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Abstract: In recent years, fiber Bragg gratings (FBGs) have been widely used in ultrasonic detection 
for practical structural health monitoring in light of its unique advantages over the conventional 
sensors. Although FBGs have been successfully tested in ultrasonic inspection, the effect of the 
grating length on the sensitivity of the FBG ultrasonic sensing system is yet to be analyzed. Hence, 
using the simulation model, the main influencing factor on the sensitivity of the ultrasonic sensing 
system with different lengths gratings was first investigated. In the following experiment, the 
ultrasonic responses of the sensing system with six different lengths FBGs were obtained, 
respectively. The theoretical analysis and the experimental results would be useful for sensitivity 
improvement of the FBG-based ultrasonic and acoustic emission sensing system. 
Keywords: Fiber Bragg gratings, Bragg reflectors, optical sensing and sensors 

Citation: Dandan PANG and Qingmei SUI, “Response Analysis of Ultrasonic Sensing System Based on Fiber Bragg Gratings of 
Different Lengths,” Photonic Sensors, 2014, 4(3): 281–288. 

 

1. Introduction 
Ultrasonic inspection plays an important role in 

structure health monitoring (SHM), industrial safety 
monitoring, automotive, aerospace, and therapeutic 
applications due to its high sensitivity to both 
surface and subsurface discontinuities as well as its 
highly accuracy in determining the position, shape, 
and size of the reflector [1, 2]. Ultrasonic sensors 
based on fiber Bragg gratings (FBGs) have many 
advantages over classical piezoelectric sensors, 
including the immunity to electromagnetic 
interference, small size, lightweight, multiplexity, 
and capability to be embedded in the monitoring 
structure [3–5]. 

FBGs-based ultrasonic sensors are good 
candidates for detecting ultrasonic waves due to the 
aforementioned advantages. The FBG ultrasonic 

sensing system typically relies on detecting an 
intensity shift of light reflected from the FBG 
caused by ultrasonic waves using a narrow 
line-width laser locked to the wavelength at the full 
width at half maximum (FWHM) [6]. The 
sensitivity of this sensing system is limited by the 
wavelength shifting amplitude and the spectral slope 
of the linear range [7]. The influencing factors on 
the sensitivity of FBG ultrasonic sensors and the 
methods of sensitivity enhancement in intensity- 
modulated FBG ultrasonic or vibration sensors have 
been extensively studied in recent years [7–11]. 
Minardo et al. [8] modeled the ultrasonic waves and 
FBG interaction taking both geometric and 
elasto-optic effects into account for uniform and 
apodized FBGs, and numerically analyzed the key 
parameter of the ratio between the ultrasonic 
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wavelength and the grating length affecting the FBG 
response to an ultrasonic wave. Betz et al. [9] 
studied the influence of the acoustic wavelength and 
amplitude on the grating spectrum, and experiments 
were carried out to validate the responses of FBGs 
of different lengths to the incident acoustic waves. 
However, in those studies, the effect of the   
spectral slopes of FBGs with different lengths on  
the sensitivity of the overall system has been 
neglected. 

To address the problem mentioned above, in this 
work, the slopes of the linear range in the FBGs 
reflection spectra have been taken into account to 
investigate the response of gratings with different 
lengths to ultrasonic waves. Using the traditional 
transfer matrix method, the output of the ultrasonic 
detecting system with the narrowband interrogation 
method has been modeled. Response analysis has 
been performed for systems with different lengths 
gratings. Experiments were carried out to 
demonstrate the optimum grating length for 
ultrasonic inspection on an aluminum plate. The 
obtained results are believed to be of great value for 
the optimization design of the FBGs-based 
ultrasonic sensing system. 

2. Ultrasonic sensing principle of FBG 
and sensitivity response of ultrasonic 
sensing system with FBGs of different 
lengths 

2.1 Ultrasonic sensing principle of FBG 

To study the interaction between an FBG and an 
ultrasonic wave, the time-dependent ultrasonic strain 
is modeled according to 

US US
US

2( ) cos( )t A z tπε ω
λ

= −          (1) 

where AUS denotes the ultrasonic wave amplitude 
normalized to the ultrasonic wavenumber 2π/ USλ , 

USλ  is the wavelength, and USω  is the angular 
frequency of the ultrasonic wave, respectively. Here, 
z is the point along the fiber axis, and the limit of the 
grating length is defined as 0 ≤ z ≤ L. 

An ultrasonic wave causes a refractive index 
change via the strain-optic effect and induces 
geometrical deformation along the FBG [12, 13]. 
Taking the two effects mentioned into account, the 
Bragg effective refractive index modulation under 
the ultrasonic wave can be expressed as [14] 
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where eff 0n  is the original effective refractive index, 

n∆  is the maximum index change, 0Λ  is the 
grating period, Pij are the stress-optic coefficients, 
ν  is the Poisson’s ratio, and z′  is the new point 
along the fiber axis due to the geometrical 
deformation, which can be obtained as 
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2.2 Simulation of the sensitivity response of 
ultrasonic sensing system with FBGs of different 
lengths 

A. Simulation principle 
Figure 1 shows the simulated reflection spectra 

of gratings with different lengths. The parameters of 
the gratings used in the simulation were obtained 
from the spectral responses of realistic gratings of 
different lengths. The grating lengths were 1 mm, 2 mm, 
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Fig. 1 Simulated reflected spectra of gratings with different 

lengths. 



DANDAN PANG et al.: Response Analysis of Ultrasonic Sensing System Based on Fiber Bragg Gratings of Different Lengths 

 

283 

3 mm, 5 mm, 8 mm, and 10 mm, and the 
corresponding FWHM bandwidths were 1.13 nm, 
0.61 nm, 0.59 nm, 0.55 nm, 0.40 nm, and 0.26 nm. As 
shown in Fig. 1 clearly, a longer grating length was 
always accompanied with a higher reflectivity and a 
steeper slope. 

With the narrowband laser interrogation method, 
the laser was set to the wavelength at the FWHM of 
the grating, and the grating subjected to ultrasonic 
waves was demodulated by the reflected intensity 
variations. The interrogation principle of gratings 
with different lengths under ultrasonic waves is 
shown in Fig. 2(a), taking a 1-mm-length grating and 
a 5-mm-length grating for examples. However, it is 
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Fig. 2 Interrogation principle of the grating under ultrasonic 
wave with the amplitude of 15 με and frequency of 150 kHz:  
(a) simulated leftmost spectrum with the minimum wavelength 
and rightmost spectrum with the maximum wavelength in an 
ultrasonic period of a 1-mm-length grating and a 5-mm-length 
grating and (b) enlarged spectrum. 

worthy of note that this interrogation method is only 
applicable when part of the grating spectrum can be 
assumed to be linear. The required linearity occurs 
in reflectivity between 20% and 80% of an FBG 
reflection spectrum. When the ultrasonic wave 
amplitude exceeds 15 με (Fig. 3), the wavelength of 
the laser will extend out the linear region of the 
grating spectrum. Therefore, it should be noted that 
the applied ultrasonic wave amplitude cannot exceed 
15 με. 
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Fig. 3 Simulated leftmost and rightmost spectra of a 

10-mm-length grating subjected to an ultrasonic wave with 
amplitude of 15 με. 

Figure 2(a) clearly shows the simulated leftmost 
spectrum with the minimum wavelength and 
rightmost spectrum with the maximum wavelength 
in one ultrasonic period of a 1-mm-length grating 
and a 5-mm-length grating subjected to an applied 
ultrasonic wave with an amplitude of 15 με and a 
frequency of 150 kHz, respectively. Here, in Fig. 2(a, 
the gray areas represent the peak-to-peak amplitudes 
of the reflected intensity variations induced by the 
grating spectra shifts. Each gray area can be 
assumed as a parallelogram due to the ultra-narrow 
bandwidth of the laser, as shown in Fig. 2(b). 
Therefore, the gray areas P1 and P2 can be 
approximately represented by (4) 

left right

HM   tan      1,2
i i i

i i i

P P P
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= −

= ∆ ⋅ = ∆ ⋅ ⋅ =
   (4) 

where leftiP  is the reflected intensity of the leftmost 
spectrum in an ultrasonic period; rightiP  is the 
reflected intensity of the rightmost spectrum in an 
ultrasonic period; n= 4×10–4

 pm is the bandwidth of 
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the laser; HMiR∆  is the maximal amplitude change 
in the reflectivity of the FBG at the set laser 
wavelength in one ultrasonic period; iλ∆  is 
approximately equal to the wavelength shift of    
the FBG; and tan iα  is the spectrum slope of the 
FBG. 

Here, we assume 0 left right=( + ) / 2i i iP P P  as the 
initial light intensity in the ultrasonic period. From 
(4), the intensity sensitivity SPi can be obtained as 
follows: 

HM

0 left right

0
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tan=              1,2.

i i
Pi

i i i

i i

i

P RS
P R R
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R
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      (5) 

Equation (5) describes the calculation method of 
the intensity sensitivity of the entire system. 
According to (5), the intensity sensitivity depends 
on the wavelength shift iλ∆ , the slope of the FBG 
tan iα , and the initial reflectivity of the FBG at the 
set laser wavelength R0i. 

B. Simulation results 
In order to find out the main influencing factor 

on the sensitivity of the tunable laser-based 
interrogation system, the relationship among the 
sensitivity Sp, the wavelength shift λ∆ , the slope of 
FBG tanα , and the initial reflectivity of the grating 
spectrum at the set laser wavelength R0 was studied 
by numerical simulations. Figure 4(a) shows the 
maximal reflectivity change in the grating spectrum 
at the set laser wavelength in one ultrasonic period 

HMR∆ , as a function of the FBG length. Evidently, 

HMR∆  increases almost linearly with an increase in 
the FBG length. Figure 4(b) displays the shift of the 
grating wavelength λ∆  in one ultrasonic period for 
the grating length ranging from 1 mm to 10 mm. In 
agreement with the results observed by Minardo et 
al. [6], the maximal wavelength shift λ∆  decreases 
with an increase in the FBG length, except for one 
abnormal point at the FBG length 3 mm. This can be 
attributed to the sudden rise of the spectrum slope of 
the 3-mm-length FBG. From Figs. 4(a) and 4(b), one 

can see the changing trends of HMR∆  and λ∆  are 
in opposite directions, and according to (4), the 
conclusion that the dominant influencing factor of 

HMR∆  is the spectrum slope of the FBG tanα  can 
be obtained. 
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Fig. 4 Relationship between the maximal reflectivity change 
HMR∆  and the shift of the grating wavelength Δλ: (a) variation 

of the maximal reflectivity change 
HMR∆  with the FBG length 

and (b) simulation results for the shift of the grating wavelength 
Δλ versus the FBG length. 

The relationship between the initial reflectivity 
of the grating spectrum at the set laser wavelength 
R0 and FBG length is shown in Fig. 5. R0 is 
calculated by averaging the reflectivity of the 
leftmost grating spectrum at the set laser wavelength 
(the maximum reflectivity in one ultrasonic period) 
Rleft and the reflectivity of the rightmost grating 
spectrum at the set laser wavelength (the minimum 
reflectivity in one ultrasonic period) Rright. According 
to Fig. 5, R0 increases with an increase in the FBG 
length. 



DANDAN PANG et al.: Response Analysis of Ultrasonic Sensing System Based on Fiber Bragg Gratings of Different Lengths 

 

285 

 

 
0.3 

0.4 

0.5 

0.6 

0.7 

1 2 3 5 8 10 
FBG length (mm) 

R o
 

 
Fig. 5 Relationship between the initial reflectivity of the 

grating spectrum at the set laser wavelength R0 and FBG length.  

Figure 6 shows the intensity sensitivity of the 
entire sensing system Sp as a function of the FBG 
length for an ultrasonic wave amplitude of 15 με.  
Sp is calculated from dividing the peak-to-peak 
amplitude of the reflected intensity variation P by 
the initial light intensity in the ultrasonic period Po, 
according to (5). The simulation results show that 
the intensity sensitivity increases significantly with 
an increase in the FBG length at low values of the 
FBG length. The intensity sensitivity at the 8-mm 
FBG length is close to that at the 10-mm FBG 
length. For the system with a 10-mm-length FBG, 
the sensitivity reaches a peak of 0.85. These results 
reveal that the intensity sensitivity of the system is 
significantly affected by the spectrum slope of the 
FBG tanα . 

 

      
 
 
 
 
 
 
 
 
 
 
 

     

 
  

  
 

 
      

   

 
 

 
 
 
 
 
 
 
 
 

 
 

 
Fig. 6 Intensity sensitivity of the system Sp versus the FBG 

length. 

3. Experiments and results 

The experimental setup of the FBG-based 
ultrasonic sensing system is demonstrated in Fig. 7. 
A narrowband piezoelectric transducer (PZT) with a 
resonance frequency of 150 kHz was connected to a 
waveform generator. The waveform generator 
produced modulated sinusoidal pulses with the 
amplitude of 1 V – 5 V, propagating through a 
3-mm-thickness  a luminu m a lloy p la te.  A 
narrowband tunable semiconductor laser (TSL) with 
the line-width of 100 kHz and the wavelength 
resolution of 1 pm was tuned to the FWHM point of 
the sensing FBG to obtain the optimum sensitivity, 
and its output power was set to 5 mW. The FBGs 
were fabricated with parameters representing the 

 
Fig. 7 Experimental setup of the FBG-based ultrasonic sensing system. 

numerical simulation. A circulator guided the 
reflected light from the FBG to a photodetector with 
a built-in band-pass filter. The converted electrical 
voltages were filtered by the band-pass filter    
(100 kHz – 300 kHz) and then entered an acoustic 

emission (AE) preamplifier. The AE system 
monitored the response of the FBG by recording the 
intensity of the acoustic signal. As shown in Fig. 8, 
the FBGs and the PZT were all surface-attached to 
the aluminum alloy plate. All gratings were placed at 
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an equal distance (200 mm) from the PZT in order to 
ensure the same acoustic amplitude. Figure 9 shows 
the reflected spectrum of the 10-mm-length FBG 
free of the acoustic wave. 
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Fig. 8 Layout of different lengths FBGs on the aluminum 

alloy plate. 
In this experiment, gratings of different lengths 

were attached to the sensing system by jointing the  

angled physical contact connector (FC/APC) in each 
channel with the flange. In order to characterize the 
responses of gratings with different lengths, the 
amplitude of the ultrasonic wave generated by the 
PZT was fixed at 3 V, and the amplitude of the 
ultrasonic signal applied to gratings was about 15 με. 
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Fig. 9 Reflected spectrum of the 10-mm-length FBG used in 

the experiment. 
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Fig. 10 Comparison of time responses of gratings of different lengths under the same excitation signal. 
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If the FBGs suffered from surrounding 
temperature changes, the wavelength of the laser 
would not set at the preset operating point, even 
worse might extend out the operating linear region 
of the grating spectrum (especially the 
10-mm-length FBG). In order to make sure the 
experiment goes well, we should eliminate the 
effects of temperature changes. During the 
experiment, the room temperature was monitored 
and held constantly at 18 ℃. The reflected optical 
power before entering the photodetector was 
detected at a ten-minute interval to ensure the preset 
operating point remained unchanged. Therefore, the 
optimum sensitivity could be obtained throughout 
the experiment. 

The time-varying acoustic signals recorded by 
the AE system were used to compare the response 
sensitivity of the system with gratings of different 
lengths. As shown in Fig. 10, the amplitudes of 
detected acoustic signals increase gradually with an 
increase in the grating lengths. There is an abrupt 
increase in the amplitude of the response waveform 
of the 5-mm-length FBG. The response amplitudes 
of the 8-mm and 10-mm gratings are almost the 
same. The relationship between the normalized FBG 
response and the grating length is shown in Fig.11. 
The result in Fig. 11 is consistent with the numerical 
result in Fig. 6. Obviously, the maximum amplitude 
of the FBG response can be achieved at the grating 
length of 10 mm.  
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Fig. 11 Normalized optical signal strength plotted with 

respect to the FBG length. 

4. Conclusions 

In this paper, the grating length dependence of 
the fiber Bragg grating based ultrasonic sensing 
system was investigated theoretically and 
experimentally. Firstly, an efficient sensitivity 
equation of the ultrasonic detecting system was 
established. Then, in the numerical simulation part, 
the slope of the FBG spectrum as a key parameter 
affecting the sensitivity was highlighted. 
Simulations show that, for a given ultrasonic wave 
with a less-than-15-με amplitude acting on the 
grating, the intensity sensitivity of the system can be 
enhanced by increasing the FBG length as the 
increased slope of the FBG spectral linear range 
overcomes the reduced wavelength sensitivity from 
a longer grating length. Finally, an ultrasonic 
detecting system with gratings of different lengths 
was built to experimentally demonstrate the 
theoretical finding. The time responses of the 
gratings with lengths ranging from 1 mm to 10 mm 
were obtained, and the measurement results agreed 
well with the theoretical analysis. This concluded 
that the sensitivity of the system was primarily 
determined by the slope of the FBG spectral linear 
range. The theoretical and experimental results 
provided an optimal system design for ultrasonic 
detecting. 
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