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ABSTRACT A high-precision wavelength demodulation method based on optical fiber Fabry—Perot
tunable (FPT) filter is proposed for the fiber Bragg grating temperature sensing system. This algorithm
uses the original sampling data obtained from the data acquisition card to simultaneously calculate the
transmission spectrum of the F-P etalon (FPE) and the reflection spectrum of the fiber Bragg grating (FPG)
sensors. In each scanning cycle, the transmission spectrum wavelength of the F-P etalon (FPE) is calibrated
dynamically in real time, the reflectance spectrum central wavelength of the FPE sensors is calculated by
referring to the transmission spectrum wavelength of the FPE that has been calibrated. It effectively weakens
the perturbation effect caused by the nonlinear and non-reproducibility of narrowband light source from the
fiber FPT filter, reduces the numerical error and effectively eliminates the pseudo peak of the FPE, and
greatly improves the measurement accuracy of the system. Most programming languages can implement
this algorithm. A temperature sensing experiment for the proposed method has been carried out. Results
showed that the demodulation precision by our method could reach up to £0.2 °C, wavelength demodulation
accuracy 3 pm.

INDEX TERMS Data acquisition card, demodulation algorithm, fiber Bragg grating, Fabry-Perot,
F-P etalon, fiber F-P tunable filter, temperature sensing system.

I. INTRODUCTION

As we all know, fiber Bragg grating (FBG) is one of the fastest
growing and most widely used fiber passive components in
recent years. FBG sensors belong to the wavelength modu-
lated optical fiber sensor, it can realize the absolute coding
of wavelength. When the environmental parameters to be
measured change, the wavelength of the FBG will change,
which leads to the corresponding change of the central wave-
length (or the wavelength of transmission light signal) of
the reflected optical signal of the FBG. At the same time,
FBG is both a sensing component and a transmission com-
ponent. FBG has the advantages of light weight, small size,
high sensitivity, high resolution, corrosion resistance, high
temperature resistance and anti-electromagnetic interference,

which is widely used to detect changes in strain, temperature,
pressure, magnetic field and so on [1], [2].

Among all FBG detection system, the FBG sensing sig-
nal demodulation method is one of the most important
technologies of FBG sensor system. Depending on differ-
ent demodulation principle, there are a variety of demod-
ulation methods for different architectures. Typical signal
demodulation methods are as follows: 1) phase unwrapping
algorithm [3], this method transforms the FBG wavelength
into the corresponding phase; 2) edge filter demodula-
tion [4], [5], [6], this method uses the linear filtering char-
acteristics of some filters to convert the wavelength change
of FBG reflected signal into the optical power change,
the wavelength demodulation is realized by measuring the
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optical power change; 3) matched filter demodulation [7], [8],
this method uses similar parameters FBG tracking sensing
FBG; 4) tunable Fabry-Perot (F-P) filter demodulation [9],
this method uses the wavelength selection characteristic
of F-P cavity to realize wavelength demodulation; 5) tun-
able narrowband laser interrogation method [10], [11], this
method uses a tunable narrow band light source to match the
reflectance spectrum of the sensing FBG, and other demodu-
lation methods suitable for FBG system [12], [13].

In this paper, we set up a temperature sensor demod-
ulation system based on the fiber F-P tunable filter, and
its optical path design is similar to the system demon-
strated by Sheng et al. [9] in 2015. Compared with the
National Instruments (NI) acquisition scheme of the above
system, we designed a new data acquisition and demodu-
lation scheme, and proposed a high-precision and effective
wavelength demodulation method. Compared with the volt-
age data of the NI acquisition system, we use the original
sampling data obtained from the data acquisition card (DAQ)
to simultaneously calculate the transmission spectrum of the
F-P etalon (FPE) and the reflection spectrum of the FBG
sensor, effectively reducing the numerical error. In each
scanning cycle, we first dynamically calibrate the transmis-
sion spectrum of FPE in real time, and then calculate the
central wavelength of FBG reflectance spectrum by refer-
ring to the transmission spectrum of FPE, effectively weak-
ening the perturbation effect caused by the nonlinear and
non-reproducibility of narrow light from the fiber F-P tunable
filter [9]. We use variance method to eliminate the pseudo
peak of FPE. These measures greatly improve the measure-
ment accuracy and speed of the system. In the following
sections, we demonstrate in detail the principle of this demod-
ulation method. Most programming languages can implement
this algorithm. A temperature experiment for the proposed
method has been carried out and the result shows that in the
range of 40nm, the data of the FPE and the data of the FBG
are relatively stable, the measurement accuracy of £0.2 °C,
wavelength demodulation accuracy 3 pm

Il. EXPERIMENTAL SETUP

We set up a temperature sensing experiment system based
on the fiber F-P tunable filter, and its optical path design
is similar to the system demonstrated by Sheng et al. [9]
in 2015. We designed a new data acquisition and demodula-
tion scheme. The experiment system consists of a light source
unit, a wavelength correction unit, an FBG sensing unit, a data
processing unit, and a device driving unit. The light source
unit is responsible for improving the effective narrowband
light source. The wavelength correction unit is mainly used to
calibrate the reflection spectrum of FBG, improve the system
measurement accuracy, and increase the system stability. The
FBG sensing unit has both sensing unit and transmission
unit. In other words, it is both a sensing component and
a transmission channel. The data processing unit is mainly
responsible for the control of the DAQ, the demodulation of
the data, the storage of the data and the display of the data.
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FIGURE 1. Schematic diagram of temperature sensor system based on
optical fiber Fabry-Perot tunable filter. ASE = Amplified Spontaneous
Emission Light Source; FPT = F-P tunable filter; TWG = triangle wave
generator; FPE = F-P etalon; PD = photo diode; Amp = amplifying circuit;
DAQ = data acquisition card; App = application program.

The device driver unit is responsible for driving the DAQ and
the Triangle Wave Generator (TWG).

As shown in Fig. 1, Amplified Spontaneous Emission
Light Source (ASE) protected by fiber isolator emits high
power and stable broadband light. The drive circuit controlled
by the computer provides a frame synchronization signal to
both the TWG and DAQ. The TWG drives the F-P tunable
filter (FPT) to produce narrowband light source. Then the
narrowband light is coupled into the FPE and FGB sensor
according to the 1:99 ratio. The light passing through FPE
is called transmission light (FPET) and is used for calibra-
tion. The light modulated by FBG sensors is reflected to the
circulator, we call this reflected light FBGRr. After the FPET
and the FBGR pass the DAQ, the digitized signals are sent to
the computer via the USB bus, then these data are processed
by the application. In view of the openness of our proposed
demodulation algorithm, we can use any free programming
language to implement it.

In this experiment, the ASE provide broadband light with
a range of 1525~1565 nm, so its measurement range is
40 nm. In each scan cycle, the fiber F-P tunable filter provides
5000 narrowband light of different wavelengths, the spacing
between the wavelengths is 8 pm. The 32-channel high-speed
DAQ is used in this experiment, its resolution is 16 bit and its
sampling rate could reach up to 100 KB/S/Channel.

Ill. THEORETICAL ANALYSIS

The demodulation schematic diagram of temperature sensing

experiment system based on the tunable FP filter is shown

in Fig. 2. The schematic illustrates in detail the change in

wavelength at each stage of wavelength modulation
Suppose G(1) is represented as the reflection spectrum of

FBG, and usually it is assumed as the gaussian distribution,
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FIGURE 2. Demodulation schematic diagram of temperature sensor
system based on optical fiber Fabry-Perot tunable filter. ASE = Amplified
Spontaneous Emission Light Source; FPT = F-P tunable filter;

TWG = triangle wave generator; FPE = F-P etalon; PD = photo diode.

then there is the following equation:

(=2p)?

G =1V < (1

where 1@ is the incident light intensity of broadband light,
Ap is the reflection wavelength of FBG, oy is the bandwidth
of FBG.

The transmission filter function of the F-P tunable filter
obtained from Fresnel formula is shown as follows:

1

4R . 2 ( 2nmcosp-L
14+ (1_R)2sm ( T )

Trp (M) =

@

where R is the surface reflectivity of the F-P cavity, n is the
refractive index of the medium in the F-P cavity, ¢ is the
incident angle of the transmitted wave to the F-P cavity, L is
the length of the F-P cavity, the range of X is determined by
the range of the light source.

The optical power value, Pp(A), received by the photo
detector is the correlation integral value of FBG reflectance
spectrum and the transmission function of f-p filter, and can
be described as:

+00
Pp(A) = /0 G @) - Trp (1) d2

+o0 ) ) (-—ip)*
_ / (1-R) 10e o
0 (1—Rﬂ+4Rnn2(995§5ﬂ5)

It is assumed that at 0 time, Ap, the reflection wavelength
of FBG, meets the transmission maximum condition of the
tunable F-P filter. That is to say, when Ap meets (4), Pp(A) has
a maximum value.

dr (3)

2(L 4+ AL) = k)Ap )

where AL is the cavity length variation of FPT, k is an
interference series. Therefore, the reflected wavelength of the
sensing FBG can be obtained from the variation value of the
cavity length of the FPT.
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Next, we will demonstrate the algorithm we mentioned in
detail from two aspects, 1) how to calibrate the transmission
spectrum of the FPE, 2) how to obtain the central wavelength
of the reflection spectrum of sensing FBG.

A. CALIBRATION METHOD OF FPE;
In order to effectively reduce the perturbation effect caused
by the nonlinear and non-reproducibility of narrowband light
source from the fiber F-P tunable filter, we dynamically
calibrate FPET in each FPT scan period.

Firstly, we need to get wave peak numbers of FPET, start
and end positions of each peak of FPET. As shown in Fig. 3,
FPE-AD-data is the raw data of FPET obtained by the DAQ.

AD FPE-AD-data

65530

58977

52424

45871

39318

32765 L.
26212

19659 0V Position

13106 ADo= 32768

6553 sample points
0
0 1000 2000 3000 4000 5000

FIGURE 3. Raw AD data of F-P etalon transmission spectrum.

In this experiment, the resolution of DAQ is set to 16 bit and
the input voltage is =5 V. From Fig. 3, ADy, the value of 0 V,
is 32768, the value of —5 V is zero, and the value of +5 Vis
65535. We choose an appropriate parameter to calculate the
lower threshold value of FPET, and can be described as

FPEjyes = FPEparu X Bmax 5)

where FPE,,;, is set be 0.25, Bjyay is the maximum value
of B,,.

B, = AD;,, — ADg |4=1...5000 (6)

From (6), the B, is the different between AD,, and AD.
As shown in Fig. 4 and Fig. 5, FPE-Theshold-data is the spec-
trum of FPE transmission spectrum after threshold treatment.
From Fig. 4, we can see that the value of less than FPE s is
all set to zero. After appropriate threshold processing, noise
signal is shielded off. The mapping data of FPE-Theshold-
data projected onto the X-axis is used to determine M,
the weak peak numbers of FPET, start and end positions of
each peak of FPET.

Secondly, we get the position coordinate of the mark in
FPErT, and get rid of the pseudo peak in FPEt. Equation. (7)
is used to determine the position coordinate of central wave-
length of FPET each peak in the X-axis [14].

Pn — Z(in;yi) (7)

where P, (n = 1...M) is the peaks coordinate in the
X-axis, X; is the horizontal coordinate values of a peak, Y; is
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FIGURE 4. Thresholding and mapping of F-P etalon transmission
spectrum.
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FIGURE 5. Local magnification of Fig. 4

the raw AD sample values of a peak. Then, combined with
the (8) and (9), the PeakP,,, the average pitch of all peaks,
is obtained, where M is peak number.

APn = Pn - P(nfl) |n=1...M (8)
PeakP, = =8P 5 15 )

Because P4k, the position spacing of the mark in FPE
reference profile, is three times as much as the average
peak spacing, we get the position coordinate of the mark
of FPET by Puax > PeakP,,. Fig. 6 (a) shows that we
get a peak position coordinate in X-axis by (7). Fig. 6 (b)
shows that how to get the mark position coordinate of FPET
by (8) and (9).

In Fig. 6 (b), there is a pseudo peak after the mark. Because
the narrowband light source from the F-P tunable filter is
very stable, the pseudo peak may be derived from FPE.
For this

S2 = (Ya = Yarg)’ (10)

singular value, (10) is used to remove the pseudo peak
of FPET, where Y, (n = 1...M) is the sample value
corresponding to P, rounding, Y, is the average of Y.
The pseudo peak position is determined by the maximum
variance.
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FIGURE 6. (a) Calculate the peak position coordinate in X-axis using the
weighted wavelength. (b) Find mark and spurious peak position
coordinate.

Thirdly, we complete the calibration of FPET with FPE
reference profile. From Fig. 7 (a), we can see that the ref-
erence wavelength of FPE is not a linear relationship in the
strict sense. Therefore, each peak of FPET is successively
calibrated by the reference wavelength of FPE, then using
the linear interpolation method to calibrate the wavelength of
each sampling point, the aim is to improve the measurement
accuracy. Fig. 7 (b) shows that FPEt is calibrated by the
reference wavelength of FPE, we can see an approximately
linear relationship between each peak.

B. GET THE CENTER WAVELENGTH OF FBGg

In same scan period, we get the center wavelength of the
FBGR. After threshold processing, the noise signal of the
FBGr is removed, we get the peak number of FBGg, start
and end positions of each peak of FBGRr. Equation. (7) is used
to get the position coordinate of central wavelength of each
peak of FBGR. Fig. 8 (a) shows that the position coordinate
of FBGR’s peak is got by using the above-mentioned method.
In Fig. 8 (b), referencing to the calibrated FPET data, we use
simple geometric function to calculate center wavelength
of FBGR. Finally, the external variables are recovered by
polynomial fitting method.

IV. EXPERIMENT RESULTS AND DISCUSSION

We set up a temperature experiment to verify the per-
formance of the method we mentioned. The stability and
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FIGURE 7. (a) F-P etalon reference wavelength. (b) F-P etalon wavelength
calibration in each scan period.

accuracy of wavelength demodulation based on tunable F-P
filter depend greatly on the relative stability between FPET
and FBGgr. In this experiment, we selected two FBG sen-
sors with 30 pm/°C temperature sensitivity, and their center
wavelength are 1541.191 nm and 1547.263 nm at room tem-
perature. Fig. 9 shows the relationship between temperature
and demodulated wavelength when temperature increases
from 15 °C to 35 °C at interval 1 °C. From Fig. 9, we can
see that the linearity of temperature and wavelength are very
good, i.e., this system is very stable. This method effec-
tively weakens the effect of disturbance caused by the non-
linear and non-reproducibility of the narrowband light [15].
Fig. 10 shows the error between demodulated wavelength
and wavelength the spectrometer read when temperature
increases from 15 °C to 35 °C at interval 1 °C. Here,
the resolution of the spectrometer is 60 pm. We can see
that there is maximum error of 4 pm in 19 °C, that is to
say, system measurement accuracy of £0.2 °C, wavelength
demodulation accuracy 3 pm.

In addition, when calculating the peak position of FPET
and FBGg, using different data source will cause some
numerical error. Y, is the raw AD data obtained by DAQ.
As shown in (11), Y, represents the voltage data converted

from AD data.Y, = (Y"MTIE?OV) x 5 Equation. (12) shows

the numerical error of the peak position by using the AD data
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and the voltage data:

Y, = <Y‘j4;D/?)DO) x5 (11)
E. — 2 XixYagi) D (XixYyi)
n— Z Yadi Z Yyi
- Yadi—ADg
Y i Yan) _ ZX’X< ADy_ * 5)
S Yaai 5 (y,,%)/zbo % 5)
_ Z(Xixyadi) _ ZXiX(Yadi_ADO) (12)
T XYY >~ (Yaai—ADo)
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The more sampling points of each peak are, the greater
numerical error E), is.

V. CONCLUSION

In this letter, a high-precision and effective wavelength
demodulation method is proposed. The theory and implemen-
tation of this method are analyzed in detail. The temperature
experiment based on this method is carried out and the results
are analyzed and discussed. The experimental results show
that this method is effective and has good performance.
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