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ABSTRACT: 
 

A quasi-distributed sensing system with fiber Bragg grating (FBG) sensors can be 
useful for monitoring comprehensive deformation by measuring strain in a structure. 
However, initial damage, such as crack, may generate not an abnormal deformation but 
just a local perturbation in a stress distribution. If the area of the perturbation is much 
smaller than the gauge length of the FBG sensor, we will obtain an averaged strain value 
from an interrogation system of FBG sensors. Some interrogation system may give us an 
abnormal one which cannot be quantitatively evaluated or is meaningless. Therefore, a 
strain sensing system with the higher spatial resolution and accuracy is required to detect 
damage reliably and estimate the remaining strength of a structure. In this paper we show 
that the distributed strain measurements with the high spatial resolution can be 
implemented by the new sensing technique based on optical frequency domain 
reflectometry (OFDR). We could easily map the strain profile along a FBG from a 
spectrogram calculated by applying Fourier transform analysis with a sliding window to 
the signal obtained from the measurement system. The signal obtained from the 
measurement system can be simulated by the transfer matrix method based on coupled 
mode theory. In the experiments, we used also a long gauge FBG sensor whose gauge 
length is 50 or 100 mm as well as an ordinary one whose gauge length is 10 mm. The 
strain distribution adjacent to holes of an aluminum tensile specimen was measured by a 
10 mm FBG with the polyimide coating and a 50 mm FBG with the acrylate coating. The 
agreement between the experimental result of the polyimide coating FBG and the 
simulated one was good. This means that the simulation model was reasonable and can be 
used to design a measurement system with higher performance. However, we could not 
accurately measure strain varying sharply near the hole by the acrylate coating FBG. 
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INTRODUCTION 
 

Fiber Bragg grating (FBG) sensors are used to measure strain or temperature in 
structural sensing applications. Quasi-distributed sensing can be implemented by FBG 
sensors which are discretely located along an optical fiber. Various techniques for 
interrogating FBG sensors have been developed and they are capable of simultaneously 
monitoring a number of FBG elements [1]. In general, such a quasi-distributed sensing 
system with FBG sensors can be useful for monitoring deformation and assessing the 
stiffness of a structural member or the whole structure. However, initial damage, such as 
crack or debonding, may generate not an abnormal deformation but just a local 
perturbation in a stress distribution. If the area of the perturbation is much smaller than 
the gauge length of the FBG sensor that is ordinarily about 10 mm, we will obtain an 
strain value averaged within the gauge length from an interrogation system of FBG 
sensors. Some interrogation systems may give us an abnormal one which cannot be 
quantitatively evaluated or is meaningless. Therefore, a strain sensing system with the 
higher spatial resolution and accuracy is required in order to detect damage reliably and 
estimate the remaining strength of a structure. 

While FBG sensors with some interrogation systems are ordinarily employed for 
quasi-distributed strain or temperature measurements, they can be also applied to 
full-distributed sensing. In recent years various techniques for distributed strain 
measurements by using FBG have been proposed. If a strain distribution measured is 
monotonic, the strain profile along the grating can be determined by analyzing the 
reflection spectrum [2]. A strain distribution along a chirped grating can be measured by 
the phase-based sensing method or the low-coherence reflectometry [3,4]. However, 
these distributed sensing methods have a drawback, such as elimination of uniform 
gratings or short sensing range. By using a tunable laser demodulation, the strain profile 
along a uniform grating with a long gauge length can be mapped based on Fourier 
transform analysis [5]. Although this sensing system can measure strain distributions 
with the high spatial resolution, it seems that signals outputted from several 
photodetectors in the sensing system have to be acquired individually and analyzed step 
by step. In this paper we show that the distributed strain measurements with the high 
spatial resolution can be implemented by the new sensing technique based on optical 
frequency domain reflectometry (OFDR) [6]. 

In quasi-distributed strain measurements OFDR can be used to determine the 
wavelength of light reflected from hundreds of low reflectivity FBGs distributed along 
an optical fiber [7]. The signal at the photodetector in the interferometer consisted of a 
mirror end and FBG array is acquired at the constant wavenumber interval while the 
wavelength (wavenumber) of the laser light from the tunable laser is swept. The Fourier 
transform of the signal sampled at the constant wavenumber interval provides the 
information on the position of each FBG in the array, and a narrow inverse Fourier 
transform at specific positions (frequencies) within this Fourier transform can then be 
used to recover the wavelength spectrum of a specific FBG. 

On the other hand, in the distributed measurement using OFDR, we can easily map 
the strain profile along a long gauge FBG or FBG array from a spectrogram given by 
applying Fourier transform analysis with a sliding window to the signal at the 
photodetecter in the measurement system whose layout is similar to that of Ref. [7]. The 
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signal in the interferometer with a mirror end and FBG sensors can be simulated by the 
transfer matrix method based on coupled mode theory [8, 9]. In the experiments, we 
used also a long gauge FBG sensor whose gauge length is 50 or 100 mm as well as an 
ordinary one whose gauge length is 10 mm. The strain distribution adjacent to holes of 
an aluminum tensile specimen was measured by a 10 mm FBG with the polyimide 
coating and a 50 mm FBG with the acrylate coating. The agreement between the 
experimental result of the polyimide coating FBG and the simulated one was good. This 
means that the simulation model was reasonable and can be used to design a 
measurement system with higher performance. However, we could not accurately 
measure strain varying sharply near the hole by the acrylate coating FBG. It is supposed 
that the interface between the cladding and the coating was affecting the spatial 
resolution in distributed strain sensing. 
 
PRINCIPLE AND SIMULATION MODEL OF DISTRIBUTED STRAIN 
SENSING WITH FBG SENSORS BASED ON OFDR 
 
Optical system and data acquisition 

The measurement system with OFDR consists of a wavelength tunable laser (ANDO 
AQ4321A), three 3dB couplers (C1, C2, C3), two photodetectors (D1, D2), three 
broadband reflectors (R1, R2, R3), FBG sensors and a Pentium PC installed a A/D 
converter (National Instruments PCI 6115) and data acquisition/processing program 
written in LabVIEW. The arrangement with a long gauge FBG is shown in Fig. 1. 
 The laser light from the tunable laser is split by C1 and travels to C2 and C3. C2 is 
used to form an in-fiber interferometer with the light reflected R1 and R2, detected at 
D1. This interferometer has an optical path length difference of 2nLR where n is the 
effective refractive index and LR is the path difference of the two paths through the 
interferometer. The reflected lights from R1 and R2, RLR1 and RLR2, are given by 

( ){ }π+= knLiRL RR 11 2exp                         (1) 
( ){ }π+= knLiRL RR 22 2exp                         (2) 

where LR1 is the distance between D1 and R1 as well as LR2 is that between D1 and R2. 
Therefore, the difference between LR2 and LR1 is equal to LR. Additionally, k is the 
wavenumber of the light and is related to the wavelength λ and given by the following 
equation. 

λ
π2

=k                                  (3) 

The signal at D1 is given by the following equation. 
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                    (4) 

As the laser is tuned, Eq. (4) implies light intensity observed by D1 varies in a cycle 
depending on a wavenumber change, Δk, of the following equation. 

RnL
k π
=Δ                                 (5) 

The positive going zero crossing of the signal at D1 is used to trigger the sampling of 
the signal at D2. C3 is used to form an in-fiber interferometer with the light reflected R3 
and the long gauge FBG as well as C2 is. Therefore, the signal at D2 is given by 
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( )( )∗++= FBGRFBGR RLRLRLRLD 332                   (6) 
where RLR3 and RLFBG are reflected lights from R3 and the grating, respectively. RLR3 is 
given by 

( ){ }π+= 33 2exp RR nLiRL                            (7) 
where LR3 is the distance between D2 and R3. RLFBG can be determined by the transfer 
matrix method based on coupled mode theory [10]. First, we divide the grating with the 
gauge length of L into M uniform sections whose length is Δz as shown in Fig. 2. The 
reflection characteristic of each section is regarded as uniform within the length of Δz. 
The input/output relationship for the interferometer system of Fig. 2 is given by 
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where R0 and RM are the amplitudes of the forward propagating mode at the end of the 
detector side and the another end, respectively. S0 and SM are the amplitudes of the 
backward propagating mode at the end of the detector side and the other side, 
respectively. The components of Fi and the phase-shift matrix, PG, are given by 
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where σ̂  and κ are the general “dc” self-coupling coefficient and the “ac” coupling 
coefficient, respectively, and 22 σ̂κγ −=B  [13]. LG is the distance between R3 and 
the end of the detector side in the grating. Finally, when the boundary conditions (R0 = 1 
and SM = 0) are applied to Eq. (8), we find 

11

21
0 T

T
SRLFBG ==                          (11) 

The D2 signal sampled at the constant wavenumber, Δk, can be calculated by the 
equations from Eq. (5) to (11). 
 

  
Figure 1: Schimatic of the measurement system 
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Figure 2: Interferometer model with FBG 

 
Data analysis 

As mentioned above, while the wavelength of the laser light from the tunable laser 
is swept, the signal at D2 in the interferometer consisted of a mirror end and a long 
gauge FBG is acquired at the constant wavenumber interval. This signal is represented 
by Eq. (6), and we can easily map the strain profile along the long gauge FBG from a 
spectrogaram given by applying Fourier transform analysis with a sliding window along 
the wavenumber axis to the D2 signal. We can predict that there is the 
wavenumber/length resolution trade-off inherent related to the uncertainty priciple. So a 
wide window gives better length (position) resolution but poor wavenumver 
(wavelength), while a narrower window gives good wavelength resolution but poor 
position resolution. 
 
Simulation result 

We simulated the D2 signal obtained from the measuremet system with the FBG 
whose gauge length was 100 mm and which was under the stress free condition, and we 
compared it with the experiment result. Figure 3 shows the D2 signals and the 
spectrograms obtained from the experiment and the simulation. In the simulation n, LR, 
LG and effnδ the “dc” index change spatially averaged over a grating period are 1.45, 
15.47 m, 4.96 m and 3.10×10-6, respectively. The window length is 4000 points and it is 
corresponding to the wavenumber width of about 560 /m. The window was slid along 
the wavenumber axis as overlapping 3980 points. 

The strain distribution can be found by determining the center wavelength of the 
spectrum at each position along the grating. As shown in the spectrograms of Fig. 3, we 
can see that the strain of the actual FBG is varying due to the manufacturing 
nonuniformity, while the strain distribution is uniform in the simulation result. 
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Fig. 3 D2 signals (left) and spectrograms (right) of the experiment and the simulation 
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DISTRIBUTED STRAIN SENSING IN STRESS CONCENTRATION ZONE 
 

Stress concentration occurs frequently around a discontinuous site in the geometry 
or the material of a structure. It may cause fracture, and fracture may also cause it. 
Therefore, it is important technique to detect or measure stress concentration in 
structural health monitoring. 

In this study, the strain distribution adjacent to holes of an aluminum tensile 
specimen was measured by the distributed strain sensing with OFDR. The aluminum 
specimen had a hole with the diameter of 4 mm and two holes with the diameter of 2 
mm as shown in Fig. 4. An FBG sensor whose gauge length was 10 mm and whose 
coating was polyimide was bonded adjacent to the 4 mm hole to measure the strain 
distribution which was varying sharply by the stress concentration. Another FBG was 
also bonded on the other side along the holes. This FBG had 50 mm gauge length and 
the acrylate coating. In the experiments, the specimen was statically subjected to the 
tensile loads of 1.0, 2.0, 3.0, and 3.5 kN. 

Figure 5 shows the strain distributions in the 3.0 kN load. The solid line is the strain 
distribution calculated by finite element method (FEM). By using our simulation model 
and the FEM result, we could estimate the strain distribution which would be measured 
by the sensing system. The estimated distribution is shown as the dashed line in Fig. 5. 
This result showed the potential to measure strain accurately. In fact, the agreement 
between the results of the FBG sensor with the polyimide coating and FEM is excellent. 
However, we cannot see the sharp variation in the strain distribution measured by the 
acrylate coating FBG. It is supposed that the interface between the cladding and the 
coating was affecting the spatial resolution in distributed strain sensing. 
 
CONCLUSIONS 
 

In this paper we showed that the distributed strain measurements with the high 
spatial resolution can be implemented by the new sensing technique based on OFDR. 
Strain profile along a long gauge FBG can be easily determined in a spectrogram 
calculated by applying Fourier transform analysis with a sliding window to the signal 
obtained from the measurement system. The strain distribution adjacent to holes of an 
aluminum tensile specimen was measured by the FBG with the polyimide coating and 
the FBG with the acrylate coating. The agreement between the experimental result of 
the polyimide coating FBG and the simulated one was good. This means that the 
simulation model was reasonable and can be used to design a measurement system with 
higher performance. 
 

 
Figure 4: Tensile specimen with FBG sensors and holes 
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Figure 5: Strain distributions adjacent to the holes 
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