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Abstract—The nondestructive assessments play a key role for condition 
monitoring of in-service structures. At present, many non-destructive testing 
methods have been widely applied, but actual operation environment has the 
characteristics of multiple random, which makes the effects of multiple excita-
tion sources. While the traditional detection methods only consider the main 
sources of motivation and ignore the other sources, which will bring a bigger 
error. So the multi-source excitation method has practical significance. Here 
this paper puts forward a double source excitation technique for plate structure 
based on fiber Bragg grating sensor, which is used to receive the waves in the 
plate. First, measuring principle of double source excitation and demodulation 
principle of the FBG sensor are introduced. Then simulation analysis in the 
double source excitation field is devoted, whose results lay the foundation for 
the detection in the plate. On this basis, the experimental system is built and the 
influence of different parameters are analyzed such as frequency, phase. Then 
this double source excitation-FBG sensing technique is applied to damage de-
tection by envelope analysis, whose result show that this double source excita-
tion-FBG sensing method for the plate structure is sensitive to crack damage. 

Keywords—Double Source Excitation; Fiber Bragg Grating(FBG) ; Envelope 
analysis 

1 Introduction 

Currently, the traditional detection methods applied in aircraft structure have cer-
tain limitation: On the one hand, damage change of  the aircraft structure has the po-
tential and diversity, the existing detection methods are limited  lacking of accurate 
and effective detection method; On the other hand, the existing each kind of detection 
methods are susceptible to the influence of various interference factors,  which are not 
very sensitive to corresponding structure caused by material mechanics performance 
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degradation.  In the field of aviation, aircraft structural life depends mainly on materi-
al life. Among them, the dosage of aluminum alloy in the aerospace industry is the 
largest, with high strength, good corrosion resistance, good processability, such out-
standing advantages as low cost, it is mainly used for aerospace structure module, 
wall plate, etc.  It may encounter various environment during the running process, and 
it has the characteristics of multiple random. So the structure response is in fact the 
effects of multiple excitation source. The traditional detection methods only consider 
the main sources of motivation and ignore the other sources, which could bring a 
bigger error. So it has practical significance for the multi-source excitation method. 

Multi-source excitation method focus on multi-source vibration response character-
istics under different excitation parameters combination.The scholars have gradually 
tried to study it in the engineering structure detection[1], such as Wieslaw, Junge,  and 
so on. They studied the basis of multi-source excitation problem by changing the 
position, force. In 2007 the United States Missouri Rolla university, institute of Boe-
ing and air force joint research on the composite damage detection of ultrasonic and 
eddy current technology. Wang focused on response characteristics of the structure 
under the multi-point excitation. The structural response can be approximate to mon-
ophyletic incentive of superposition of structural response, and the incentives of phase 
difference have a certain influence on radiation field[2]. Composite technology is 
gradually becoming a new direction in the field of testing making full use of their 
methods of advantage to avoid the limitations of single detection technique. Lin stud-
ied Hilbert-Huang transform based signal reconstruction technique for the modal 
analysis of structural systems using vibration measurements. Reliable evaluation of 
systems’ characteristics leads to accurate prediction of systems’ behaviors for struc-
tural safety purpose[3]. Kashyap presents an analytical model for doubly clamped 
piezoelectric energy harvesters with segmented electrodes, considering the effect of 
strain nodes formation and charges cancellation issues, and the analytical solutions 
are found to closely agree with the Finite Element Method (FEM) simulation results 
obtained [4]. Adhikari focus on using a stack configuration and harvesting broadband 
vibration energy, a more practically available ambient source. The mean power ac-
quired from a piezoelectric vibration-based energy harvester subjected to random base 
excitation is derived using the theory of random vibrations[5]. TianLi Huang studied 
Hilbert-Huang transform in the spectral representation of earthquake accelerograms, 
whose results showed that the orthogonal Hilbert spectrum and the orthogonal Hilbert 
marginal spectrum could produce more faithful representation in characterization of 
the energy distribution at different frequency regions[6]. H. Chouiyakh introduced 
Huang Hilbert transform, empirical mode decomposition and instantaneous frequen-
cies into an accurate multicrack identification for a large number of cracks[7]. Zhang 
used fiber Bragg grating sensors for monitoring the crack of two CFRP concrete com-
posite arches in MTS loading and unloading test. After the test, a method based on 
Hilbert-Huang Transform was used for determining the cracking time, which take the 
advantage of Empirical Mode Decomposition[8]. At present, the multi-source excita-
tion research mainly focus on structural response under the multiple incentive pa-
rameter combination. But the further research of structural damage is less. Therefore, 
there is a large research space. 
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Traditional electrical sensors in the process of damage detection are difficult to 
adapt to the operation condition of the aircraft structure environment. Main limitation 
is that the electricity class sensor resistance to electromagnetic interference ability is 
poor, poor stability, not easy to decorate, more difficult to achieve the scene of the 
actual distribution, dynamic, on-line detection . FBG (Fiber Bragg Grating, FBG) has 
high sensitivity, corrosion resistance, resistance to electromagnetic interference, and it 
is easy to form multiple parameter distribution sensing array structure etc. Now, many 
studies have shown that fiber Bragg grating is easy to implement distributed meas-
urement, it can offer a new research direction for the aircraft structure damage detec-
tion. 

Therefore, this paper proposes a method under double source excitation based on 
Fiber Bragg grating sensor, taking the board plate as object. And the key contribution 
is that a double source excitation technique-FBG sensing system is given. The detec-
tion method by fiber grating sensing with double source excitation excitation mode is 
proposed and the influence of frequency, phase parameters have been proposed by 
envelope analysis is carried out. This paper is structured as follows. Section 2 reviews 
measuring principle of double source excitation technique and demodulation principle 
of the FBG is given. Section 3 is devoted to simulation analysis in the double source 
excitation field of the plate  at different time or on different points, whose results  lay 
the foundation for the parameter response characteristic research in section 4. On this 
basis, the experimental system is built and the responses of the dual excitations are 
carried out, and the influence of different parameters are analyzed such as frequency, 
phase. In Section 5 the experimental data are further analyzed based on envelope 
analysis for damage detection, which provides basis analysis for damage detection. 
Section 6 summarizes the full text. 

2 Principle of excitation and reception 

2.1 Vibration equation of multi source excitation 

The dynamic equation of multi source excitation under low frequency vibration 
can be expressed as follows:  

 FtKytyRtyM =++ )()()( !!!      (1) 

where K is expressed the stiffness matrix, R is expressed the damping matrix, and  
M is expressed the mass matrix. In the formula,  y  is expressed the displacement 
vector matrix, !y, !!y  are expressed the velocity vector matrix and the acceleration 
vector matrix, and F represents the external input signal, which is usually used as the 
acting force. The output signal can be regarded as a linear superposition of  the natu-
ral mode of vibration. 
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where rq  represents the modal coordinate vector, r! represents the r order modal 
shape. Bringing equation  (2) to equation  (1), the following equation is obtained. 
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AssumptingF(t) = Fe jwt , qs =Qse jwt , equation (3) can been transform as (4): 
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The above equation describes the modal model between the vibration of the system 
response under multi-source excitation and the input force. In general, when the mod-
el is used to analyze the multi-source excitation system, the linear time invariant fea-
tures are used to approximate the model, but the actual model has some nonlinear 
characteristics, so the solution will affect the accuracy of the model. While the fre-
quency response function, by contrast, is more suitable for the actual analysis of the 
multi-source excitation test system, which need not too much in advance to predict 
parameters,  and  its  computational complexity is lower than the time domain model 
analysis. 

When there is noise in the output, there is the best approximation Ĥ (w)  of the 
frequency response function: 
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This scheme focuses on research of dual  source excitation, the excitation point is 
n=2, the equation can be simplified to: 
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By the above formula,  the relationship between the input signal and noise is inde-
pendent. The cross spectrum between the two times the average will tend to zero, then 
the formula similar to real frequency response function.      

2.2 FBG demodulation principle  

Sensing principle of FBG is based on the Bragg wavelength reflection or transmis-
sion spectrum detection. In general, the speed range of fiber Bragg grating demodula-
tion devices is 1kHz-4kHz, which do not enough to satisfy the high demodulation 
speed for ultrasonic signals. So the fiber grating demodulation system need adopt new 
demodulation methods. The following demodulation system is one of these methods 
which can satisfy this condition, as shown in figure 2. The wavelength demodulation 
system for the FBG sensor is composed of a wavelength tunable laser, an optical 
coupler and a photodetector.  The tunable laser as a light source  inspires a beam of 
light to the FBG through an optical coupler. Then the reflected light from the FBG 
propagates to the photodetector through the coupler. If the centeral wavelength of the 
laser beam is tuned to be a little shorter than that of the FBG at free strain, the power 
relationship between laser and FBG  is shown in figure 1[10]. 

 
Fig. 1. The demodulation principle of FBG sensor 

The optical intensity received by the photodetector is given as following: 
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where  )(!sR   is the reflectivity function of the FBG, )(!S   is the spectrum func-
tion of the laser source, 1M   is the efficiency for light energy utilization, which can be 
regarded as constant if no energy loss. The reflection spectrum of the FBG sensor can 
be modeled as a Gaussian type to simplify the analysis according to the related mod-
el .And the laser beam can also be modeled as Gaussian Beam. So the optical power 
of photodetector can be derived as following: 
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where  0sR  is the maximum reflectivity, s!  is the center wavelength of the FBG, 

s!"  , 0!" is its spectral full width at half maximum. 0I  is the peak power, 0!  is 
the center wavelength of the laser beam. Therefore, the optical power of photodetec-
tor can be obtained according to Eq.(10). The optical power has the maximum if the 
center wavelength of the FBG equals to that of the laser. When FBG is compressed, 
there will be little change in wavelength of the FBG in this case. And  the overlapped 
region between the optical power of the laser beam and that of FBG will change along 
with the intensity of output light accordingly. Thus the wavelength change of the FBG 
can be measured by the intensity of the photodetector. Therefore, it can analyze the 
axial strain change of  fiber Bragg grating by detecting its wavelength drift,  avoiding 
the influence of electromagnetic field.  

 

3 Simulation analysis of double vibration 

3.1 Frequency domain simulation 

Finite element analysis can be used in computer software, and its powerful analysis 
function is used for numerical analysis. Here, ANSYS finite element software is used 
to analyze the structure of the plate, and the corresponding natural frequencies are 
obtained. The thin plate model is established, and the plate size is 500!500!1mm3, as 
shown in Figure 2 (a). Then the properties of the aluminum plate are set after select-
ing the elastic shell element shell63: density is 2700 kg/m3, elastic modulus is 
GPa72 , Poisson's ratio is 0.3. The constraint is applied to the four corners of the thin 

plate, and the full displacement constraint condition is selected. After solving the 
mesh, the natural frequencies of the first 10 orders are obtained as shown in table 1: 

Table 1.  the natural frequency of the first ten orders of aluminum plate 

orders 1 2 3 4 5 6 7 8 9 10 
f(Hz) 14.7 29.3 29.9 36.2 68.3 71.2 83.9 85.2 114.1 129.0 
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On the basis of the above model, the harmonic response characteristics of the plate 
under the same double vibration excitation of the two parameters are studied based on 
the formula (8). Harmonic response analysis of the excitation using two same fre-
quency sinusoidal signal, applied on B, A in the center of the thin plate, whose coor-
dinates is: (210,250), (290,250). Detection points are set to P1-P4 four points, the 
coordinates are (190,250), (170,250), (150,250), (130,250), as shown in Figure 2.  

 

a Geometric model 
b  
c  

         
!b"Detecting position P1                     !c"Detecting position P2 

 
 

        
 

!d"Detecting position P3                       !e"Detecting position P4 

Fig. 2. Testing point of harmonic response 
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Harmonic load is applied by setting the input amplitude, initial phase, the frequen-
cy of the applied load range. ANSYS solver is selected harmonic response analysis by 
default the frontal solver. Among them, the amplitude of harmonic load is set through 
the real part and imaginary part form respectively, here it is set 10N sinusoidal ampli-
tude, which corresponds to the real part and the imaginary part are 7.07N and initial 
phase angle is 4/! , the frequency range is set 0-200Hz by choice of step growth 
gradually. Finally, harmonic response curves are obtained on the testing points under 
two sine excitations, as shown in Figure 2  (b) - (e). 

From 2 (b) - (e) we can know that there are more obvious response amplitudes of 
the plate structure near the frequency of 30Hz, 70Hz, 130Hz,which correspond to the 
third order, sixth order and tenth order natural frequency of the plate structure. 
Among them, P2 and P1 are near two excitation sources, and the response amplitude 
is larger, while P3 and P4 are far away from the excitation sources, and the response 
amplitude is relatively smaller. Therefore, in double vibration process, excitation 
frequency parameters can be selected at the natural frequency of the plate, which 
makes the response amplitude becomes larger; in addition, due to the limited range of 
incentive, the detection position should not too far from the excitation point. Accord-
ing to the harmonic load under the action of two-dimensional strain response charac-
teristics, this is provide theoretical basis for subsequent double vibration sensing dis-
tribution. 

3.2 Time domain simulation 

The vibration signal is less than 20 kHz, assuming two low-frequency vibration 
signals x1, x2 respectively, sine wave, amplitudes respectively 50 V and 20V. Ac-
cording to the double vibration incentive theory,  the response of the detection signal 
has the following characteristics: the signal frequency will be consistent to the excita-
tion frequency, the detected amplitude just changes. Here assuming that the amplitude 
attenuation coefficient is 10, according to the transmission characteristics of the sys-
tem, the signal amplitudes of  the fiber Bragg grating detection are corresponding 2V 
and 5V respectively by the common effect  under two source of vibration excitation 
as shown in Figure 3: In figure 3 (a), excitation frequencies are respectively 10kHz,  2 
kHz. For low frequency and large amplitude vibration signals, there is a sawtooth sine 
signal in superimposed signal after superposition of high frequency signals of small 
amplitude, but the overall trend shows the low frequency vibration characteristics of 
the large amplitude. 

While figure 3 (b), excitation frequencies are respectively 10 kHz, 9KHz. After 
two superposition of vibration signal, because the frequency is relatively close, there 
is an obvious phenomenon: it makes the stacked waveform. 

In Figure 4(a), the excitation signal x1, x2 frequencies are respectively 10kHz, 
9KHz, the amplitude parameters are the same as the front figure 3. Accordingly, the 
response frequency is 10kHz and 9kHz, too. On the basis of this, change the initial 
phase of the second vibration x2 is respectively 1, 2, 3 radians, which makes the two 
wave initial phase difference changes. It can seen that the maximum position changes, 
the envelope gradually shifts to the right. But the cycle of the shoot unchangs. In 
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Figure 4 (b), keeping the frequency of  the first vibration signal x1 10kHz unchanged, 
the frequency of the second vibration signal x2 is changed In turn 9.5kHz, 7.5kHz, 
2.5kHz. It can be seen that the frequency difference of the two vibration source sig-
nals is smaller, the period of the beat is larger; on the contrary, the greater the fre-
quency difference is, the smaller the cycle is. 
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Fig. 3. Vibration superposition responses under the different combination  
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Fig. 4. Vibration superposition 

According to the above simulation analysis ,it can be seen that if two after vibra-
tion superposition harmonic vibration frequency is very close, there will be a compli-
cated vibration meter. In order to avoid mutual coupling effect of two vibration 
sources, it is suitable for the excitation signal selection frequency difference is bigger, 
at least more than 5 times. At this time, The coupling effect is weak, the overall 
change can reflect the change of the low frequency component characteristics. This is 
advantageous for the vibration source excitation signal detection analysis.  
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4 Double vibration experiment system 

In order to verify the double vibration under the excitation of the output response 
characteristics, we use adjustable laser edge filter demodulation as new demodulation 
system. Principle diagram  is shown in figure 5 (a), where piezoelectric wafers are 
used for the excitation, while FBG sensors are used for detection response.  

 
(a)  Experimental system                                        (b)  Component layout 

Fig. 5. Experimental system and layout 

Here taking  thin aluminum plate structure(500mm * 500mm * 1mm) as object, 
two source of vibration excitations are applied  on piezoelectric wafers. M, N, repre-
sent respectively the piezoelectric wafers with the thickness of 0.5mm, the diameter 
of 10mm. The horizontal  lines represent the fiber grating Grating sensors . The crack 
is located in the upper right corner, whose size is 20 mm!2 mm!1 mm. FBG ar-
rangement in the healthy area are represented by A - I respectively, while FBG ar-
rangement in the damaged area are represented by a - i. The specific arrangement is 
shown in figure 5 (b). Here, parameters affect such as  frequency and phase of the 
excitation signal are first analyzed by  comparison with simulation results. Then the 
peak strains are obtained by envelope analysis, and last the crack position are dis-
cussed. 

Keeping the frequencies are 8.4kHz, 8.6kHz,  we change the initial phase of  !D: 0, 
60, 120, 180 degrees, then get the results as shown in figure 6, which shows that the 
excitation frequency is closer, the beat phenomenon  is more obvious  with the change 
of the initial phase, and the position of the maximum value is changed; but the cycle 
of the beat is unchanged. This phenomenon is consistent with the theoretical analysis.  

Keeping one excitation frequency fa of  10.5kHz,  another frequency fb is in turn 
changed to10.4, 10.9, 9, 8.5kHz and the combined response result is shown in figure 
7. From the graph 7, it can seen that the frequency difference between the two signals 
is  smaller, the cycle is larger. This phenomenon is consistent with the theoretical 
analysis. 
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!a"!D=0                                         !b"!D=60 

                
!c"!D=120                                       (d)  !D=180 

Fig. 6. Vibration responses under different phases 

                   
!a"  fb=10.4 kHz                        !b"fb=10.9 kHz 

             
!c"  fb=9 kHz0                             (d) fb=8.5 kHz 

Fig. 7. Vibration responses under different frequencies 
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5 Envelope analysis 

On the basis of the double vibration experiment data, envelopment analysis  is 
carried out on the double vibration signal in two cases. Keeping one excitation fre-
quency, change another excitation frequency in turn, 10.4 kHz, 10.9 kHz, 9 kHz. The 
corresponding amplitude spectrums are first obtained by Fourier transform, as shown 
in figure 8(a)- (c), then envelope spectrums are obtained by using the Hilbert trans-
form envelope and the detection envelope, as shown in figure 8(d), (e). It can be seen 
that the envelope is suitable for observation overall trends under different combina-
tion incentive. 

In figure 8 (a), two frequency 10.4kHz, 10.5kHz difference is minimum, and the 
beat period is the longest; In figure 8 (b), two frequency 10.9kHz, 10.5kHz frequency 
difference is big, the beat phenomena is also appeared, the beat cycle is short; in fig-
ure 8 (c), two frequency 9KHz, 10.5kHz frequency difference is the biggest, the sin-
gle beat is the  the shortest. It can be seen, two of the excitation signal frequency dif-
ference is small, beat cycle is bigger. In addition, due to the signal noise will affect 
the result to a certain extent of the spectrum of the envelope, such as figure 8 (a) due 
to the obvious noise signal, the envelope spectrum in addition to the two sources of 
vibration signals, other components 6.25khz, 2 kHz signal clutter wave frequency 
components. And figure 8  (b) and figure 8  (c) in the noise signal is very small, the 
envelope spectrum contains two main vibration signal source frequency, other clutter 
components can be ignored. Contrasting the envelope waveform in figure 8  (d), fig-
ure 8  (e) , it can be seen that general rule changes of two envelope, but in the local 
details, it is closer to the contour of the output waveform by Hilbert transform enve-
lope. 
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Fig. 8. Amplitude spectrums under different frequency combinations 

Use the same method of phase change, and Figure 9 is keeping two excitation 
frequency 8.4kHz, 8.6kHz invariable premise, double vibration signal envelope spec-
trum of different phase combination, early phase combination in turn is 0 and 0, 0 
degrees and 60 degrees, 0 degrees and 120 degrees. First the corresponding amplitude 
spectrums are  obtained after Fourier transform, as shown in Figure 9 (a) - (c), then 
envelope spectrums using Hilbert transform envelope and detection envelope are 
obtained as shown in Figure 9 (d), (e). 

By comparing the amplitude spectra of figure 9 (a) , (b), (c), the peak frequency 
in the spectrum is correspond to the excitation frequency of 8.4kHz and 8.6kHz. Be-
cause the two excitation frequency is close, there is a beat phenomenon in the super-
position signal: beat cycle is maintained but the position of the maximum value will 
change with the initial phase difference changes, which can be found from figure 9 
(d), (e). By comparing the two envelope characteristics found that the two envelope 
methods broadly consistent with the overall variation, but in the local details, it is 
closer to the contour of the output waveform by Hilbert transform envelope , which 
makes the envelope to extract more complete. Hilbert transform to extract the signal 
envelope method is suitable for double vibration signal and has certain anti-
interference ability. 

According to the parameter analysis results, in order to avoid the influence of fre-
quency and phase parameters, here the same frequency and phase of sinusoidal sig-
nals are selected as excitation signals, focusing on the response signal analysis of 
fiber Bragg grating sensors: Incentive frequency are 60Hz, phase are 0. The peak 
changes are obtained shown in table 2 by comparing the peak strains of FBG response 
signals in the health area and damage area. Then the corresponding histograms are 
shown in figure 10, from which it can be seen that the highest peak position is roughly 
corresponding to the crack position. 
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Fig. 9. Amplitude spectrums under different phase combinations 

Table 2.  Peak detection under double excitations 

FBGs/ Peak 
strain(µ!) 

A/a B/b C/c D/d E/e F/f G/g H/h I/i 
1284 1285 1287 1292 1290 1300 1301 1306 1315 

Healthy area 10 10 24 4 8 16 5 5 5 
Damaged area 9 14 23 4 13 4 5 4 15 
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(a) Damaged area        (b) Healthy area        (c) Difference 

Fig. 10. The peak response  histograms under the same motivation parameters 

6 Conclusion 

This work focuses on response analysis of plate structure under double source exci-
tation by FBG, taking the plate structure as the object, a new attempt by double source 
excitation detection with FBG sensors has been investigated. First, double source 
excitation technique and demodulation system of FBG sensors are introduced. Se-
cond, the simulation analysis under the double source excitation are carried out  and 
frequency domain simulation of the plate structure are performed, which reveal vari-
ous signals under double source excitation on different detection positions. Third, the 
experimental system based on double source excitation -fiber Bragg grating detection 
is built and response analysis of FBG sensors under the different excitations are giv-
en. On this basis, this double source excitation-FBG sensing technique based on enve-
lope analysis is applied. The results reveal an efficient double source excitation tech-
nique by  FBG sensors, whose results show that it is feasible to crack damage detec-
tion. 
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