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 A demodulation algorithm is vital for a fiber Bragg grating (FBG) sensing system. In this 
paper,	 a	 novel	 demodulation	 algorithm	 based	 on	 the	 variable-step-size	 method	 and	 cross-
correlation algorithm is proposed to demodulate the wavelength of an FBG. By changing the 
step	 size	of	 each	 calculation,	 the	 amount	of	 calculation	 can	be	greatly	 reduced,	 and	pm-level	
resolution can be achieved over the whole bandwidth. A simulation shows that the demodulation 
results are not affected by noise, and the algorithm can accurately demodulate the FBG 
wavelength in a large range. The stability of the algorithm is also tested using three FBG sensors, 
and the results show that the difference among 25 measurements is only 4 pm. Moreover, the 
results of temperature calibration experiments show that the sensitivity of the sensor is 41.9 
pm/℃,	which	is	similar	to	the	value	of	45	pm/℃	provided	by	the	manufacturer.	The	R2 value of 
the fitting curve is 0.9994, which means that the demodulation algorithm can be effectively used 
in sensing measurement.

1. Introduction

 Fiber optic sensors have advantages including anti-electromagnetic interference, corrosion 
resistance, strong multiplexing ability, high sensitivity, portability, and flexibility, and have been 
used to monitor various physical parameters in complex and severe environments.(1–4) A fiber 
Bragg grating (FBG) sensor, a type of wavelength-modulated fiber optic sensor, has unique 
advantages in addition to the above advantages.(5) Owing to the wavelength modulation, changes 
in the light source intensity, link loss, and the electrical signal intensity of an optical fiber 
sensing system will not influence the measurement results. Therefore, FBG sensors are widely 
used to monitor physical parameters such as temperature,(6,7) strain,(8) and displacement in the 
aerospace, civil engineering, petroleum, and petrochemical fields.(9–11)

 Accurate wavelength demodulation is the key to FBG sensing systems. At present, the 
conventional method is to scan the center wavelength of an FBG by adopting a narrow-linewidth 
tunable laser or a broadband light source combined with a tunable filter.(12–15) The central 
wavelength of the tunable laser or the transmission wavelength of the tunable filter corresponding 
to the maximum detector signal intensity is considered as the central wavelength of the FBG. 
The above two methods have high requirements for the hardware such as the light source or 
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filter, and the wavelength resolution of the hardware is directly related to the accuracy of 
wavelength demodulation. At the same time, the influence of the external temperature on the 
light source or filter will also cause errors in demodulation results.
 Therefore, the development of a wavelength demodulation algorithm with high demodulation 
accuracy and low requirements for the hardware and the external environment is of great 
significance for FBG sensing systems. In this paper, a wavelength demodulation algorithm 
based	 on	 variable-step-size	 cross-correlation	 is	 proposed	 through	 the	 study	 of	 the	 cross-
correlation algorithm. By constructing the FBG reflectance spectrum curve and carrying out the 
cross-correlation calculation with the real spectrum curve, the wavelength is obtained according 
to	 the	 correlation	 coefficient,	 and	 the	 variable-step-size	 algorithm	 is	 applied	 to	 reduce	 the	
amount	 of	 computation,	 thus	 realizing	 the	 rapid	 demodulation	 of	 the	 wavelength	 in	 a	 wide	
bandwidth range.

2. Principles and Simulation Analysis

2.1 Principles

 The reflection spectrum curve of a virtual FBG should be constructed before measurement. 
In general, the reflection spectrum of an FBG can be approximated as a Gaussian curve 
expressed by the Gaussian function
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where α is the reflectivity of the FBG, I0 is the initial intensity of the incident light, λ0 is the 
central wavelength of the reflection spectrum, and BW is the 3 dB width of the reflection 
spectrum.
 Then, a virtual reflection spectrum sequence can be constructed as follows:
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where λ′	is	the	FBG	center	wavelength	of	the	virtual	reflection	spectrum.
 The actual reflection spectrum sequence I(n) obtained by a photodetector can be expressed as
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where λ0 is the central wavelength of the FBG to be measured.
 Then, the correlation coefficient C between the actual reflection spectrum sequence and the 
virtual reflection spectrum sequence can be obtained as
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where σX(n) is the standard deviation of X(n) and σI(n) is the standard deviation of I(n).
 When the center wavelength of the virtual reflection spectrum λ′	is	equal	to	the	actual	center	
wavelength λ0, C takes its maximum value Cmax, and the value of λ′	corresponding	to	Cmax is the 
center wavelength λ0.

2.2 Principle of measurement

	 According	to	the	above	measurement	principles,	the	selected	scanning	step	size	will	directly	
determine	 the	 accuracy	 of	 demodulation.	 The	 smaller	 the	 step	 size,	 the	 more	 accurate	 the	
demodulation result will be, but the amount of calculation will also increase rapidly. To obtain a 
demodulation accuracy of 1 pm within a bandwidth range of 40 nm, 40000 correlation 
calculations will be required, which is unsuitable for real-time demodulation. Therefore, in this 
paper,	 we	 propose	 a	 variable-step-size	 cross-correlation	 algorithm	 to	 achieve	 fast	 and	 high-
precision wavelength demodulation, which can ensure demodulation accuracy and greatly 
reduce the amount of computation.
 To illustrate the implementation process of the demodulation algorithm, we assume an FBG 
with a center wavelength of 1546.916 nm and attempt to approach a center wavelength within the 
bandwidth range of 1528–1568 nm. The implementation steps are as follows:
Step 1: Firstly, to overcome the shortage of sampling points in a spectrometer or detector, a 
cubic spline interpolation algorithm is used for interpolation processing to make the curve 
smoother	and	 improve	 the	wavelength	resolution.	The	normalized	spectrum	after	 treatment	 is	
shown in Fig. 1.
Step 2: The cross-correlation calculation is carried out as described above within the bandwidth 
range	of	40	nm	with	a	step	size	of	100	pm	to	obtain	the	cross-correlation	curve	shown	in	Fig.	2	
by fitting, and the wavelength value corresponding to the maximum correlation coefficient at 
this time is found to be λ1 = 1546.900 nm.

Fig.	1.	 (Color	online)	Normalized	spectrum	after	processing.
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Step 3:	Considering	that	the	above	step	size	is	100	pm,	the	secondary	search	range	is	set	from	
(1546.900–0.2) nm to (1546.900+0.2) nm, and then the cross-correlation calculation is carried 
out	with	a	step	size	of	1	pm.	The	obtained	cross-correlation	curve	is	shown	in	Fig.	3,	and	the	
wavelength corresponding to the maximum correlation coefficient at this time, λ2 = 1546.916 
nm, is the wavelength to be demodulated.
 After 800 cross-correlation calculations as described above, a demodulation accuracy of 1 
pm is obtained within the bandwidth range of 40 nm, and the amount of calculation is reduced 
by two orders of magnitude. The time required for the new demodulation method is only 0.8 s, 
compared with 26.6 s for the traditional method. In addition, by increasing the number of 
variable-step-size	 operations,	 the	 amount	 of	 computation	 can	 be	 further	 reduced	 and	 the	
demodulation accuracy can be improved.

2.3 Simulation analysis

 Each algorithm has a certain demodulation range. To ascertain the application range of this 
algorithm, continuous wavelength demodulation is performed in the entire wavelength range 
from 1528 to 1568 nm. To more closely model an actual demodulation scene, Gaussian white 
noise is added to the simulation of a real signal spectrum as shown in Fig. 4.
 Then the algorithm is applied to a demodulation experiment. The wavelength of the FBG is 
increased	from	1528	to	1568	nm	with	a	step	size	of	40	pm,	and	then	the	algorithm	is	applied	to	
wavelength demodulation. By comparing the wavelength obtained by demodulation with the 
actual wavelength, the fitting curve can be obtained, and the demodulation error of the algorithm 
is also calculated.
 It can be seen from Fig. 5(a) that the slope of the fitting curve is 1, which means that each 
demodulation value is exactly the same as the actual value at each time. Thus, the method can 
accurately demodulate the wavelength of the FBG from 1528 to 1568 nm. In Fig. 5(b), we can see 
that the maximum simulation error is 1 pm from 1528 to 1568 nm. Therefore, the demodulation 
algorithm is applicable to FBGs of any wavelength.

Fig.	2.	 (Color	online)	Correlation	coefficient	curve	with	step	size	of	100	pm.
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3. Experiments and Results

 To verify the practical performance of the algorithm, three FBG sensors are used to carry out 
experiments. The sensing system is composed of a light source, FBG sensors, and signal 

Fig. 4. (Color online) Signal spectrum of FBG with central wavelength of 1550.1 nm.

Fig.	3.	 (Color	online)	Correlation	coefficient	curve	with	step	size	of	1	pm.	

Fig. 5. (Color online) Simulation of demodulation: (a) relation between demodulation wavelength and actual 
wavelength; (b) relation between demodulation error and wavelength.

(a) (b)
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acquisition and processing modules as shown in Fig. 6. The reflectivity of the sensors is 0.05%. 
The bandwidth of the light source is 40 nm (1528 to 1568 nm), the resolution of the spectrometer 
is 0.02 nm, and both the light source and the spectrometer are packaged in an instrument case as 
shown in Fig. 6.
 The spectra of the three sensors can be obtained using this experimental setup. However, 
owing to the resolution of the spectrometer, the curves are insufficiently smooth, and it is 
difficult to obtain pm resolution by direct demodulation. Therefore, before demodulation, cubic 
spline interpolation is used to process each spectrum. The processed spectra are shown in Fig. 7. 
The central wavelengths of the spectra of FBG #1, FBG #2, and FBG #3 are about 1539.36, 
1553.83, and 1540.68 nm, respectively, and the 3 dB bandwidth of the reflection spectra is about 

Fig. 6. (Color online) Experimental setup.

Fig.	7.	 (Color	online)	Reflection	spectrum	of	FBGs:	(a)	FBG	#1,	(b)	FBG	#2,	and	(c)	FBG	#3.	

(c)

(a)

(b)
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0.1 nm.
 To test the stability and resolution of the algorithm, continuous measurements are carried out 
in the same environment using the above experimental setup. The spectrometer continuously 
collects spectral data 25 times. Then, the spectral data in the wavelength range from 1528 to 
1568 nm are demodulated by the algorithm and accurate wavelength values are obtained. The 
results are shown in Fig. 8.
 It can be seen from Fig. 8 that the central wavelengths of the three sensors are demodulated 
correctly and have good stability. Among the 25 measurements, the difference between the 
maximum and minimum measured values is only 4 pm. According to our analysis, the error may 
originate from the fluctuation of the ambient temperature and the fact that the reflection spectra 
in Fig. 7 are not ideal Gaussian curves.
 Next, temperature calibration experiments are carried out. A weak FBG (wFBG) with a 
reflectivity of 0.05% fabricated from TPEE material is used. The temperature coefficient is 
about	45	pm/℃,	which	includes	10.8	pm/℃	attributed	to	the	thermo-optical	effect	of	the	optical	
fiber	and	about	35	pm/℃	attributed	to	the	thermal	expansion	of	the	TPEE	(Hatcui)	material.	The	
reflection spectrum of the wFBG is shown in Fig. 9.
	 The	temperature	is	varied	from	40	to	44	℃	in	steps	of	1	℃	with	each	temperature	maintained	
for 30 min, and the spectrum is measured three times at each temperature. The measurement 
results are shown in Table 1. Then the average values from Table 1 are used to calibrate the 

Fig. 8. (Color online) Measurement results of FBGs: (a) FBG #1, (b) FBG #2, and (c) FBG #3.

(c)

(a)

(b)
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relationship between the temperature and the central wavelength, as shown in Fig. 10.
 The R2 value of the calibration fitting curve is 0.9994, indicating high linearity of the fitting 
result.	The	 sensitivity	of	 the	 sensor	 is	 41.9	pm/℃,	which	 is	 similar	 to	 the	value	of	45	pm/℃	
provided by the manufacturer. Thus, the demodulation algorithm can be effectively used in 
sensing measurement.

4. Conclusions

	 A	novel	demodulation	algorithm	based	on	the	variable-step-size	cross-correlation	algorithm	
is	proposed	to	demodulate	the	FBG	wavelength.	By	changing	the	step	size	while	performing	a	

Table 1
Measurement results of temperature calibration experiments.
Temperature	(℃) Central wavelength (pm) Average value (pm)
40 1552664 1552661 1552667 1552664
41 1552709 1552706 1552714 1552710
42 1552748 1552750 1552755 1552751
43 1552786 1552795 1552791 1552791
44 1552834 1552829 1552837 1552833

Fig.	9.	 (Color	online)	Reflection	spectrum	of	the	wFBG.

Fig. 10. (Color online) Change in central wavelength during heating.
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series of cross-correlation calculations, pm-level resolution in a large bandwidth range can be 
achieved after a relatively small number of cross-correlation calculations. The simulation results 
show that the demodulation results are not affected by the broadening of the FBG reflection 
spectrum, and the algorithm can accurately demodulate FBG wavelengths in a large range. The 
results of stability tests demonstrate that the algorithm has good stability and high-precision 
demodulation with only 4 pm fluctuation during 25 measurements. The R2 value of the 
calibration	fitting	curve	is	0.9994	and	the	sensitivity	of	the	sensor	is	41.9	pm/℃	in	temperature	
calibration	 experiments,	 similar	 to	 the	 provided	 value	 of	 45	 pm/℃.	 This	 means	 that	 the	
demodulation algorithm can be effectively used in sensing measurements. As a result, the novel 
algorithm can achieve pm-level resolution, high measurement accuracy, and a large dynamic 
demodulation range, giving it excellent application prospects.
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