and thus lasing. The device can be implemented
in various ways and operated in either a single frequency or
multimode fashion [66]–[68]. When configured as a sensor
element, changes in the environmental conditions subjected to
the laser cavity and the gratings can be detected by monitoring
the change in some characteristic of the output. For strain or
temperature variations on the gratings themselves, the shift in
wavelength of the laser output is identical to that obtained with
the passive approach for monitoring FBG’s. With FBG laser
sensor configurations, however, it is also possible to detect
such effects as the beating between different longitudinal
cavity modes or polarization modes in the system [69]. As
with basic FBG sensing, the inherent wavelength division
addressing capabilities of gratings also allows distributed
laser-sensors to be implemented [70], [71].

Fig. 25 illustrates two examples of the types of fiber laser
sensors which have been demonstrated. In Fig. 25(a), short
cavity fiber lasers created by gratings of matched wavelength
are remotely pumped. The grating lasers, which can be as
short as 3 cm in length, behave as sensors with a gage
length equal to the length of the cavity, with the same spectral
responsivity as a normal FBG element (provide the entire
cavity is strained uniformly). The advantage of the laser
configuration is, however, the fact that the bandwidth of the
output light from the laser sensor can be much narrower
than that from a passive FBG sensor system. In Fig. 25(b),
a system which incorporates a series of FBG reflectors in a
composite cavity configuration is shown [71]. In this system,
each laser (defined by the partial broadband reflector and
each of the FBG elements) can lase simultaneously. Providing
each laser is preset (by the FBG wavelengths) to operate at a
nominally different wavelength, the outputs can be analyzed
simultaneously using a wavelength detection system of the
type described in Section II.

One of the interesting applications of FBG laser sensors
is as compact, high sensitivity sensors. The use of a short
cavity lasers of the type shown in Fig. 25(a) allows for
single frequency operation. The linewidth of the laser output
from such lasers has been reported to be less than 50 kHz,
which permits the detection of very weak dynamic strain
perturbations of the laser cavity. Such cavity perturbations
result in low level “frequency-modulation” of the laser out-
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(a)

(b)

Fig. 25. Basic fiber Bragg grating laser sensor systems: (a) short cavity FBG-pair lasers and (b) extended cavity FBG lasers.

put, and a system capable of resolving very small shifts
in the wavelength of the output, such as the unbalanced
Mach–Zehnder interferometric technique, can produce a very
high sensitivity to weak dynamic strains [72]. Using this
approach, strain sensitivities comparable to those normally
obtained using direct interferometry are possible, but using
a much shorter length of sensing fiber.

The basic principle of this high resolution Bragg grat-
ing laser sensor technique is shown in Fig. 26. Light from
the grating laser sensor element is directed into an unbal-
anced Mach–Zehnder interferometer (Section II-C). Wave-
length shifts in the FBGLS output are induced by pertur-
bation of the laser cavity. When this interferometric detec-
tion approach is used directly with the broadband source
light reflected from a single FBG element, the bandwidth of
the reflected signal is relatively large (typically,0.1 nm),
and thus the optical path imbalance of the interferometer
is restricted to short lengths which are within the effective
coherence length of the reflected light. By contrast, in the
case of a single frequency FBGLS, the coherence of the
laser output is very long (reported measurements indicate
many km). This allows a large optical path imbalance to be
used, thereby greatly increasing the sensitivity of the system.
For example, for an imbalance of 100 m, the wavelength
(optical frequency) to phase responsivity is3000 rad/GHz. A
1 rad/ Hz phase detection sensitivity in the interferometric
readout system then produces an ultra high strain resolution of

2.5 10 15 Hz. This sensitivity could potentially exceed
that normally obtained using direct interferometric sensing.

Fig. 27 shows the result of a strain resolution measurement
made with a 1555 nm FBGLS (3 cm Er cavity) with a 100 m
path imbalance readout interferometer. In this case, the FBGLS
was surfaced adhered to a piezoelectric strip which could be

used to apply strain to the cavity. The single mode output of
the FBGLS was coupled to the unbalanced Mach–Zehnder
interferometer, and the FBGLS cavity was modulated to
induce a phase modulation at the interferometer output. The
measurement indicates a phase noise level of26 rad/ Hz
at 7 kHz, which corresponds to strain resolution of the FBGLS
cavity of 5.6 10 14/AHz, illustrating the ultra high
sensitivity of the approach. With this level of strain sensitivity,
the fiber Bragg grating laser sensor can be used as a high
sensitivity device for sensing, for example, acoustic pressure
induced strain, or configured as a compact sensor for the
detection of various measurands, such as magnetic fields [73].
The multiplexing of four fiber lasers sensors using a single
readout interferometer has been demonstrated [74].

VI. I NTERFEROMETRICSENSORS

An additional use of Bragg gratings is to form interferomet-
ric sensor elements [75]–[80]. In this case, the gratings serve
merely as reflectors which define the interferometric paths.
One of the earliest multiplexing techniques demonstrated
for interferometric arrays was based on the use of in-fiber
partial reflectors, which were formed using mechanical splices
between fiber segments of the array [75]. This produced weak
reflectivities in the range of a few percent, as required to
achieve low crosstalk [76] with the approach. The reflectivities
obtained via the mechanical splice were found to be unstable
and lossy, thus limiting the usefulness of the technique. The
advent of in fiber Bragg gratings, however, provided a practical
means of producing reliable, low-insertion loss, in-fiber partial
reflectors. Fig. 28 illustrates the configuration [77].

In addition to merely acting as full or partial reflectors, the
wavelength selective nature of the gratings provides unique ca-
pabilities and configurations to be implemented. The most ob-
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Fig. 26. Basic fiber Bragg grating laser sensor with interferometric detection.

Fig. 27. Sensitivity to weak cavity strain observed using the Bragg grating
laser sensor configuration.

vious extension of this is to the implementation of WDM/TDM
interferometric arrays [78]. It has also been demonstrated
that the use of gratings can allow selective interrogation of
overlapping “nested” interferometers implemented in common
fiber paths [79]. This sensor concept can be used to form
adaptive sensor arrays, or to implement specialized sensor
configurations, such as gradient and vector type sensors.

The idea is illustrated in Fig. 29, which shows three exam-
ples of the types of configurations which can be implemented
using nesting concepts: In Fig. 29(a), an implementation con-
sisting of multiple co-existing interferometers within a single
Michelson configuration is shown. The multiple interferom-
eters are formed using a series of Bragg gratings between
sensor and respective reference coils, as shown. Due to the
wavelength selectivity of the gratings, the system produces
an interferometer signal, the phase response of which is
determined by the input source wavelength: Interrogation of
the system at one of the wavelengths corresponding to one

of the grating pairs in the system produces an interferometer
output, the phase of which can be described by

(17)

where is the phase induced in theth ( to ) sensor
coil. The phase response at theth wavelength is the sum of
the phase induced at each sensor coil up to the last addressed
element. With this processing, the phase of any given sensor
coil (or combination of coils) can be assessed via

(18)

As shown, reference coils can be included to maintain the
optical path imbalance of each interferometer section constant.

Fig. 29(b) illustrates a Michelson implementation consisting
of a magnitude/gradient sensor formed by two sensing coils
and a single reference length. In this case, with the gratings as
shown, interrogation of the system at provides a measure
of the phase of sensor coil , provides a measure of the
phase of sensor coil , and provides a differential, or
gradient, measurement.

In the third example, Fig. 29(c), an implementation of a
serial array of sensor coils is shown which can be read
independently, in groups, or as an effective single sensor
element by choice of the interrogation wavelength. For an
interrogation wavelength , the gratings at define a
series of sensors comprising single sensing coils which can
be interrogated using a pulse source in accordance with
the multiplexing technique described in [75]–[77]. At other
interrogation wavelengths, the sensors comprise groups of
sensing coils, up to the last wavelength (in this example),
which “sees” only one sensor comprising all the sensing coils.
This system represents a basic form of adaptive sensor array. It
can operate with different spatial resolution depending on the
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Fig. 28. Serially multiplexed interferometric sensors based on in-fiber grating reflectors.

(a)

(b)

(c)

Fig. 29. Nested interferometer configurations. (a) Serial Michelson, (b)
implementation for providing� magnitude and gradient, and (c) nested FP
array.

interrogation wavelength. It should be noted that the example
shown in Fig. 29(c) represents a very basic geometrically
nested array; other more arbitrary nesting implementations,
however, could be used.

The nesting of multiple interferometers using common fiber
paths provides certain flexibility in designing interferometric
sensors, particularly for differential, vector and spatially vary-
ing measurands. Nested interferometric arrays based on this
concept are possible and may be useful for forming adaptive
arrays where the array spatial properties are controlled via the
interrogation wavelength.

Other interesting possibilities also exist for implementing
novel interferometric sensors such as Michelson’s and FP
elements using chirped grating reflectors [80].

VII. SUMMARY

There has been very strong research and development
interest in fiber grating sensors over the past few years, and
this facet of fiber sensor technology currently represents one
of the most exciting growth areas in the field. Much of this
work is driven by the need to develop distributed strain sensor
systems for application in smart structures systems. We have

not discussed any of the very significant developments which
have occurred in the area of field testing of instrumentation
systems, but it should be noted that fiber Bragg grating sensors
are being successfully transitioned into real-world applications
such as infrastructure [81]–[87] and composite material [88],
[89] monitoring, and commercial systems are beginning to
emerge. Most of the work done in this area has focused on
Bragg gratings, which in addition to their use as direct sensing
elements for distributed strain monitoring, can also be used as
the fiber sensing element in a host of other applications, such
as implementing pressure and acceleration sensors [90], [91].
Some interesting possibilities exist for the development of
multiparameter sensor suites based on FBG’s. Bragg gratings
are also currently being investigated for use in fiber laser
sensors configurations, which can be configured for ultrahigh
strain sensitivity applications.

Fiber Bragg grating-based sensing has proven to be a very
fertile research area, and new developments can be expected to
continue over the next few years. In particular, developments
utilizing specially modified or tailored gratings, intra-grating
concepts, multimode gratings [92], polarization rocking filters
[48], long period gratings, -phase shifted devices [93], and
“structured” gratings [94], offer the potential to provide novel
and interesting sensing techniques.
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