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Abstract: Intrusion localization plays a significant role in perimeter systems. Currently, 

the problem about low accuracy of localization exists in conventional perimeter 

systems universally. A precise intrusion localization method based on Fiber Bragg 

Grating(FBG) sensor is proposed in this paper. The FBG sensors are pasted on the top 

beam and used to detect the strain of different places. According to the theory of the 

bending strain and the simply supported beam, the deflection distribution is 

established according to strain data. The location and force identification for intrusion 

are realized by analyzing deflection curve. Additionally, Gaussian fitting for FBG 

reflection spectrum is adopted to improve the interrogation accuracy. The experiment 

result implies that the proposed method represents a value intrusion detection method 

for perimeter security. 

 

Keywords: Index Terms—Fiber Bragg Grating(FBG); simply supported beam; 

intrusion location. 

 

1. Introduction 

In recent years, perimeter security has attracted more and more attention[1-3] due to 

its significance for country and people. Comparing with those conventional perimeter 

intrusion detection methods (PIDMs) such as ultrasonic, radar, microwave, and infrared 

or photo-electric sensors [4-6], fiber PIDMs have many inherent advantages, including 

high resolution, high sensitivity, intrinsic electrical passivity, and immunity to 

electromagnetic interference [7-8]. So, fiber sensing is applied in perimeter security 

system widely. Generally speaking, fiber PIDMs can be classified into interferometer 

PIDMs [9-10] and FBG PIDMs [11-15]. In the case of the interferometer PIDM, such as 

fiber-optic Sagnac, Michelson and M-Z sensors, the whole fiber is the sensing area. 

When there is one break-point at the area, the whole system cannot work anymore 
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[9-10]. While the FBG PIDMs overcome this problem [11-12] and have a better 

localization accuracy.  

In order to locate the intrusion, scholars have put forward some methods. Successively, 

Wang et al. located the intrusion based on the strain characteristic of FBG sensor [14]. 

The fiber optic cable structure was proposed to improve the FBG sensing sensitivity. 

But it is very exorbitant and difficult to manufacture the structure. Alternatively, Rao et 

al. put forward a system which located the intrusion directly according to the abnormal 

sensors. This method is very simple, and obviously, the accuracy is very undesirable 

[15].  

At present, there are hardly any methods or structures proposed to locate the intruder 

specially with FBG sensors, and a method with high localization accuracy is very 

significant in a perimeter intrusion detection system. 

To solve this problem, we propose a precise intrusion localization method based on the 

FBG sensors, at the same time, the intrusion force can be identified. According to 

simply supported beam theory, the bending moment model and deflection model are 

established to locate the intrusion and identify the intrusion force respectively. 

 

2.  Methodology 

2.1 The Model of Localization 

Fig. 1 shows that when a intrusion force acts at point A, the point 1-n  will be acted by 

different component forces named iF . 
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Fig. 1. The system of fence perimeter security with a climbing intrusion. 

The intrusion force acting at different position causes different component forces 

acting at the beam. When several forces are acting at a beam simultaneously, the 

bending moment distribution ( )M x  is expressed as 
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Where aF  is bearing binding force at left-end of the beam, ix  is the position of force iF  

acting, n  is the number of component forces, L  is length of beam 

The relationship between deflection and bending moment according to Ref. [16] is 

expressed as 
2

2

d w M

x EI
                                                           (2) 

where w  is deflection of the beam, EI  is flexural rigidity which describes the capacity 

of the beam to impede bending. x is the position at axial direction. 

From Eq.(2), we can see that M  is proportional to the second derivative of w .The 

boundary conditions are (0) ( ) 0w w L  , and the function '( )w x  and ( )w x  have a continuity 

at point 1 2, ... nx x x . So, the w  is expressed as 

1 2( , ... , )F nw f F F F x                                               (3) 

According to the Ref. [16], when a force is acting at the beam, the definition is given by 
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The definitions for the parameters are expressed in the Fig. 2. 
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Fig. 2. The definition for parameter in a deflection curve. 

The point o  is defined as the origin point. the position of the resultant is expressed as 

Fx L b                                                       (5) 

From Eq. (4) and Eq. (5), b is given by 
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Based on the Eq. (6) and Eq. (5), the acting position Fx  is expressed by  
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Where maxx  is the extreme point in the deflection curve, maxx  is a parameter which is 

defined by variables 1 2, ... nF F F . 

From Eq. (7), we can define the acting position according to the variables 1 2, ... nF F F . We 

calculate the variables based on bending moment theory, which is shown as follows. 
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3. The Model of Identification for Intrusion Force 

When several forces are acting at the beam simultaneously, bending moments iM  of 

the position the force act are shown by 
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Eq. (8) can be rewrote as 

M AF                                                        (9) 

where 1 2[ ... ]T

nM M M M  is the bending moments matrix, 1 2[ ... ]T

nF F F F  is the force 

matrix , A  is a coefficient matrix and its dimensionality is n n .  

The iF  can be calculated by Eq. (9)  

1 2( , ... )i i nF g M M M                                             (10) 

According to Refs [16] and [17] the iM is given by  

i i

EI
M

y
                                                       (11) 

where i  is the axial strain at different position ix , y  is the distance between the point 

and strain neutral surface. From Eq. (10) and Eq. (11)  

 1 2, ... , 1,2,...i i nF f i n                                           (12) 

Due to the forces in the vertical direction are balanced. Thus, the force is given by   

1

i n

i

i

F F




                                                    (13) 

We measure the strain i  with FBG sensors and calculate the iF  according Eq.(12). 

From Eq.(7) and Eq.(13), the component forces 1,2...iF i n，  are used to determine the 

position the force F  act and the value of the force.  Additionally, the FBG sensing 

theory is shown by 

1(1 ) (1 )B
e e h

B

p p T T


  



                                              (14) 

where ep  is the optical fiber photo-elastic coefficient, h is the thermal expansion 

coefficients of the host material and   is the thermo-optic coefficient. Eq. (14) is used 

to detect the strain by FBG sensor. 

 

4. Experiment System Design 

4.1 Define the Number of the FBG Sensors 

Considering the relationship between the accuracy and cost, it is very significant to 

define the number of FBG sensors. A simulation about different deflection curves under 

different number of sensors is implemented when different force is act at the fence. As 

an example, when the conditions are F=49N , L=0.9m , the acting position is / 2L , the 

deflection curves with different number of FBG sensors compared with the actual 

deflection curve are shown in Fig.3. The corresponding errors are shown in the Fig. 4 
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Fig. 3. Compare the different deflection curves under different n  which is the number 

of FBGs and n=2,3...6 with the actual deflection curve. 

 

 
 

Fig. 4. The maximum error about the different deflection curves under different n  
which is the number of FBGs and n=2,3...6 with the actual deflection curve, which is 

calculated in the central point of the cave. 

From Fig.3, it is easy to see that with the increasing of sensors, especially 5N  , the 

deflection curve will turn to be closer to the actual curve. Furthermore, according to 

Fig.4, when 5N  , the error is less than 30.5 10 m  and they have a similar tendency 

under different acting forces. Thus choosing 5 FBG sensors to detect the strain can 

satisfy the need of application. 

 

4.2 Principle of Experiment 

The experiment system includes broadband light source (NKT Photonics), the 

wavelength of which ranges from 500 nm to 2,400 nm, a spectrometer (Agilent 86142B) 

with 600-1,700 nm wavelength scanning range, a 3dB coupler, and a fence model. The 

construction of experimental system is shown by Fig. 5. 

Where FBG1-5 are used for strain sensing and they are pasted on the beam totally by 

acrylate binder, FBG0 is used for temperature compensation and only one end of FBG0 

is pasted on the beam. The reflected light of FBG sensors transmits to point 2 from 

point 1 through the coupler. And the reflected spectrum is shown in the spectrometer. 

Detecting the wavelength shift with spectrometer and the wavelength shift generated 

by temperature is eliminated by FBG0.  
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Fig. 5. Block diagram of the experimental system. 

 

Because the temperature in indoor is stable, the FBG0 is not applied in the indoor 

experiment. The parameters for experiment are shown in table 1 and the constructing 

experiment system is shown in Fig. 6. 

 

Table 1. Parameters of optical fibre and fence properties. 

Components Correlative parameter 

Fence Geometry 
Size: 0.90m 0.70m ; Node number :25(5 5 ) 

Beam iron: (Q196); Young modulus: 196E3 (MPa ) 

Optical fibre parameters 

Photo-elastic coefficient ( ep ): 0.217[17] 

Thermo-optic coefficient ( ): 8.3E-6[17] 

Effective refractive index: 1.4682n  [17] 

FBG central wavelength 
(T=25 Co

) FBG1: 1530 nm; FBG2: 1536 nm; 

FBG3: 1542 nm FBG4: 1548 nm; FBG5: 1554 nm; 

 

 

Fig. 6. Experimental setup for locating the different force.  

 

5. Experimental Results 

The zone 60cm 40cm  in the fence plane is defined as the experimental region. In the 

experiment, three forces of 49 N, 98 N, 147 N and 196 N were respectively acted at 

Point 1-25 on the fence [see Fig. 7], and these forces, as a signal source, were used to 

produce the wavelength shift of each FBG spectrum. When the force of 49N was 

selected to act at P1 on the fence, it would induce different effects on each FBG sensor. 

Then a set of reflectance spectra data composed of 5 FBG sensors was obtained. When 
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the 49 N force respectively acted at point 1-25, 25 sets of FBG reflection spectrum data 

were obtained. The same operations were respectively carried out with the force of 

98N, 147N, and 196N, and the other 75 sets of FBG reflection spectrum data were 

obtained.  
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Fig. 7. Position of 5 pasted FBGs and 25 experiment position. 

 

The reflective spectrum is shown in Fig. 8. From Fig. 8. Because the spectrum is a 

complex result modulated by core material index, craftsmanship, temperature and the 

way of pasting, thus making the spectrum in peak zone is distorted. Moreover, it will 

make a trouble in interrogating and reduce the accuracy. So, it is necessary to amend 

the spectrum. 

 

Fig. 8. FBG reflected spectrum at point 1 acted by 49N intrusion force. 

 

A. FBG Spectrum Correction 

The reflective spectrum of FBG sensor is like Gaussian distribution [18], in this paper 

we choose Gaussian fitting to amend the spectrum. As an example, the anamorphic 

spectrum of FBG1 is shown in Fig.9. It is easy to see that there is a unexpected 

deformation in the peak zone. The spectrum after Gaussian fitting is shown in Fig.10. 

We can ensure that the Gaussian fitting method can improve the quality of the 

spectrum.  
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Fig.9. Anamorphic FBG spectrum signal. Fig.10. FBG spectrum signal after Gaussian 

fitting. 

B. Localization Result Analysis 

Here we implement the experiment under different forces including 49 N,98 

N,147N,196N. 5 traction tests are operated at the same place in x axis. The average 

error about two measures including method with calculating directly refer as section Π. 

 

Table 2. Deviation of intrusion location 

Point 
Actual 

value/m 

Measurement result/m  Error/m 

49.0N 98.0N 147N 196N  49.0N 98.0N 147.0N 196.0N 

1 0.150 0.176 0.122 0.175 0.175  0.026 0.028 0.025 0.025 

2 0.300 0.286 0.308 0.289 0.305  0.014 0.008 0.011 0.005 

3 0.450 0.451 0.450 0.450 0.450  0.001 0.000 0.000 0.000 

4 0.600 0.591 0.614 0.613 0.607  0.009 0.014 0.013 0.007 

5 0.750 0.772 0.729 0.774 0.728  0.022 0.021 0.024 0.022 

6 0.150 0.178 0.122 0.125 0.173  0.028 0.027 0.025 0.023 

7 0.300 0.287 0.293 0.312 0.314  0.013 0.007 0.012 0.014 

8 0.450 0.453 0.450 0.450 0.450  0.003 0.000 0.000 0.000 

9 0.600 0.593 0.609 0.607 0.587  0.007 0.009 0.007 0.013 

10 0.750 0.728 0.772 0.738 0.735  0.022 0.019 0.012 0.015 

11 0.150 0.125 0.123 0.126 0.174  0.025 0.027 0.024 0.024 

12 0.300 0.275 0.322 0.318 0.286  0.015 0.022 0.018 0.014 

13 0.450 0.450 0.450 0.450 0.450  0.000 0.000 0.000 0.000 

14 0.600 0.586 0.593 0.611 0.608  0.014 0.007 0.011 0.008 

15 0.750 0.722 0.775 0.726 0.771  0.028 0.025 0.024 0.021 

16 0.150 0.123 0.177 0.125 0.128  0.027 0.025 0.022 0.022 

17 0.300 0.307 0.309 0.286 0.311  0.007 0.009 0.014 0.011 

18 0.450 0.45 0.450 0.450 0.450  0.000 0.000 0.000 0.000 

19 0.600 0.611 0.590 0.589 0.607  0.011 0.010 0.011 0.007 
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20 0.750 0.729 0.722 0.723 0.775  0.021 0.028 0.027 0.025 

21 0.150 0.176 0.126 0.130 0.129  0.026 0.024 0.020 0.021 

22 0.300 0.312 0.307 0.310 0.311  0.012 0.007 0.010 0.011 

23 0.450 0.450 0.450 0.450 0.450  0.000 0.000 0.000 0.000 

24 0.600 0.585 0.614 0.617 0.611  0.015 0.014 0.017 0.011 

25 0.750 0.722 0.723 0.723 0.722  0.028 0.027 0.027 0.028 

 

From Table 2, we can see that the method with calculating directly has a more terrible 

recognition result in the position closing to the both of ends than the central position. 

This is because in the central position, the curve has a best symmetry, which means 

that it will be very easy to define the position according to the extreme point of 

deflection curve. When the position is closed to the two ends, thanks to the effect 

which is produced by bearing binding forces, the deflection curve will have a 

deformation. As a result, the maximum error for this method is 2.8cm. Comparing with 

the Ref [15] (50cm), the proposed method has a better accuracy. 

C. Force Identification Result Analysis 

The procedure to calculate the force identifying error is similar to the location. The 

error of force identifying with two methods are shown in Table 2. 

 

Table 3. Deviation of intrusion force recognition 

Point 
Actual force/N Error/N 

49.0N 98.0N 147.0 N 196.0 N 49.0N 98 .0N 147.0 N 196.0 N 

1 53.9 103.0 144.0 191.3 4.9 5.0 3.0 4.7 

2 45.2 101..4 150.2 199.2 3.8 3.4 3.2 3.2 

3 50.3 98.4 149.6 194.4 1.3 1.8 2.6 1.6 

4 53.6 99.1 151.1 192.4 4.6 4.6 4.1 3.6 

5 44.6 101.4 150.3 200.0 4.4 3.4 3.3 4.0 

6 52.9 102.5 143.0 201.6 3.9 4.5 4.0 5.4 

7 47.1 100.9 143.8 199.7 1.9 2.9 3.2 3.7 

8 51.8 96.07 150.2 200.3 2.8 1.9 3.2 4.3 

9 53.2 102.7 152.3 200.4 4.2 4.7 5.3 4.4 

10 54.0 102.6 142.9 190.6 5.0 4.6 4.1 5.4 

11 53.0 95.1 152.1 199.3 4.0 2.9 5.1 3.3 

12 51.3 102.8 149.6 197.9 2.3 4.8 2.6 1.9 

13 47.4 100.6 148.8 191.8 1.6 2.6 1.8 4.2 

14 44.5 95.3 150.3 192.6 4.5 2.7 3.3 3.4 

15 53.9 93.7 151.3 192.1 4.9 4.3 4.3 3.9 
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16 53.3 94.5 142.0 199.0 4.3 3.5 5.0 3.0 

17 51.5 95.9 142.8 193.6 2.5 2.1 4.2 2.4 

18 46.3 94.6 143.6 192.0 2.7 3.4 3.4 4.0 

19 44.6 101.8 152.1 201.0 4.4 3.8 5.1 5.0 

20 52.8 94.2 150.9 191.4 3.8 3.8 3.9 4.6 

21 53.2 94.6 151.7 192.1 4.2 3.4 4.7 3.9 

22 51.3 94.1 152.4 192.8 2.3 3.9 5.4 3.2 

23 50.9 100.7 143.6 194.1 1.9 2.7 3.4 1.9 

24 44.2 93.7 151.7 200.4 4.2 4.3 4.7 4.4 

25 44.2 102.9 142.7 200.5 4.8 4.9 4.3 4.5 

 

From, Table 3 the force identifying error has a similarity to location result. The 

maximum error for intrusion force recognition is 5.4N. 

 

6. Conclusion 

In this paper, focusing on the problem of low localization precision in PIDMs, a method 

based on the FBG sensor is proposed. According to simply supported beam theory, the 

bending moment model and deflection model are established to locate the intrusion 

and identify the intrusion force respectively. The result shows that the maximum error 

of location is 2.8(3.1%) cm and the maximum error of force identification is 5.4 N. This 

method provides a novel scheme to perimeter intrusion localization. 
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