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Abstract: Intensity-modulated fiber Bragg grating (FBG) sensors, compared with normal
wavelength-encoding FBG sensors, can reduce the cost of sensor system significantly by using
cost-efficient optical power detection devices, instead of expensive wavelength measurement
instruments. Chirped-FBG (CFBG) based intensity-modulated sensors show potential applications in
various sensing areas due to their many advantages, including inherent independence of temperature,
high measurement speed, and low cost, in addition to the merits of all fiber-optic sensors. This paper
theoretically studies the sensing principle of CFBG-based intensity-modulated sensors and briefly

reviews their recent progress in measurement of displacement, acceleration, and tilt angle.
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1. Introduction

Optical fiber Bragg gratings (FBGs) have
attracted considerable interests in various fiber-optic
sensor implementations for the last decade due to
their sensitive responses to strain and temperature |1,
2]. The reliable linear response of Bragg (or
resonant) wavelength of FBG to applied axial strain
has facilitated various transducer designs that can
deal with a lot of measurands such as pressure [3, 4],
acceleration [5, 6], displacement [7], bending [8],
vibration [9], tilt angle [10-13], electrical current
[14], underwater acoustic wave [15, 16]. In addition
to the well-known advantages of fiber-optic sensors
such as electrically passive operation, immunity to
(RFI) and
electromagnetic interference (EMI), high sensitivity,

radio-frequency interference

compact size, light weight, corrosion resistance, and
potentially low cost, FBG-based sensor is one of the
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promising candidates for sensing applications with
its own advantages such as inherent self-referencing
capability and being easily multiplexed in a serial
fashion along a single fiber. Therefore, FBG-based
sensors and sensor systems have been widely
studied especially in the area of smart materials and
structures, where a large number of distributed and
embedded sensor elements are needed to make
material or structure “smart”.

Generally, FBG sensors are based on the
measurement of Bragg wavelength shift of FBGs.
Therefore, a wavelength interrogator is necessary to
get wavelength shift information continuously. A
simple and straightforward method to realize this is
to use a spectrometer or an optical spectrum
analyzer, but neither is attractive in practical
applications due to the big size, high cost and low
speed. In most sensor systems, wavelength shift of
FBG is

converted into some easily-measured
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parameters, such as amplitude, phase, or frequency,
by using different wavelength interrogators, which
may be based on various techniques such as linearly
filters,
Fabry-Perot filters, tunable acousto-optic filters,

wavelength-dependent  optical scanning
matched fiber grating pairs, and unbalanced Mach-
Zehnder interferometers [17]. These wavelength
interrogators, however, increase the complexity and
cost of whole sensing system. In addition, FBGs are
intrinsically sensitive to both strain and temperature,
thus there is always a problem of cross sensitivity
between them. To distinguish between both effects,
additional temperature compensation schemes or
techniques have to be used in the system. This may
also increase the cost and complexity of the system.
Since wavelength interrogator and temperature
compensator are indispensable in wavelength-
encoded FBG sensor systems, it is natural that one
looks into a non-wavelength-encoded sensing
technique to reduce the cost and to simplify the
system. In our previous study [8], the bandwidth of
chirped-FBG(CFBG) was used to track the bending
state of a flexible beam, on which the FBG was
attached and chirped by strain filed produced on the
lateral side. This method showed the
advantage of temperature insensitivity. The
bandwidth of chirped-FBG was not changed by

temperature because every part of FBG had equal

beam

response to temperature variation. However,
bandwidth measurement still needs wavelength
measurement.

A much better method is reported by using the
FBG-reflected optical power as the tracking signal
[18-21]. In this method, measurands are related to
the bandwidth and thus optical power of the
reflected light of the FBG in various ways. The
advantage of temperature insensitivity is remained
while there is no need for wavelength measurement.
This type of sensor will be truly “smart”, at least in
that an aspect of self-compensation of temperature,
eliminating the need for additional instrumentation.

However, previous reports presented only their

specific sensor designs and results, failed to give a
theoretical analysis of the basic sensing principle
and the requirements for FBGs. In this paper, the
basic working principle is analyzed and the sensor
performance is studied in terms of various FBG
parameters. Additionally, several sensor designs
developed recently based on this method are
introduced.

2. Theoretical study

The proposed sensor prototype consists of one or
more FBGs with initially uniform period, which are
chirped by nonuniform strain fields related to the
measurand so that their bandwidths, reflectivity and
therefore reflected optical powers are changed. By
detecting the variation with a photodetector or an
optical power meter, measurement of the measurand
can be realized.

Chirped FBG
Broadband Coupler | |
light source I
B oA
ﬁ pl2) '%)
3
Photo
detector

Fig. 1 Interrogation system of the proposed sensor prototype.
Figure 1 shows the schematic diagram of

interrogation system of the proposed sensor
prototype. Light from a broadband source is injected
into the chirp-tuned FBG through an optical coupler.
Reflected light from grating is then guided via the
same coupler and measured by a photo detector (or
power meter). The detected optical power can be

expressed as
P=V[p(A)R(A)dA (1
A

where V' is a factor that describes the total loss of
reflected light from the source to the detector,
including the losses arising from fiber splicing and
connection, insertion loss of the coupler (the
detected light passes the coupler twice before being
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measured), etc, but excluding transmission loss of
the grating. p(1) and R(A) are the power spectral
density of the broadband light source and the
reflectivity of grating, respectively. Both are
functions of wavelength A.

It is notable that the function R(A), which also
includes the information of grating, will vary with
measurand. p(A) is supposed to be a constant, which
means that it is not changeable in the sensing
process and it does not change with wavelength.
Such flat-output, broadband light source can be
realized by using a super-luminescent light emitted
diode or an output-flattened amplified spontaneous
emission source with pumped erbium-doped fiber.
And for most cases, the reflection band of the
chirped FBGs can be regarded as rectangular shapes.
With above assumptions, (1) can be therefore
rewritten as

P=VpRAZ,, 2)
where p is the constant power spectral density of
broadband light source, R is the reflectivity and Ay,
is 3-dB bandwidth of grating. Since temperature
variation cannot change the reflection profile but the
central wavelength of sensing grating, the detected
optical power will inherently insensitive to
temperature.

Based on coupled mode theory, a uniform FBG
usually reflects light within a very narrow
wavelength band with Bragg wavelength defined by
following expression:

Ay =2n,A (3)
where nq 1s effective refractive index of fiber core,
and A is grating period (i.e. the period of index
perturbation). As it is known, the strain response of
FBG arising from both the physical elongation of
grating, corresponding to the fractional change in
grating period, A/, and the change in fiber index,
Aneg, due to photoelastic effects, can be expressed as
[1]

Ay _ Ay
//{’B neff

where Alg is the change of Bragg wavelength,

+%=(l—pc)ax @)

&x = AA/A is the axially applied strain along FBG,
and p, is effective photoelastic constant (about 0.22)
of optical fiber material.

It can be seen from above equation that the
variation in Bragg wavelength of an FBG is directly
proportional to the applied axial strain. If we apply a
linearly varying strain field along FBG and assume
that this FBG is composed of many small grating
segments, the change in Bragg wavelength of each
small grating segment will be different, depending
on local strain level. That introduces a chirp to
grating period with a chirp rate depending on
gradient of the applied strain field. The reflection
band will be broadened and the bandwidth will be
decided by the magnitude of the introduced chirp
rate. For the convenience of analysis, here we
express the linearly varying strain field as

e,(2)=¢,+K,z (-05L,<z<05L,) (5)
where z is the axis along grating length and z=0
corresponds to the center of the grating, &=¢&,(0) is
the strain applied at the center of fiber grating, K, is
the gradient of the strain field, and L, is the length of
the fiber grating. By substituting (5) into (4), we can
get

Ady(2) = Adgy + 4K, (1= p, )z (6)
Adyy =A2;(0) =4, (1-p,)g, s

wavelength shift at the center of grating. The

where Bragg
strain-induced variable chirp rate and bandwidth of
grating reflection hence can be given respectively by

R,=TCH) sk a-p) )
dz
and
A;{bw = Aﬂbwo +Rcth = A/lbwo + X‘BKng (1—pe) (8)
where Ay 1s the initial bandwidth of grating
reflection. So the bandwidth of the strain-tuned
uniform FBG is changed linearly with the gradient
of the applied strain field. But to evaluate the
reflected light power from FBG, we also need to
know details of the reflectivity, which may be
reduced after the grating is chirped.
In the following we numerically study the
reflection spectrum of the chirp-rate-tuned FBG by
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and study the
relationship between reflected optical power and

using transfer matrix method,

bandwidth depending on the parameters of the
initially uniform FBG. All the parameters including
grating length L,, effective refractive index nes,
central Bragg wavelength Az and index modulation
depth Vvona are fixed, but the phase term in the
description of “dc” coupling coefficient is varied to
achieve different chirp rates [22].

Figure 2 shows several calculated reflection
spectra of FBGs with different chirp rates. The
narrowest reflection spectrum is for zero chirp rate,
corresponding to the originally uniform FBG. In this
case, 3-dB bandwidth is 0.5 nm and the reflectivity
is 1. With the chirp rate increased, the bandwidth is
increased along with reduced reflectivity. The
reduction in reflectivity is small (less than 0.005)

until the bandwidth is broadened to more than 4.2 nm.

Details of reflectivity against 3-dB bandwidth are
shown in Fig. 3.
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Fig.2 Simulated reflection spectra of chirp-rate-tuned FBG:
Ner=1.45, vona =4x10™, L,=4cm, and Az = 1550 nm.

By assuming a constant power spectral density
of ,~I1mW/nm and a loss factor of V=0.2, optical
powers can also be calculated out by using (2). The
3-dB
bandwidth are also shown in Fig.3. A good linear

calculated optical power data against
response of 0.19 mW/nm can be maintained till a
wide bandwidth of 7.3nm. Over this bandwidth, the
response becomes nonlinear due to obvious
reduction in reflectivity of chirped FBG.

Further studies have been carried out to study
the effects of index modulation depth due to grating

inscription, as well as grating length, on the

reflectivity and reflected optical power. Figures 4
and 5 show calculated reflectivity against 3-dB
bandwidth for chirp-rate-tuned FBG with various
vénar and L,, respectively. Other parameters are the

same as those used in aforementioned case.
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Fig. 3 Calculated reflectivity and detectable optical power
against 3-dB bandwidth of chirp-tuned FBG: n. =1.45,
VM =4x107, L,=4 cm, Az = 1550 nm, p=1 mW/nm, and

V=0.2.
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Fig.4 Reflectivity against bandwidth for chirp-rate-tuned FBG

with various v S7ze ne=1.45, Ly=4cm, and Az = 1550 nm.
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Fig. 5 Reflectivity against bandwidth for chirp-rate-tuned
FBG with various grating lengths: n.s =1.45, L,= 4cm, and A
= 1550nm.

It is obviously shown that a strong FBG with
larger index modulation depth and longer length can
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maintain high reflectivity in a larger bandwidth
range. Since maintaining higher reflectivity is good
for extension of the linear response range of the
measured optical power signal, strong and long
FBGs are more preferable than weak and short ones
in this sensor prototype.

3. CFBG-based displacement sensor [23]

To measure displacement using
modulated, CFBG-based technique, the variation of
displacement should be related to the bandwidth of

FBG sensor. To achieve that, we use a specially

intensity-

designed right-angled triangular cantilever beam, on
which the FBG is attached on the lateral side at a
slant orientation, so that a varying strain field is
generated and transferred to the grating along the
length, resulting in a variable but uniform chirp rate
in grating period [24].

The schematic diagram of the proposed FBG-
based displacement sensor as well as the
experimental setup is shown in Fig. 6. An originally
uniform 10-cm-long FBG is fabricated by exposing
a deeply hydrogen-loaded single-mode fiber to a
244-nm laser beam through a phase mask. The
fabricated grating has a very high reflectivity of
about 100%. The original 3-dB bandwidth and the
center wavelength of the grating are 0.26 nm and
1550.9 nm, respectively. The right-angled triangular
cantilever beam has length L, = 18 c¢cm, thickness 4 =
0.8 cm, and width of the fixed end by = 3 cm. The
angle between the axis of the grating and the neutral
layer of the beam is 6 = 4.5°.

T N ]
. FBG q

Optical circulator

Fig. 6 Schematic diagram and experimental setup of the
proposed chirp-rate-tuned FBG based displacement sensor: ASE,
gain-flattened amplified spontaneous emission source; OSA,

optical spectrum analyzer; PD, photodetector.

When the cantilever beam is bent by applying a
vertical displacement (or a force) on the free end,
half of the grating is under a varying tension
the other half is
compression. The strain on the neutral layer of the

whereas under a varying
beam is zero. If the center of grating is located well
to the neutral layer of the beam, there will be no
strain effect on the center of grating. Therefore, the
center wavelength of chirped grating may keep fixed
since the strain applied to two halves of the grating
is symmetrical.

flattened
spontaneous emission (ASE) source was used as

An  output power amplified
input light to fiber grating via Port 1 of an optical
circulator, which directed light to Port 2 and then to
the fiber grating. The reflected light from Port 3 of
the circulator was measured with both optical
spectrum analyzer (OSA) and photodetector (PD)
through a 3-dB fiber coupler.

The relationship between reflection bandwidth
of FBG and the applied vertical displacement f'at the

free end of the cantilever beam can be given by

CAL, |
Ady, = Ay + Tgsm(%’)(1 —-p)f )

b
where C (0 < C < 1) is a constant that represents the
efficiency of strain transfer from the beam to FBG.
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Fig. 7 Reflection spectra of CFBG sensor under different

displacements.

Figure 7 shows the measured spectra of the
chirped FBG for different displacements of 0, 6 mm,
13mm, and 22mm. The measured 3-dB bandwidth
and PD output signal for displacements varying
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from 0 to 15mm are shown in Fig.8. A linear fit to
the data of 3-dB bandwidth gives a high R-squared
value of 0.9999, showing a good linearity of the
response of bandwidth with displacement. For PD
output signal, linear response over 0.999 is
achieved within the displacement range of 9 mm.
The response of PD output to displacement is

37.9mV/mm.
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Fig. 8 PD output and 3-dB bandwidth against displacement.

To test the temperature stability of the sensor, we
measured FBG
a constant displacement of 5 mm at various

spectrum and PD output for

temperatures. The center wavelength of FBG and
PD output as a function of temperature are shown in
Fig.9. When temperature increased from —15 ‘C to
40 ‘C, the center wavelength of FBG shifted to longer
wavelength region by 5.3nm due to thermal effect.
The variation in 3-dB bandwidth was very small (less
than 0.1 nm). The largest fluctuation of PD output
signal of about 220mV was less than 20mV.
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Fig.9 PD output and center wavelength against temperature

under a fixed displacement of 5 mm.

4. CFBG-based acceleration (vibration)
sensor [25-27]

With the installation of a weight mass on the free
end of the cantilever beam of the above-introduced
displacement sensor, the same sensor system can be
used to measure acceleration in vertical direction.
Figure 10 shows the schematic diagram and

experimental system.

7/—{ 0 Neutral layer

: Clamp

Mass

ASE (——Lm]

Circulator

Fig. 10 CFBG-based acceleration (vibration) sensor.

Here we used a 3-cm-length FBG with a high
reflectivity over 30dB, a central Bragg wavelength
of 1556.1 nm, and a 3-dB spectral bandwidth of
0.15 nm. The cantilever beam had a length of
16.5cm, width at the fixed end of 3 cm, thickness of
0.5 cm, and Young’s modulus of material of 3.3x 10° Pa.
The mass’s weight was 100g. The angle 6 was 9.6°,
which was changeable depending on the length of
FBG and the thickness of the cantilever beam. The
cantilever beam was fixed in a frame for the
convenience of accelerometer measurement.

The measured 3-dB bandwidth and reflected
optical power versus applied vertical acceleration on
sensor setup are shown in Fig. 11. The achieved
sensitivity is 0.68 nm/g. It is obvious that the
variation in reflected power is not linear when the
acceleration exceeds 3 g because of the obvious
reduction in the reflectivity of FBG. A FBG with a
longer length and a higher reflectivity will be
helpful to increase linear response range.

The weight of the mass is also critical to the
sensitivity of the accelerometer. Using a heavier
mass leads but the

to a bigger sensitivity,
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measurement range of acceleration will be reduced
because there is a tradeoff between two parameters.
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Fig. 11 Measured bandwidth and optical power versus

applied acceleration.
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Fig. 12 Measurement results of the vibration sensor: (a) time
domain trace and (b) frequency spectrum.

Vibration measurement is carried out by
installing an eccentric gear on the free end of the
beam as a vibration source. Because the FBG used
for experiment was a uniform period grating, the
reflection bandwidth would increase whether the
deflection was positive or negative. To achieve
linear response of FBG, a mass with weight of 200 g

was used to produce an original negative deflection

of about 5mm. Figure 12 shows the measured time
domain trace and frequency spectrum of sensor
output. Owning to the temperature-independence
nature of the reflected optical power of FBG, the
sensors are insensitive to temperature.

5. CFBG-based 2D tilt sensor [28]

The schematic diagram of the CFBG-based tilt
sensor is illustrated in Fig. 13. It consists of two
original uniform FBGs attached to the upper tapered
part of a cylindrical beam, whose top end is fixed to
the sensor frame while the bottom end is bonded
with a spherical mass. Two FBGs are 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. Due to nonuniform tilt-induced strain
field applied along the length of FBGs, the
bandwidths of their reflection spectra vary linearly
with the applied inclination. By monitoring the
FBGs,
temperature-independent measurement of 2D tilt

reflected optical powers of two

angle is realized.

Cylindrical beam

Fig. 13 Schematic diagram of CFBG-based tilt sensor.

For any applied inclination, it can be described
by two orthogonal tilt angles. Here, we define that 6
is the angle in y-z plane where FBG; is located while
[ is the angle in x-z plane where FBG; is located.
When the tilt sensor is inclined at an angle, the beam
is bent and nonuniform strain field is produced on
the surface of the tapered part of the beam along
generatrix direction. Two FBGs are therefore
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chirped and their bandwidths and reflected optical
powers are changed.

In order to distinguish the tilt direction, an initial
tilt angle, described by 6, in y-z plane and fjin x-z
plane, is applied. The sensor setup is then placed at
an inclination calibrated platform. Tilt angle f is
changed first from —4° to 4°, while keeping angle 6
at 0°. Figure 14 shows the reflective spectra of FBG,
at three different tilt
bandwidths and reflected optical powers of two

angles. The measured
FBGs against f are shown in Fig. 15. The achieved
tilt angle sensitivity is 97.1 pm/° and 1.96 pW/°.
bandwidth and
of FBG,
unchanged as expected. Similar results are obtained

During the measurement, the
reflected optical power are nearly
when the experiment is repeated by changing the tilt

angle 6 while keeping S at 0°.
-30
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O
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Fig. 14 Reflective spectra of FBG at three tilt angles.
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Fig. 15 Optical power and 3-dB bandwidth of two FBGs
versus f in x-z plane when f increased from —4° to 4°.

The accuracy of tilt angle measurement is
+0.12° which is defined as the maximum difference
between the applied angle values and calculated
values from experimental data. The tilt angle
measurement resolution, based on the power

measurement resolution of optical power meter and

the aforementioned sensitivity, is about 0.027°. Only
small fluctuations +0.15 pW (about 0.76%) in
optical powers are observed in thermal stability
measurement in the range of 10 to 50 C. Therefore,
it can be regarded as temperature insensitivity.

6. Conclusions

We have theoretically studied the basic sensing
principle of an intensity-modulated sensor prototype
based on chirp-rate-variable FBGs with the optical
power-encoding technique. Long-length and strong-
reflectivity FBGs are found to be more favorable in
this application than other short and weak ones.
Several recently developed novel sensor designs for
displacement, acceleration (or vibration), and tilt
measurement have been presented. These sensors
show great advantages including simple construction
(no need of wavelength interrogator), low cost, high
speed, and inherently insensitive to temperature thus
without the need for temperature compensation.
These advantages make them useful in a wide range
of applications in optical fiber sensor areas.
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