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Abstract The current status of the fiber Bragg grating
(FBG) sensor technology was reviewed. Owing to their
salient advantages, including immunity to electromagnetic
interference, lightweight, compact size, high sensitivity,
large operation bandwidth, and ideal multiplexing cap-
ability, FBG sensors have attracted considerable interest in
the past three decades. Among these sensing physical
quantities, temperature and strain are the most widely
investigated ones. In this paper, the sensing principle of
FBG sensors was briefly introduced first. Then, we
reviewed the status of research and applications of FBG
sensors. As very important for industrial applications,
multiplexing and networking of FBG sensors had been
introduced briefly. Moreover, as a key technology, the
wavelength interrogation methods were also reviewed
carefully. Finally, we analyzed the problems encountered
in engineering applications and gave a general review on
the development of interrogation methods of FBG sensor.

Keywords fiber Bragg grating (FBG) sensors, multi-
plexing, networking, interrogation

1 Introduction

Almost three decades have passed since the inauguration
of research on fiber-optic sensors. Various ideas have been
proposed, and a good variety of techniques have been
developed for numerous measurands and applications. To
date, some types of optical fiber sensors have been
commercialized, but it should be noted that, among the
various techniques that have been investigated, only a
limited number of techniques and applications have been
commercialized successfully.

Fiber optical sensors based on fiber Bragg gratings
(FBGs) or FBG arrays have been widely applied in the
measurement of physical, chemical, biomedical, and
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electrical parameters, especially for structural health
monitoring in civil infrastructures, aerospace, energy, and
maritime areas, where the information of measurands are
usually encoded by the Bragg wavelength shift of FBGs.
The above sensing approach has many advantages, such as
compactness, immunity to electromagnetic interference,
rapid response for real time monitoring, and high
sensitivity to external perturbations [1-3].

In this paper, we presented a general review on the
sensing principle of FBG sensors, applications of FBG
sensors, and interrogation methods developed in recent
years.

2 Sensing principle of FBG

The sensing principle of an FBG is based on a periodic
perturbation of the refractive index along the fiber length
induced by exposure of the core under illumination of an
intense optical interference pattern. The refractive index
perturbation in the core is a periodic, similar to a volume
hologram or a crystal lattice that works as a stop-band
filter. A narrow band of the incident optical field within the
fiber is reflected by successive coherent scattering from the
index variations. The strongest interaction or mode-
coupling occurs at the Bragg wavelength, which is given
by Ref. [4].

Ag = 2ngpeAA, (1)

where Ap is the Bragg wavelength of FBG, ne; is the
effective refractive index of the fiber core, and A represents
the grating period. Any change of n.r or A will cause a
wavelength shift in FBG, which can be used for the
measurement of various physical parameters, including
temperature, strain, voltage/current, index of refraction,
etc.

3 Applications of FBG sensors

The sensing mechanism of fiber grating sensors could be
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attributed to the change of the grid period or effective index
of fiber grating in response to external perturbations, such
as stress, strain, temperature, etc., which causes the Bragg
wavelength of the fiber grating shift. Hence, by monitoring
the Bragg wavelength shift, the value of various
measurands, such as strain, temperature, displacement,
current, voltage, flow, vibration intensity, acceleration, etc.,
could be determined. Strain and temperature measure-
ments with FBG are the most common sensing applica-
tions. Typical strain responses of the Bragg wavelength are
~0.64, ~1, and ~1.2 pm/pe (e = micro-strain) for the
Bragg wavelength of around 830, 1300, and 1550 nm,
respectively [5]. Despite that the values are dependent on
FBG types, their typical temperature response counterpart
are ~6.8, ~10, and ~13 pm/°C, respectively [6]. In addition
to the common advantages of fiber sensors, this wave-
length interrogation method provides robustness to noise
and power fluctuation and also enables wavelength-
division-multiplexing of a great amount of FBG sensors.
Hence, multipoint sensors can be easily realized using this
technique [7]. In the next section, we will introduce some
typical FBG sensors in a proper order.

Since the Bragg wavelength of FBG is sensitive to both
strain and temperature, discrimination between them is a
matter that has to be considered to achieve dual-parameter
measurement. Many efforts have been focused on this
topic, and various solutions have been proposed, including
the use of two FBGs with one to measure only temperature
[8], two FBGs with one bonded with some substrate [9] to
achieve different sensitivity, an FBG combined with a
long-period grating [10], a superstructure FBG [11], a
chirped FBG whose reflection bandwidth is not sensitive to
temperature [12], or an FBG with two wavelengths that
respond differently to strain and/or temperature [13,14].
The first technology is a straight forward but very practical
approach, in which another FBG that is isolated from the
influence of one parameter, e.g., temperature, is placed
near the sensing FBG. A schematic diagram of this method
is shown in Fig. 1.
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Fig. 1 Schematic diagram of strain and temperature FBG sensors

FBG-based displacement sensors have been widely used
in buildings, bridges, mechanical structure, vehicle, and
aircraft. Moreover, research on using FBG sensors to
monitor coal seam location to ensure the mine safety and
mountain sports to prevent landslides has great signifi-
cance to us. A novel FBG-based displacement sensor

system for the measurement of static/dynamic and out-of-
plane/in-plane displacement is illustrated in Fig. 2. The
gratings will stretch or shrink as displacement of the plate
changes. One segment of FBGI is attached to a vertical
translation stage, and its opposite end is glued to a point on
the test specimen to be measured. FBG1 sensor is tensed
by the translation stage to keep the fiber straight before
measurement. Therefore, it is able to withstand compres-
sion and tension translated from the specimen. Since the
Bragg wavelength is linearly proportional to the long-
itudinal strain over the grating, FBG1 shows the pointwise
dynamic out-of-plane displacement when the detected
point moves along the vertical direction based on the
proposed setup method for the FBG, and this sensor
system can measure the dynamic displacement within the
range of 200 to 5000 nm with a vibration frequency of up
to at least 20 kHz [15].

Owing to its natural immunity to electromagnetic
interference, FBG-based sensors play an important role
in generation and power transmission of electricity.
Moreover, in recent years, within the oil and gas industry,
more emphasis is being put on increasing the efficiency
and reliability of oil extraction processes. Due to the lack
of suitable instrumentation that would be capable of
measuring current and voltage waveforms over long
distances in a hostile environment, an entirely new
measurement approach is required to provide instant
information about off-optimal running of the motor in
order to mitigate these effects by making appropriate
adjustments at the motor controller site. FBG-based
voltage sensor like what was proposed by Niewczas, et
al. in Ref. [16] can wonderfully meet the requirements. The
hybrid voltage sensor employs a piezoelectric transducer
that is used to convert an input voltage signal into an
internal strain that is detected by an FBG bonded to the
piezoelectric transducer (Fig. 3). The voltage rating of the
presented device could be as low as 500 V due to the use of
a multilayer piezoelectric stack as the primary voltage-to-
strain transducer. This enables the use of such sensors
across a wider range of electronic stability program (ESP)
applications, which often have subkilovolt voltage ratings.
Reference [17] presents a method to compensate the effects
of hysteresis experienced by a hybrid piezoelectric fiber
optic voltage sensor that may be useful in practical
application.

Accelerometer is an important sensor used for shock and
antivibration of machinery, vehicles, ships, and earthquake
monitoring, inertial navigation, and guidance systems [18].
Figure 4 shows a schematic diagram of a novel FBG
accelerometer on the basis of cantilever. By detecting the
shift of Bragg wavelength of FBG that adhered to the
central axis of the cantilever whose top is connected with a
mass of m, one can calculate the acceleration to be
measured. After several experiments were repeated, this
novel FBG acceleration sensor was demonstrated to have a
measurement accuracy of 0.01 g, measurement range
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Fig. 3 Conceptual diagrams of optical voltage and current sensors in Ref. [16]. (a) Piezoelectric voltage sensor; (b) voltage sensor with
increased sensitivity due to parallel electrical connection of individual piezoelectric stack elements; (c) current sensor employing voltage

sensor with additional current transformer

of £10g, and the maximum response frequency was
100 Hz.

A novel two-dimensional (2-D) clinometer by attaching
two FBGs on a deliberately designed pendulum consisting
of a tapered cylindrical beam and a mass was reported in
Ref. [19]. The FBGs are chirped by the inclination-induced
nonuniform strain fields. The inclination information is
encoded by the reflected optical powers of the two FBGs.
A schematic diagram of the proposed FBG clinometer is
illustrated in Fig. 5. Two FBGs were glued on the surface
of the tapered part of the beam at the same height along the

generatrix direction and separated by one fourth of the
circumference of the beam from each other. When the
clinometer setup is inclined at some angle, the beam is
bent, and a nonuniform strain field is produced on the
surface of the tapered part of the beam along the generatrix
direction. The two FBGs were therefore chirped, and their
bandwidths and reflected optical powers are changed. The
achieved sensitivity is up to 1.96 W/(°) over a range from
—4°t0 4°, and the accuracy is 0.125°. Benefitting from the
simple demodulation method and the inherently tempera-
ture-insensitivity of the sensing signal, the proposed
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Fig. 4 Schematic diagram of novel acceleration FBG sensor
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Fig. 5 Schematic diagram of clinometer proposed in Ref. [19]

pendulum clinometer is cost-efficient and independent of
temperature.

In the petroleum, chemical industry, metallurgy, nuclear
power plants, and other occasions, the flow detection
system of a variety of explosive liquid and gas using fiber-
optic grating sensor has natural insulation, antielectromag-
netic interference, and other essential security features,
with advantages like anticorrosion and small size. Vortex
flow meter has become a common flow meter because of
its simple structure, firmness, suitability to many kinds of
liquid and gas, high accuracy, wide measuring range, and
small pressure loss. In Ref. [20], a flow measuring system
based on vortex whistler technology and FBG sensor is
proposed. When the flow velocity of the measured body
fluid through the vortex generator exceeds a certain
threshold, two vortexes appear side by side with an
opposite direction to each other, whose frequency is
proportional to flow velocity [21]. A cantilever with an
FBG lodged on the central axial line is placed after the
vortex body, forced vibration frequency of which equals to
that of vortexes. By monitoring the changing frequency of

Bragg wavelength, flow velocity can be obtained (Fig. 6).
Experimental results show that the sensor has a measuring
range of 0-25 L/min and an accuracy of 0.5% full
scale (F.S).
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Fig. 6 Schematic diagram of flow-meter proposed in Ref. [20]

FBG-based vibration sensor is often used to monitor the
oil and gas pipelines; hence, distributed sensors network is
more common. Its principle is very similar to that of FBG
displacement sensor, and more details can be obtained in
Refs. [22] and [23].

4 Multiplexing and networking of FBG
sensors

In recent years, research and development of quasi-
distributed sensing technology and sensor network tech-
nology based on fiber grating sensors have attracted
considerable interest, because the wavelength of individual
FBG sensor is able to carry the measurand information of
different positions. Since some tested objects contain more
than one measurement point and sometimes possess a
continuous distribution such as temperature field, stress
field, etc., in order to obtain a complete information of
tested objects; using distributed sensing technology to
build up the sensor networks is indispensably required. In
some cases, quasi-distributed FBG sensors still may not
meet the engineering demands, and for this reason, people
developed FBG sensor networks, which employ wave-
length division multiplexing, time division multiplexing,
space division multiplexing, and code division multi-
plexing techniques to establish the linear array, planar
array, and body array according to specific engineering
demand.

A quasi-distributed sensor network is shown in Fig. 7.
Great amount of gratings with different Bragg wavelengths
are inscribed in a single fiber, and these gratings are
spatially separated from one another with certain interval.
By addressing wavelength division, one can acquire the
information of different positions along the fiber axis.
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Fig. 7 Schematic diagram of quasi-distributed FBG sensor
network

In Fig. 8, it can be seen that networking of FBG sensors
realizes an intensive measurement of the tested field. Only
one light source is required, and the same interrogation
system is employed for different FBG sensors, which
effectively reduces the system cost.
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Fig. 8 Schematic diagram of FBG sensor network (BBS: broad-
band light source)

As mentioned above, the discrimination of the measure-
ment of temperature and strain is a key problem in the
implementation of distributed FBG sensing network;
hence, many efforts have been made to solve this problem,
such as the use of pair of FBGs with one to measure only
temperature, an FBG with two wavelengths that respond
differently to strain and/or temperature, an FBG insensitive
to strain or temperature with special package, two FBGs
with one bonded with some substrate to achieve different
sensitivity, an FBG combined with a long-period grating,
and a superstructure FBG or a chirped FBG whose
reflection bandwidth is not sensitive to temperature. In
many application occasions, FBG sensors have to compete
with other mature sensing technologies, such as electronic
measurements. To appeal to users already accustomed to
conventional well-developed technologies, the superiority
of optical fiber grating sensors over other techniques needs
to be clearly demonstrated. Typical users simply require
sensor systems with good performances and reasonable
cost except for very special uses. Hence, FBG sensor

systems should be available for a complete sensing
procedure including detecting and signal-processing
electronics. Multiplexing and networking is one of the
most effective ways to economize the system cost as
mentioned above [24-28].

5 Interrogation methods of FBG sensors

Demodulators or interrogation systems are required for
FBG sensors. FBG demodulation technique has become an
important research field and the main factor that baffles the
application of FBG sensor. Demodulation of FBG
wavelength plays an important role that extracts measur-
and information from the optical signals collected from the
sensor heads. The measurand information is typically
encoded in the shift of Bragg wavelength, and hence,
interrogators are typically expected to readout the
wavelength shift and provide measurand data. Optical
spectrum analyzers are not suitable for practical sensor
systems because they are expensive, and their wavelength
scanning speed is too slow. To detect the wavelength shift
of fiber grating, people have proposed a wide range of
wavelength interrogation methods, which can be generally
classified into the following categories including inter-
ference demodulation, tunable filters demodulation, tun-
able laser demodulation, etc. [29].

5.1 Interference interrogation methods

Interference interrogation converts the Bragg wavelength
shift of FBG into the phase variation of interferometers,
such as Michelson, Mach-Zehnder (M-Z), and Sagnac
interferometers. The interferometer is optimized to possess
a particular optical path difference (OPD) between the two
interference arms and operates at a static state, and the
wavelength shift of the FBG signal could be converted into
the phase change of the sensing signal and detected by a
phase meter.

5.1.1 Michelson interferometer method

Bragg wavelength of FBG is incident into a nonequili-
brium scanning Michelson interferometer, one arm of
which is wrapped around a piezoelectric transducer (PZT)
driven by the sawtooth wave. The interference signal is
transformed into electric signal processed together with
sawtooth wave using a phase detection module. One can
obtain the measurand information by monitoring the
interferometric phase variation induced by the wavelength
shift [30]. This method has a fast detection speed, high
sensitivity, and resolution, making it good candidate for
applications in high-frequency detection systems. How-
ever, it is vulnerable to environmental perturbations, such
as temperature and vibration fluctuations, which greatly
limits its application scope [31,32] (Fig. 9).
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Fig. 9 Schematic diagram of Michelson interferometer method (PD: photo detector)

5.1.2  Nonequilibrium M-Z interferometer method

This method was proposed by Kersey for the first time in
1992 [33]. Light from broadband light source (BBS)
incidents upon the FBG though a coupler, and the
reflection light enters the two arms of the nonequilibrium
M-Z interferometer formed by cascading two 3-dB
couplers. Bragg wavelength shift of the FBG carrying
the measurand information will cause a phase variation of
the M-Z. It has several advantages, such as rapid response
and high resolution, which makes it suitable for dynamic
measurement despite its vulnerability to the external
parameters, such as temperature and vibration. The
sensitivity of this method achieves 0.6 ns/\/HE for
500 Hz (Fig. 10).

5.2 Tunable-filter-based interrogation

By utilizing narrow band tunable filters, such as Fabry-
Pérot (F-P) filter, acousto-optic tunable filter (AOTF), or an
FBG-based optical filter, reflection wavelength of the FBG
can be easily detected. The output signal could be regarded

BBS coupler

as a convolution between the transfer function of the filter
and the FBG reflection spectrum. Interrogation systems
based on the scanning technique are sensitive to the
intensity fluctuation in the sensing signal. Thus, it is not
suitable for applications where fast and large dynamic
range interrogation is required.

5.2.1 F-P-filter-based interrogation

F-P filtering interrogation is most commonly used in
engineering applications. By fixing F-P in PZT, the driven
voltage of PZT is adjusted to scan the wavelength and then
record the relevant spectrum. Through a dedicated peak
search algorithm, reflection wavelength of FBG could be
detected, and thus, the measurand information is obtained
[34]. Its advantages, such as compactness, good stability,
and high resolution, make it a better interrogation solution.
However, it is relatively rather expensive for commercial
use (Fig. 11).

5.2.2 AOTF-based interrogation

AOTF have attracted considerable research interest owing

PD

processor

Fig. 10 Schematic diagram of interrogation system based on nonequilibrium M-Z interferometer
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to their advantages, such as wide wavelength tuning
bandwidth (> 100 nm) and fast tuning speed (< 10 ms),
and variable attenuation via simple electronic control [35].
Like F-P filter, the correlated spectrum of AOTF and FBG
is recorded by detectors and computed through a peak
search algorithm to extract the wavelength shift. By
applying multiple radio frequency (RF) signal onto AOTF,
multiwavelength parallel processing of could be easily
achieved (Fig. 12). To reduce the coupling loss and to
ensure stability, all-fiber AOTF is the preferred one.
However, mature all-fiber AOTF product is too expensive
for demodulation of small-scale FBG arrays.
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Fig. 12 Schematic diagram of AOTF-based interrogation system
(VCO: voltage controlled oscillator)

5.3 Tunable-light-source-based interrogation

Interrogation based on tunable light source, especially
tunable lasers, was proposed to acquire higher resolution,
signal-to-noise ratio (SNR), and chirping information. This
interrogation approach employs continuously tunable laser
to scan the reflection wavelength of FBG. As tunable laser
scans the reflection wavelength of the sensing FBG,
interrogation can be realized by monitoring the maximum
peak intensity of the transmission or reflection spectrum.
As it is well known, laser has many unique advantages,
such as high intensity and narrow band, which yields
higher resolution and SNR. A wavelength resolution of
~2.3 pm corresponding to 0.2°C was obtained in Ref. [36].
However, it still has a few shortcomings, such as narrow
tunable bandwidth and instability, which seriously limit its
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applications. It is believed that with the development of
continuously tunable laser, this method will be widely
employed for FBG sensor interrogation.

Other tunable-source-interrogation-based methods like
mode-locked method and interrogation based on ring
cavity tunable fiber laser were reported in Refs. [37,38].

5.4 Interrogation using tilted fiber gratings

The operation principle of this method is based on the
measurement of the near-field leaky radiation of the titled
fiber grating [39]. When light reflected by FBG illuminates
an in-fiber tilted grating, leaky radiation is detected by a
photo-detector linear array. By analyzing the character-
istics of this radiation, the reflection wavelength of FBG
could be obtained. This method has a wide interrogation
range; it is able to simultaneously extract information from
multiplexed gratings; and its wavelength resolution
reaches more than 3.7 pm. However, this interrogation
approach involves complex spectrum analysis, which
brings difficulties for engineering applications (Fig. 13).
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linear array

processing
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Bragg grating

light
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Fig. 13 Schematic diagram of interrogation system based on
tilted fiber grating proposed in Ref. [39]

5.5 Wavelength-to-time mapping interrogation

The key significance of this technique is that the
wavelength-to-time mapping technique is utilized to
convert the spectrum of an FBG or FBG array from
wavelength domain to time domain [40,41]. Wavelength-
to-time mapping is implemented in real time, and a good
SNR is guaranteed by using the mode-locked femtosecond
pulsed laser. This method can operate at an ultrafast speed,
which is determined by the frequency of the femtosecond
pulsed laser, and possesses a large interrogation range
referenced to the spectral range of ultrafast pulse. A
dynamic range as large as 20 nm and a sensing accuracy up
to 0.87 pe were obtained for a sampling speed of 48.6 MHz
in Ref. [42]. The newly developed Fourier domain mode-
locked lasers (FDML) wavelength swept laser shows a
superior performance of a high scan rate of 31.3 kHz and a
broad scan range of over 70 nm. The schematic diagram of
this system is shown in Fig. 14.
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5.6  Other interrogation methods

Besides the above mentioned methods, there are many
other interrogation solutions, such as edge filtering
method, beat frequency interrogation [43], interrogation
based on optical rotatory dispersion effect, arrayed
waveguide grating (AWGQ) interrogation method [44],
active time-domain interrogation, orthogonal sampling
interrogation based on M-Z interferometer [45], etc.
There are still many issues to be solved for FBG
wavelength interrogation for engineering applications.
Relatively high cost of optical devices calls for sensor
multiplexing and simultaneous demodulation system for
different wavelengths. Single interrogation method can
hardly implement the dynamic and static measurement at
the same time. High-speed and wide-range interrogation
often requires rather high system cost and complex system
configuration, which is currently limited to a laboratory
level. As a whole, good stability, high accuracy, compact-
ness, and reasonable cost of the interrogation systems are a
prerequisite conditions for large-scale commercial applica-
tions of FBG sensors, and there is still a long way ahead.

6 Conclusion

FBG sensor technology has been and will be one of the
most practical technologies for a long period. Owing to its
inherent advantages, it will inevitably substitute the
conventional sensing technology in the near future.
However, the current status of FBG sensor technology
are still far from meeting the engineering demands, and
there are still many issues to be resolved, such as reducing
system cost, exploration of new sensing mechanism, and
attempt of smart optical materials and fiber optic devices.
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