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Abstract: The development of two simple methods for wavelength-optical intensity modulation 
techniques for fiber Bragg grating (FBG) sensors is presented. The performance is evaluated by 
measuring the strain and temperature. The first method consists of a narrow band source, an optical 
circulator, an FBG, and a power meter. The source and Bragg reflected signal from the FBG need to 
be matched to get linear results with good power levels. The source spectral power levels are very 
critical in this study. The power reflected from a matched reference FBG is fed into the measuring 
FBG in the second method. Since the FBGs are matched, the entire power is reflected back initially. 
During the measurement, the change in the measurand causes the reflected power from the sensing 
FBG to vary. A costly high resolution spectrum analyzer is required only during the characterization 
of the FBG and source. The performances of two interrogators are compared by measuring the strain 
and temperature. In the second method, the strain measurements can be made insensitive to the 
temperature variation by selecting a source with a flat spectrum at the measurement range. Highlights 
of these methods are the portability, cost effectiveness and better resolution. 
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1. Introduction 

The fiber Bragg grating (FBG) has proved its 
potential for measuring the strain, temperature, 
pressure, displacement, refractive index, humidity, 
etc. [1–8]. FBGs also find applications in the 
structural health monitoring as well in the medical 
field [9–11]. The small size, real-time measurement, 
fast response, immunity to electromagnetic waves, 
are the advantages of general fiber optic sensors [12]. 
Among the fiber optic sensors, FBG sensors have 
advantages, such as high multiplexing capabilities, 
distributed sensing, a well localized sensing region 

and elimination of the frequent calibration [13–15]. 
In case of spectral measurement, it is insensitive to 
source fluctuations. The main bottle neck in the use 
of FBG sensors for different applications is the 
costly demodulation technique. Even the costly 
spectrum analyzer can detect up to 4 pico-meter, and 
the resolution in the strain measurement is 
approximately 20 µε. The dynamic response of the 
measurement is also poor since every time the 
spectral components need to be analyzed. In the 
literature, many optical wavelength-intensity 
demodulation techniques based on the long period 
grating, FBG filter, chirped fiber grating, etc., were 
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discussed [16–18]. In this study, we suggest two 
simple methods for the wavelength to intensity 
conversion. 

The first method is by selecting a narrow band 
source and an FBG with the Bragg reflection at the 
trailing edge of the source spectrum. So as the Bragg 
reflected wavelength shifts due to the strain or 
temperature, the reflected power varies depending 
on the selection of the Bragg wavelength. A few 
components are used hence the cost of measurement 
is less with this method. The main limitation in this 
study is that the emission of the source and the FBG 
reflection need to be critically matched. For the 
second method, two matched FBGs are used. The 
Bragg reflected signal from the reference FBG is fed 
into the FBG in which the measurements are carried 
out. During the measurement, the reflected power 
varies as the Bragg reflected wavelength shifts. This 
can be monitored using a power meter. The dynamic 
response of the measurement will be better, since the 
intensity is measured. If the source used is a broad 
band source with a flat spectrum then the impact due 
to temperature variations will not affect the strain 
measurements in the second arrangement. 

2. Theory 

According to the Bragg’s law, we have 
eff2B nλ Λ=               (1) 

where λB is the Bragg wavelength, neff is the 
refractive index of the fiber core, and Λ is the Bragg 
grating period [19]. The strain measurement is based 
on the physical elongation of the optical fiber which 
corresponds to the change in the grating pitch and 
refractive index of the fiber due to the photo elastic 
effect. At the constant temperature, the shift in the 
Bragg wavelength can be expressed as 

(1 )B Bpελ λ ε∆ = −            (2) 
where ε is the applied strain, and pe is the effective 
photo elastic coefficient, which is expressed as 

2

12 11 12[ ( )]
2
np P P Pε υ = − + 

 
       (3) 

where Pij is the Pockel’s coefficients of the strain 

optic tensor, and υ is the Poisson’s ratio of the 
optical fiber. 

The temperature dependence of the refractive 
index of silica and thermal expansion of the glass 
accounts for the Bragg wavelength shift due to the 
temperature. The major contribution is due to the 
temperature dependence of the refractive index of 
silica. The shift in the Bragg wavelength can be 
expressed as [20] 
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.    (4) 

The first term relates to the thermal expansion of 
the fiber, and the second term relates to the 
temperature dependence of the refractive index. 

The reflected spectrum of the measuring FBG in 
the first method is given by [21] 
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     (5) 

where Rr1 is the reflectivity, σr1 is the full width at 
the half maximum (FWHM) of the FBG. The 
intensity at the power meter is given by 
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( ) ( )rlL R dλ λ λ

∞

∫             (6) 

where L(λ) is the source spectrum, which is 
expressed as 
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where P is the peak power, λp is peak emission 
wavelength, σs is the FWHM of the source. Hence in 
the first study, the power reaching at the detector is 
given by (6). 

In the second study, this power is given to the 
measuring FBG. Since the FBGs are matched, this 
signal is again reflected by the second FBG. The 
reflected spectrum is given by 

2
2

2 2
2

( ) exp 4ln 2 r
r r

r

R R λ λ λλ
σ

 − + ∆ = −  
   

（）   (8) 

where 2 1r r xλ λ λ= + ∆  with xλ∆  accountable for 
the slight mismatch between two FBGs, and λ∆  is 
the shift in the Bragg wavelength due to the applied 
strain. Initially for matched FBGs, 
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1 2r rR R= , 1 2r rσ σ= . 
Hence without the strain in the second FBG, λ∆  is 
zero and 

1 2( ) ( )r rR Rλ λ≈ . 
Intensity I is given by 

 

1 2 0
( ) ( ) ( )r rL R R dλ λ λ λ

∞

∫ .        (9) 

On substitution, the reflected power at the power 
meter is given by  
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3. Experimental details 

The experimental setup shown in Fig. 1 has a 
laser source [ILX Light wave 7900B], an optical 
circulator having 3 ports, an FBG pasted to a 
cantilever setup and a power meter. The laser source 
has an emission peak at 1550 nm. The FBG has a 
Bragg wavelength of 1550 nm with a grating length 
of 13 mm, and the reflectivity offered is 90 %. The 
laser source is connected to the port 1 of the 
circulator. In the port 2, the FBG pasted to the 
cantilever structure is connected. A power meter 
(Hewlett-Packard, 8153A) is connected at the port 3 
of the circulator to measure the Bragg reflected 
power. The cantilever for the strain measurement has 
the length of 20 cm, breadth of 5 cm and is made in a 
spring steel of 2-mm thickness. Using a fast setting 
epoxy, the FBG is pasted to the cantilever structure. 
The strain is applied in the range of 0–1000 με, and 
it is monitored using electrical strain gauges. The 
reflected spectrum is measured for every 100 με 
increment. A vibration free table has been used, and 
the sufficient time is allowed to avoid loading 
transients. 

In the second setup shown in Fig. 2, the first port 
of the optical circulator is connected to the laser 
source, and the second port is connected to the 
reference FBG, which is matched with the 

measuring FBG. The third port is connected to the 
3-dB coupler. The FBG is pasted to the cantilever 
structure for the strain measurement, and the power 
meter is connected as shown in Fig. 2. The reflected 
signal from the strain measuring setup is monitored 
using an optical spectrum analyzer (OSA) 
[Yokogawa, AQ 6319], as well as the power meter. 

 
Fig. 1 Experimental setup for the strain measurement. 

 
Fig. 2 Experimental setup for the strain measurement with 

the reference FBG. 
To measure the temperature, the FBG is 

immersed in the water bath, and the temperature 
varies from 22 ℃ to 100 ℃. A digital thermometer is 
also used for monitoring the temperature of the 
water bath. The reflected spectrum is monitored for 
a temperature rise of 10 ℃. Hysterises of the 
temperature measurement is monitored as the water 
bath cools down naturally. 

4. Results and discussion 

The source spectrum is monitored, which is 
depicted in Fig. 3. The emission peak is observed at 
1550 nm, and then the power level drops linearly and 

 
Fig. 3 Source spectrum. 
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makes it ideal for the measurement without a 
reference FBG. The spectral stability of the source is 
very critical in this study. The source used is very 
stable, and the temperature maintains at 22 ℃. 

The reflected spectrum at the port 3 is simulated 
using the MATLAB tool for a laser diode of the 
emission peak at 1550 nm for 0 to 1000 με in 
increments of 200 με, as shown in Fig. 4(a). The port 
3 of the circulator is monitored using the OSA, 
depicted in Fig. 4(b). The peak power level is 
ranging from –30 dBm to –60 dBm for a strain of 
0–1000 με. The power variation is almost linear in 
this range. The FBG Bragg reflection is at the 
trailing edge of the source spectrum, and as the 
Bragg reflected wavelength red shifts due to the 
strain or temperature, the reflected power decreases. 
In the reflected spectrum observed in the OSA, the 
leading edge shows a red shift in the wavelength due 
to the strain. However, there is no red shift at the 
trailing edge as the response of the source does not 
cover this wavelength range. The selection of the 
Bragg wavelength of the FBG and the source 
emission peak is very critical in this configuration. 

 
(a) 

 
(b) 

Fig. 4 Reflected spectrum during strain measurement 

without the reference FBG: (a) simulated and (b) measured. 

In the second setup, a reference FBG is used in 
addition to the sensing FBG. The reflected signal 
from the reference FBG is sourced to the strain 
sensing FBG. The reflected spectrum from the 
sensing FBG is measured for 0 to 1000 με. The 
simulated results for strain variation from 0 to  
1000 με in increments of 200 με are shown in    
Fig. 5(a). The measured reflected spectrum from 0 to 
1000 με is shown in Fig. 5(b). Since the FBGs are 
matched, the same reflected spectral components 
from the reference FBG are reflected by the sensing 
FBG initially without the strain. It is observed that 
as the strain increases, the reflected spectrum red 
shifts, and the power reflected from the second FBG 
decreases. In the simulated figure, the results up to 
600 με are only visible since the power levels for 
800 με and 1000 με are very near to the base line. 
The red shift of the reflected spectrum is shown 
clearly in the simulated results where as in the actual 
output from the sensing FBG only the leading edge 
shows the red shift. The trailing edge is not showing 
the shift because the spectral width of the source 
does not extent to the higher wavelength. 
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Fig. 5 Reflected spectrum during strain measurement with 

the reference FBG: (a) simulated and (b) measured. 
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The reflected power with and without the 
reference is shown in Fig. 6. In the measurement 
without the reference, the power varies from  
−20.33 dBm to −41.21 dBm for a strain variation of 
0 to 1000 με. Whereas the reflected power varies 
linearly from −37.39 dBm to −65.21 dBm with the 
reference for the same range. The performances of 
the FBGs are evaluated using a broad band source. 
The leading edge of the reflected spectrum shifts 
from 1549.8 nm to 1550.8 nm linearly for the strain 
range of 0 to 1000 με. Analyzing the spectral 
components of the reflected spectrum is time 
consuming, and the dynamic response of the 
measurement is poor. The suggested interrogation 
system actually measures the intensity hence the 
measurement will have better dynamic response. 

 
Fig. 6 Power variation during strain measurement. 

 
Fig. 7 Power variation for the temperature from 220 ℃ to 

100 ℃. 

The second arrangement can be made insensitive 
to the temperature variation during the strain 
measurement using a broad band source. As the 
temperature shifts, the reflected spectrum from both 
the FBGs will shift evenly. But a decrease in the 
power is only due to the applied strain in the second 
FBG. Hence, the strain measurement can be made 

insensitive to the temperature variation. 
The temperature is measured from 22 ℃  to  

100 ℃ . The reflected power variations for the 
temperature measurement with and without the 
reference FBG are plotted in Fig. 7. 

5. Conclusions 

Two interrogation methods for FBG sensors are 
developed, and their performances are compared. If 
the emission spectra of the source and FBG are 
matched perfectly, the first method is appropriate, 
since it can provide better power levels with less 
number of components. But the stability and spectral 
response of the source are critical. In the second 
design, the source response is not very critical as in 
the earlier case. This method is appropriate, and 
linear results are obtained. It can be made 
temperature insensitive by using a powerful 
broadband source with a flat spectrum in the 
measurement range. Using a 4 pico-meter  
resolution OSA, we can measure a minimum strain 
of 24 με and temperature of 0.1 ℃. Whereas using 
this arrangement, the measurement up to 0.5 με and 
0.01 ℃ is possible with a power meter of 0.01 dBm 
resolution, provided the source power is constant. 
The highlights of this design are the portability, cost 
effectiveness and better resolution. Since the 
intensity is being measured, the dynamic response 
also expects better. 
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