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Abstract: A Fiber Bragg Grating (FBG) interrogation system with a self-adaption threshold peak
detection algorithm is proposed and experimentally demonstrated in this study. This system is
composed of a field programmable gate array (FPGA) and advanced RISC machine (ARM) platform,
tunable Fabry-Perot (F-P) filter and optical switch. To improve system resolution, the F-P filter
was employed. As this filter is non-linear, this causes the shifting of central wavelengths with
the deviation compensated by the parts of the circuit. Time-division multiplexing (TDM) of FBG
sensors is achieved by an optical switch, with the system able to realize the combination of 256 FBG
sensors. The wavelength scanning speed of 800 Hz can be achieved by a FPGA+ARM platform.
In addition, a peak detection algorithm based on a self-adaption threshold is designed and the peak
recognition rate is 100%. Experiments with different temperatures were conducted to demonstrate
the effectiveness of the system. Four FBG sensors were examined in the thermal chamber without
stress. When the temperature changed from 0 °C to 100 °C, the degree of linearity between central
wavelengths and temperature was about 0.999 with the temperature sensitivity being 10 pm/°C.
The static interrogation precision was able to reach 0.5 pm. Through the comparison of different peak
detection algorithms and interrogation approaches, the system was verified to have an optimum
comprehensive performance in terms of precision, capacity and speed.

Keywords: fiber bragg grating; interrogation technology; peak detection algorithm

1. Introduction

Due to their inherent advantages, such as high sensitivity, compact size, low cost and immunity
to electromagnetic interference, FBG sensors have been applied widely in the field of engineering [1],
including railway traffic [2], monitoring of cardiac activity [3], fabricating of acceleration sensors [4,5],
liquid level sensors for measuring aviation fuel levels [6], humidity sensors [7], strain sensors [8] and
so on. The interrogation techniques for FBG sensors have received increasing attention in recent years.
The current research status of FBG interrogation may be summarized as follows:

Roy utilized wavelength-modulated tunable distributed feedback lasers and a fiber-optic
Mach-Zehnder (M-Z) interferometer to realize low-cost, high-accuracy FBG interrogation [9].
The near-infrared absorption line of methane was utilized as a reference wavelength, which yielded
a precision of 1.9 pm. Chen proposed a real-time interrogation system with wavelength division
multiplexing (WDM) and frequency division multiplexing (FDM) for a large-scale fiber laser sensor
array [10]. In this study, as many as 275 FBG sensors were interrogated, although the final precision
was only 3.6 pe. Triana designed an interrogation system for multiplexing FBG networks based
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on the encoding strategy [11]. They provided a new solution for the application of FBG networks
in real measurement systems, for which the capacity was approximately three times that of the
traditional WDM approach with the precision of 3 pm. Recently, the interrogation technique based on
the electro-optic modulator (EOM) could interrogate more than 500 FBG sensors with considerable
accuracy [12,13]. Li applied four broad bandwidth FBG sensors to match multiple longitudinal modes
with the narrow band-width of F-P laser, before photodetectors (PDs) were utilized to measure
the maximum intensity of output to interrogate FBG [14]. A temperature precision of 0.02 °C was
achieved with a dynamic measurement range of 24 °C. Han devised an interrogation technique
utilizing the intensity detection for an ultra-weak FBG sensing system [15]. This system can achieve a
resolution of 222 ne under the dynamic frequency of 2000 Hz by utilizing 342 ultra-weak FBG sensors.
Tsai presented an interrogation system based on a free-spectral-range-matching scheme, which reached
wavelength precision of 5 pm [16]. In this method, the spectra of FBG sensors were filtered with
a F-P filter and classified with a multichannel bandpass filter. Signals were detected by different
PDs, which was used to interrogate FBG sensors. Another interrogation method based on a F-P filter
was also proposed in a previous study [17], which achieved a resolution of 2.4 pm. A sample of a
water-level sensor utilizing FBG sensors was presented by Hongo [18]. The precision of the water-level
sensor designed in this paper could reach £1 cm for a range of 10 m. Dai utilized time-division
multiplexing (TDM) and the optical spectrum analyzer (OSA) to interrogate FBG sensors in structural
health monitoring [19]. A semiconductor optical amplifier (SOA) was driven by a pulse generator to
select the reflected spectrum from a particular sensor, with the precision decided by the performance
of SOA. Both Xiao and Yasukazu applied arrayed waveguide gratings (AWGs) in their studies [20,21].
The former study utilized the thermal scanning changing spectrum of an AWG to match the FBG
spectrum and achieved a precision of 1 pm, while the latter applied mechanical stretching on FBG
sensors to match the AWG spectrum and achieved a higher precision of 0.5 pm. Todd devised an
interrogation technique using a scanning filter, M-Z interferometer and a 3 x 3 coupler [22]. The phase
shift was employed to interrogate FBG sensors, while a compensation algorithm was utilized to
maintain the interferometer drift error at below 0.5%. Yao provided an example of the utilization of a
high-speed distributed feedback (DFB) swept laser in FBG interrogation [23]. In this approach, a DFB
laser driven by the injection current ramp was used to illuminate FBG sensors. At the same time,
a type of incomplete waveform repair algorithm was added to improve accuracy. Anziy proposed a
novel type of compact high-resolution multichannel micro-electro-mechanical systems (MEMS)-based
interrogator [24], where the linear detector was replaced with a digital micromirror device (DMD).
The measured wavelength resolution could reach typically 0.5 pm for an interrogation system with four
channels. Posada-Roman proposed a fast interrogator based on electro-optical dual optical frequency
combs [25], which improved the minimum detectable ultrasound amplitude of the system to 50 ne.
On-chip silicon photonic integration is a promising means to produce an integrated on-chip fiber Bragg
grating (FBG) interrogator. Li and Marin separately proposed the interrogators with silicon photonic
integration in their papers [26,27]. This might be an important trend in FBG interrogation. In summary,
a considerable number of approaches have performed well in terms of interrogation speed, precision
or capacity. However, the overall performance of FBG interrogation system should be improved. It is
necessary to actualize an interrogation method with high comprehensive performance.

In some application area such as crack measuring and structural health monitoring, high accuracy
is demanded when many FBG sensors are interrogated synchronously. To settle this problem and
improve the calculation speed, an interrogator with high accuracy, capacity and speed was designed in
this article. This research aimed at realizing more than 100 FBG sensors’ interrogation with a precision
higher than 1 pm, which could meet most of the requirements of real FBG sensor applications. This is
of great significance to the extension of FBG sensors. In addition, this method has reference value
for the research of interrogator with high comprehensive performance. The brief introduction of this
approach is as below.
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Stefani and Anziy introduced the few-mode 850 nm FBG sensor [8,28]. The characteristics of
this FBG, such as polarization stability and linearity, were provided in their articles. For this the
conclusion that the performances of FBG degrade due to the presence of the higher-order modes can
be drawn. Moreover, the sensitivity of FBG is higher when the central wavelength becomes larger
according to [8]. Thus, in this paper, the interrogation system for single-mode silica fibers with a
central wavelength around 1551 nm was studied. As the peak detection algorithm can influence the
precision directly, Anziy proposed a novel dynamic gate algorithm (DGA) for precise and accurate
peak detection [29], which uses a combination of a threshold-determined detection window and
center of gravity algorithm with bias compensation. Being different from the DGA, a peak detection
algorithm based on two types of self-adaption threshold was proposed to suppress noises caused by
a broadband light source and electrical circuit in this paper. The proposed system was based on a
FPGA+ARM platform, tunable F-P filter and optical switch. For improving resolution, the F-P filter
was applied to overcome the low precision of a broadband light source. As FBG has the characteristic
of cross-sensitivities [7], a comb filter was employed to compensate for the error of FBG reflection
spectrum, which is caused by temperature drift. The optical switch was employed to realize the TDM
technique of the optical spectrum and subsequently, enhance the capacity of FBG sensors. A platform
combined with FPGA and ARM (zynq7000) was employed to increase the speed of FBG interrogation
by improving sampling frequency and computational performance.

The rest of this paper is organized as follows: the interrogation system and interrogation principle
are described in Section 2. The self-adaption threshold peak detection algorithm is presented in
Section 3. Section 4 presents the experiments and discussion, which includes a brief introduction of
the interrogator, comparison of different peak detection algorithm, temperature experiments and the
performance of different interrogators. The major findings of this work are summarized in Section 5.

2. System Description

The system is described from two aspects: an overview of the interrogation system and the
introduction of the interrogation principle. The interrogation system consisted of a FPGA+ARM
platform, tunable F-P filter and optical switch. In the optical part, the F-P filter converts a spectrum
of broadband light source into a single wavelength spectrum to illuminate FBG sensors and comb
filter. In circuit part, the FPGA+ARM platform creates the ramp scanning voltage, which drives
the F-P filter. The resolution of F-P filter wavelength scanning was decided by the ramp scanning
voltage. As for the interrogation principle, it is based on the tunable F-P filtering principle which is
one of the most important and widely utilized methods due to its advantages of simplicity and high
precision. By contrasting a FBG reflection spectrum and comb filter transmission spectrum, the central
wavelengths can be interrogated. The application of FPGA+ARM platform can make the system have
high precision and interrogate large-scale FBG sensors, whilst improving the processing speed.

2.1. The Overview of Interrogation System

To interrogate large-scale FBG sensors in the system, we applied an optical switch to accomplish
TDM of FBG reflection spectra. The resolution of the system was improved due to the broadband light
source being filtered by the 800 Hz scanning F-P filter to produce a scanning single wavelength signal.
In addition, the adoption of a FPGA+ARM platform can increase interrogation speed due to FPGA
having a high-speed processing performance and ARM having excellent computational performance.
The interrogation system was composed of an optical and circuit part, which is schematically depicted
in Figure 1.
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Figure 1. Schematic diagram of the FBG interrogation system.

In the optical part, the F-P filter was adopted due to its advantages of simplicity and high
reliability. It provides services for the optical part by converting a spectrum of a broadband light source
into a single wavelength spectrum to illuminate FBG sensors and comb filter. However, the production
of a scanning single wavelength signal that uses a scanning F-P filter exhibits a non-linear change due
to the application of the piezoelectric (PZT) effect, which has the magnetic hysteresis [30]. This causes
a deviation of the central wavelengths and thus, the circuit part was employed to compensate the
error [31].

The FPGA+ARM platform controlled the digital-to-analog converter (DAC) to create the ramp
scanning voltage, which has a range of 12-30 V. The F-P filter is driven by the ramp scanning voltage
signal and its output shift depends on the ramp scanning voltage variation. The period of the ramp
scanning voltage signal corresponds to the reflection spectrum. Furthermore, the resolution of F—P
filter wavelength scanning was decided by the ramp scanning voltage. The relationships between key
signals are shown in Figure 2.

Figure 2b represents one period of Figure 2a, which corresponds to one period of the ramp
scanning voltage signal in Figure 2d. The system resolution, which is namely the resolution of the F-P
filter output, is proportional to the resolution of ramp scanning voltage (Figure 2c,d). The theoretical
resolution of the system can be calculated by Equation (1):

Winax — Wiin
bw = Vinax — Vinin & @
where Jy, expresses the theoretical resolution of the system; &, is the resolution of the ramp scanning
voltage; Wyay and Wy,;,, are the maximum and minimum wavelengths of the broadband light source;
and Vj;ax and V,;, are the maximum and minimum voltages of the ramp scanning signal.
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Figure 2. The relationship between key signals: (a) the reflection spectrum of the FBG sensor; (b) one
period waveform of (a); (c) the output of the F-P filter (different color lines express the corresponding
wavelengths when the voltage changes); and (d) the 12-30 V ramp scanning voltage signal.

To improve the resolution of the ramp scanning voltage, an 18-bit DAC was adopted.
The high-speed characteristic of FPGA can allow DAC to create a ramp scanning voltage with smaller
voltage steps in the same amount of time. Due to the range of voltage being 12-30 V, the resolution
of ramp scanning voltage can reach 6.9 x 107° V, while the corresponding interrogation range is
1527.0-1602.6 nm. Theoretically, the systematic wavelength resolution can reach 0.3 pm according
to Equation (1). Nevertheless, the situation is complicated in practical applications. As depicted in
Figure 2b, a two-grating FBG sensor was interrogated and there was impulse noise in the spectrum.
To ensure high accuracy, speed and capacity of the system, an algorithm was proposed and a
FPGA+ARM platform was applied to accomplish peak detection and interrogation.

2.2. The Interrogation Principle

A typical sequence diagram of the system is illustrated in Figure 3. With the rising edge of the
reset signal and interrogation period signal, the ramp scanning voltage was created by DAC, which has
a period that changes with the wavelength scanning period. To improve the capacity of the system,
the optical switch was utilized to accomplish TDM of FBG sensors. The optical switch control signal
allows access to the interrogation system by specific FBG sensors according to the scanning period.
In addition, the FBG reflection spectrum and comb filter transmission spectrum were sampled by an
analog-to-digital converter (ADC). The employment of the comb filter can compensate for the error
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of the FBG reflection spectrum, which is caused by temperature drift. As the transmission spectrum
drifts the same way as the reflection spectrum when temperature changes, the comb filter has a similar
range of wavelength. Thus, by the contrasting comb filter transmission spectrum and FBG reflection
spectrum, the deviation can be eliminated.

Every single peak in the transmission spectrum of the comb filter has a definite wavelength.
Using the reflection spectrum of FBG sensors and the transmission spectrum of the comb filter,
central wavelengths can be calculated. The transmission spectrum of the comb filter was applied as a
reference signal in the system. When the peaks of the reflection spectrum and transmission spectrum
are in an identical position, the central wavelengths of the reflection spectrum are equal to wavelengths
of the transmission spectrum. Otherwise, because of the linear scanning of single wavelength signal
achieved by F-P filter, a linear fitting equation could be utilized to obtain central wavelengths, which is
described in Equation (2):
tr—t

Iy —t3

ArBG = M+ (Aky1 — Ak) , )

where Arpc is the central wavelength of the FBG sensor; t; expresses the time when Arpg appears;
Ak and A1 represent the former and the latter peaks of App¢ in the transmission spectrum; f; and
t3 are the times corresponding to Ay and Ay q; Ay and Ay 1 are both affirmatory values; and Appg is
matched between Ay and Ay 1. Figure 4 presents the interrogation principle.
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Figure 3. Typical sequence diagram of the system.



Sensors 2018, 18, 1140 7 of 16

Voltage / V
Voltage / V

B
\ 4

05}

1531.490nm | B
| 12 ) t!‘. 13
i ) il ui 0 .

| . " C
0 0.002 0.004 0.006 0.008 0.01 El 42 44 46 48
Times /S Times /S 107

(a) (b)

Figure 4. Diagram of the interrogation principle: (a) the original reflection spectrum of FBG sensor
(in red) and transmission spectrum of comb filter (in blue); and (b) the detail diagram of the first grating
in (a).

FPGA is a type of application-specific integrated circuit (ASIC) and has a distinctive parallel
processing system. It is faster than other types of embedded processors in high speed sampling and is
suitable for FBG interrogation. Based on the above interrogation principle, the calculation quantity is
proportional to the number of central wavelengths. To complete these calculations, FPGA consumes a
huge amount of logical resources and time, which reduces the high-speed performance and indirectly
decreases the resolution and speed of the system. To address this problem, we employed ARM
in an interrogation system to deal with the large number of calculations. ARM uses a reduced
instruction set computer (RISC) structure, with a considerable number of registers utilized to support
the execution of instruction. This structure provides ARM with a great advantage in terms of data
calculation and logical control. ARM has more powerful computational capabilities than FPGA [32,33].
For achieving better performance than the ARM or FPGA platforms, the FPGA+ARM integrated
platform (zynq 7000) of Xilinx Inc. (San Jose, CA, USA) was employed in this system. ARM was
employed to deal with the large amount of logical control and calculation, while FPGA was applied to
realize high speed sampling.

3. Peak Detection Algorithm

A peak detection algorithm is proposed in this paper to improve the accuracy of interrogation.
It consists of two parts, the improvement of the spectrum waveform and the peak detection algorithm
based on self-adaption threshold. The first part utilizes a first order lag filter to inhibit the noises in
original spectrum, which is the basics of second part. The second part is utilized to find the position
of peaks based on a self-adapting width and height threshold. This peak detection algorithm has
advantages of high precision as well as less calculation. Accordingly, this approach is easy to achieve
in FPGA+ARM platform by programming.

3.1. The Improvement of Spectrum Waveform

In reference [23], the interrogation system was based on a high-speed distributed feedback swept
laser with incomplete waveforms of the reflection spectrum. Thus, pertinent repair algorithms were
proposed for completing waveforms, which improved the interrogation accuracy. In this paper, due to
the high-resolution wavelength scanning control for the broadband light source being realized by the
F-P filter, the waveforms of the optical spectrum are all complete. Together with amplification and
filtering of the analog spectrum signal in the circuit part, the peaks in the original sampling signal
show a high degree of similarity. However, high frequency noise (pulse interference and white noise)
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was detected. The original reflection spectrum of FBG is shown in Figure 5a, in which the blue lines
are actual peaks and red lines are pulse interference. Although actual peaks are regular, the existence
of pulse interference brings disorder into the reflection spectrum. For comparison, seven actual peaks

are selected. As shown in Figure 5b, the waveforms are all complete although they also contain
white noise.

Peak1
Peak?2
Peak3
Peak4
Peak5
1 1 Peak6
> > Peak7?
° P
(=24 o
S S
2 S
05 0.5
0 ‘ ‘ . 0 ’ . L . \\V‘k W
0 05 1 15 2 25 3 1553  1553.2 15534 15536 1553.8 1554 15542 15544 1554.6
Sampling points #10° Wavelength / nm
(a) (b)

Figure 5. The waveforms of the FBG sensor: (a) original reflection spectrum of the FBG sensor;
and (b) comparison of the FBG sensor’s seven actual peaks.

To filter out high frequency noise, a first order lag filter was chosen because it possesses the
advantages of easy actualization and less computation. At the same time, its hysteresis effect
shortcoming can be compensated by the interrogation principle introduced according to Equation (2).
The first order lag filter can be accomplished as follows:

Y(n)=(1—-a)X(n)+aY(n-—1), n € N* (©)]

where 7 is the sequence number of the current sampling point; n — 1 expresses the sequence number
of the previous sampling point; Y(n) represents the current output of the filter; « is the coefficient of
the first order lag filter; X (1) denotes the spectrum’s value of the current sampling point; and Y (n — 1)
expresses the filtering result of the previous sampling point.

To obtain the influence of frequency and coefficient &, the Bode plot of the first order lag filter
was drawn in Figure 6a. With an increase in frequency and «, the magnitude reduces sharply and
phase lags distinctly, which demonstrates that the first order lag filter can inhibit high-frequency
noise, although this causes hysteresis of peaks in the spectrum. As « increases, the performance of
noise suppression improves. Peak amplitude decreases with an increase in a, with peak amplitudes
after filtering with different a depicted in Figure 6b. In this paper, « = 0.9 was utilized and the peak
amplitude was 90% of the original signal. Reflection spectra and waveforms of peaks after filtering
are shown in Figure 7. The pulse interference is significantly reduced and reflection spectra are more
regular, while the white noise of peaks is filtered out.
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Figure 6. The effect of the first order lag filter: (a) the bode plot of the first order lag filter; and (b) the
peak amplitude after filtering with different «.
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Figure 7. The waveforms of the FBG sensor after filtering: (a) reflection spectra of the FBG sensor after
filtering; and (b) waveforms of seven peaks after filtering.

3.2. Peak Detection Algorithm Based on the Self-Adaption Threshold

We utilized the Gaussian fit to prove the similarity of peaks as they have consistency in terms of
shape. The Sum of Squares due to Error (SSE) and Root Mean Squared Error (RMSE) represent the
effect of Gaussian fit. When SSE and RMSE are closer to 0 and the fitting effect is better. The results
shown in Table 1 demonstrated that peaks of the reflection spectrum can be fitted by the Gauss model.
Accordingly, the similarity of peaks is proved.

Table 1. The results of Gaussian fit.

Number Peakl Peak?2 Peak3 Peak4 Peak5 Peak6 Peak?7

SSE 0.4499 03618 03578  0.3676  0.4354 0.435 0.5643
RMSE  0.04512 0.04046 0.04024 0.04078 0.04439 0.04437 0.05053

In this paper, we proposed a peak detection algorithm based on a self-adaption threshold.
With the similarity of the reflection spectrum, this algorithm employed features of known peaks
to estimate the subsequent peak. To detect peaks in the reflection spectrum, the peak detection
algorithm has two types of thresholds. The height threshold e(m) is applied to judge the existence of



Sensors 2018, 18, 1140 10 of 16

peaks, while the width threshold ¢ (m) is applied to pick out real peaks, with m being the number
of peaks. We hypothesized that p1, p2,- -+, pm, - -+, pn (n € N*) are peaks in the reflection spectrum
of FBG. To obtain the thresholds of p,;, the parameters of previous peaks should be utilized in the
calculation, with the start time of sampling defined as the zero of the time. Figure 8 shows the
parameters of p;.

Voltage / V

>
>

ti Ti T t  Time/S

Figure 8. The parameters of p;.

The peak can be regarded as the real peak of the reflection spectrum only when the output value
of the first order lag filter is larger than ¢(m) and the width of the peak is wider than ¢(m). ¢(m) and
¢@(m) can be expressed by Equations (4) and (5):

t;”71
m— p -1
e(m) =p [t/tl_;n +e(m— l)] th_1>tu_1 >0, (4)
m—1 m—1
= 2
@(m) =74 /51 ) [T(D)]” m <N
i=
m-1 / )
@(m) =7 /% [t()]> m>N
i=m—N
(i) = T,— T

where t,,_1 and t/, _, are the initial and terminal time of the peak p,,_1; ¢(m — 1) is the height threshold
of p,—1; p and 7y are safety margin coefficients, with p,y € (0,1); (i) is the width of p;; N is the
number of previous peaks calculated; and T; and T/ are the initial and terminal time of the peak width.

The peak detection algorithm based on a self-adaption threshold utilized characteristics of existing
peaks to predict the following peaks. These thresholds can adapt themselves to a change in the data.
In this paper, parameters were set to N = 3, p = 0.67 and y = 0.74. The peak recognition rate p; is

defined by Equation (6):
ny

Pr = na’ (6)

where p;, is the peak recognition rate; 1, is the number of recognized peaks; and #, is the number of
actual peaks. The 1.4 x 10° sampling data (Figure 2a) were adopted as the input of the peak detection
algorithm. As a result, all 250 peaks were detected correctly and thus, the peak recognition rate was
100%. The self-adaption thresholds changing with the width and height obtained from 100 peaks are
shown in Figure 9.
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Figure 9. Self-adaption thresholds changed with the variation of 100 peaks: (a) ¢(m) changed with
variation of height; and (b) ¢(m) changed with variation of width.

4. Experiments and Discussion

To verify the approach proposed in this article, the system using the above approaches was
established with a FPGA+ARM integrated development platform (zynq7000), which is shown in
Figure 10. The frequency of FPGA was 100 MHz, the ARM was a dual-core processor and the frequency
of each core was 866 MHz. FBG sensors with a Poisson ratio of 0.42, radius of 63.5 um and central
wavelength at around 1551 nm were employed. The DAC driver was a DAC9881, which provided
18-bit resolution and an input data clock frequency up to 50 MHz. The ADC driver, which was an
ADS5263 with 18-bit resolution, provided sampling frequencies up to 100 MHz. Four 1 x 4 optical
switches were employed with a switching time of 1 ms. The broadband source we used in the system
was OS-ASE-M2-CL-F-20-0-5-FA made by Conquer Optics Inc. (Beijing, China), which has a central
wavelength range of 1527.0-1602.6 nm and optical power of 20 mW. The 2 x 2 optical splitter we used
in the system was made by Conquer Optics Inc., which has a splitting ratio of 2:8 and additional loss of
below 0.1 dB. The 80% light intensity was used to illuminate the FBG sensors, while the other 20% was
used in the comb filter. The comb filter we used in the system was OS-50G-C made by Conquer Optics
Inc., which has a maximal optical power of 500 mW. The F-P filter was TF2D4Z, the free spectral
range was 99.9 nm, scanning speed was 800 Hz, insertion loss was 1.91 dB, bandwidth was 13.8 GHz
(110 pm) and polarization-dependent loss was less than 0.2 dB.

(b)

Figure 10. The FBG interrogation system: (a) external structure of the FBG interrogation system;
and (b) internal structure of the FBG interrogation system.
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4.1. The Performance of the Peak Detection Algorithm

A considerable amount of research has been conducted on peak detection using typical
algorithms, including the maximum algorithm, discrete-time filter algorithm, centroid algorithm,
polynomial fitting algorithm and neural network algorithm [34]. The peak detection is very important
for FBG interrogation because its properties influence system performance directly. We applied
precision and calculation performance to quantitatively analyze the typical algorithms, with six
algorithms examined in the FPGA+ARM platform. To obtain the precision of six algorithms under
different signal-to-noise (SNR) ratios, white noise was added to the sampling signal, with the results
shown in Figure 11. Additionally, execution time and the needed logic unit of six algorithms in the
FPGA+ARM platform were used to express the calculation performance, which is shown in Table 2.
All values were normalized using the maximum algorithm. As a reference, for the maximum algorithm,
the execution time and the needed logic unit were about 0.27 us and 780, respectively.

Maximum

— Self-Adaption Threshold
Discrete-time Filter
Centroid

Polynomial Fitting
Neural Network

Precision / pm

80 70 60 50 40 30 20
SNR/dB

Figure 11. Precision of six peak detection algorithms changing with the variation of SNR.

Table 2. Calculation performance of the algorithms.

Algorithms Execution Time The Needed Logic Unit
Maximum 1 1
Discrete-time Filter 27.21 12.31
Centroid 0.67 1.72
polynomial fitting 340 1000
Neural Network 25,000 40,000
Self-Adaption 3.15 5.53

As depicted, the precision of all peak detection algorithms decreases with a reduction in SNR.
The polynomial fitting algorithm, neural network algorithm and self-adaption algorithm perform
better than the maximum algorithm, discrete-time filter algorithm and centroid algorithm. When SNR
is greater than 40 dB, the effect of the polynomial fitting algorithm, neural network algorithm
and self-adaption algorithm are roughly equivalent. For the implementation of algorithms in
embedded hardware, the calculation performance of algorithms is also a critical factor. By contrasting
execution time and the needed logic unit, the self-adaption algorithm has preponderance of calculation
performance compared to the neural network algorithm and polynomial fitting algorithm. Accordingly,
through synthetical consideration of precision and calculation performance, the self-adaption algorithm
proposed in this paper performs better than other algorithms.
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4.2. The Temperature Experiment

A performance study related to the system by experiments at different temperatures was
introduced. Four FBG sensors were placed in a thermal chamber without stress, before the temperature
was varied from 0 °C to 100 °C in steps of 1 °C. The measurement time was 2.5 min for each
temperature. The central wavelengths of four FBG sensors were 1551.23, 1551.25, 1551.28 and
1551.30 nm. The relationship between central wavelengths and temperature is shown in Figure 12,
which was obtained when the temperatures stabilized. As shown in Figure 12a, the central wavelengths
of FBG sensors linearly increase with temperature with a temperature sensitivity of 10 pm/°C.
In addition, the least square fit was applied to test linearity between temperature and central
wavelengths. The results were satisfactory as proved by the goodness of fit, with the degree of linearity
being 0.9999, 0.9999, 0.9997 and 0.9998, respectively. When temperature was constant, the mean
error of measured wavelengths was used to calculate the precision of the system, which is shown in
Equation (7):

A= ie N* ()

S|

A —Al,

n
i=1
where A is the system precision; n is the number of measured data; i is the sequence number of
wavelengths; A; represents the measured value of ith wavelength; and A is the average value of

measured data. Taking the FBG sensor with a central wavelength of 1551.23 nm as an example,
the measurement result is shown in Figure 12b.
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Figure 12. The relationship between central wavelengths and temperature: (a) central wavelengths of
FBG sensors under different temperature; and (b) the measurement result when temperature is constant.

The system precision is around 0.5 pm by calculation. These results demonstrated that this system
has high precision and the static performance is adequate.

4.3. The Comparison Analysis of the Interrogation System

TDM was applied to improve the capacity of the interrogation system, with the limitation caused
by optical loss of the optical switch. With the consideration of cost and optical loss of the optical switch,
1 x 4 switches were connected for the sake of realizing a multichannel switch of the spectrum. In the
experiment, the optical loss was 3.88 dB when four 1 x 4 switches were connected. Considering the
insertion loss (1.91 dB), polarization-dependent loss (0.2 dB) of the F-P filter and the additional loss
(0.1 dB) of the optical splitter, the theoretical optical power reached by FBG sensors is around 3.9 mW.
As the number of cascades was five, incomplete waveforms were detected. Thus, the maximum
capacity of this system is 256. In addition to the application of the 800-Hz F-P filter, the frequency
can be ensured by application of the FPGA+ARM platform and the maximum wavelength scanning
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speed measured can reach 800 Hz in the experiment. Thus, the repetition rate of this system is
around 3 Hz when the capacity is 256. When the capacity is 8, the repetition rate can reach 100 Hz.
The repetition rate is inversely proportional to the capacity. In addition, the static interrogation
precision could reach 0.5 pm in the temperature experiment. In this paper, the typical interrogators
based on M-Z interferometer [5], WDM+FDM [6] and the latest approaches based on encoding
strategy [11], MEMS [24], on-chip AWG [26] are taken into comparison. To assess the performance,
the precision, maximum capacity, interrogation and cost of different systems were compared and
analyzed. The comparison results are shown in Table 3. Techniques based on M-Z interferometer,
MEMS and system proposed in this paper have a precision of around 0.5 pm, which is higher than
other systems. Methods based on WDM+FDM, encoding strategy and the approach proposed in this
paper can interrogate hundreds of sensors, while other systems’ capacity is less than 10. Furthermore,
the proposed system also has a beneficial effect on interrogation range. And it has a low cost required
for adopting F-P filter and broadband light source. In conclusion, the proposed system has an optimum
comprehensive performance, which can achieve high precision and capacity at the same time.

Table 3. The contrasts of different interrogation systems.

- . . Interrogation

Ref. Approaches Precision/pm Maximum Capacity Range/nm Cost
[5] M-Z interferometer 0.47 2 120 middle

[6] WDM+FDM 3.5 275 70 low

[11] Encoding strategy 3 3 times than WDM method 100 high

[24] MEMS 0.5 4 45 low

[26] On-chip AWG +10 4 39 high

This paper 0.5 256 75 low

5. Conclusions

In this study, a practical FBG interrogation system based on a FPGA+ARM platform, tunable F-P
filter and optical switch was designed and experimentally verified. The comparison of different
interrogation theories demonstrated that this system has an optimum comprehensive performance
in interrogation precision, capacity and interrogation range. To improve the practical accuracy of
the system, we employed a F-P filter to overcome the low precision of a broadband light source.
The error of the F-P filter caused by its non-linear characteristic could be compensated with the circuit
part. In the soft algorithm, we designed a self-adaption algorithm with peak recognition rate of
100%. The precision of six algorithms under variation of SNR proved the superiority of the algorithm
proposed in this paper. For increasing the capacity of interrogation, an optical switch was employed to
achieve TDM of the FBG spectrum, which can increase the quantities of FBG sensors interrogated in
the system. Through the experiment, at most 256 FBG sensors can be interrogated. To improve the
speed of the system, we adopted FPGA to accomplish high-speed control and sampling, while ARM
was simultaneously applied to achieve high-speed interrogation calculation. It was demonstrated that
a wavelength scanning speed of 800 Hz could be realized. The temperature experiment was conducted
to demonstrate the effectiveness of the system. Four FBG sensors were interrogated with a linearity of
0.999 when temperature changed from 0 °C to 100 °C. Static measurement results showed that the
precision of the system could reach 0.5 pm.

Acknowledgments: This work was supported by the Technical Foundation Program (Grant Nos. JSZL 2014601
B001, JSZL 2017601 C002) from the Ministry of Industry and Information Technology of China, and the Graduate
Innovation Practice Fund (YCSJ-01-201708) from the Beihang University.

Author Contributions: Yingwu Li and Hongxun Wang conceived the key idea and designed the experiments;
Weifang Zhang and Bo Jin provided the academic supports and checked the manuscript; Feifei Ren and Wei Dai
performed the experiment; all authors made contributions to write and revise the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2018, 18, 1140 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Majumder, M.; Gangopadhyay, T.K.; Chakraborty, A.K.; Dasgupta, K.; Bhattacharya, D.K. Fiber Bragg
gratings in structural health monitoring—Present status and applications. Sens. Actuators A Phys. 2008, 147,
150-164. [CrossRef]

Filograno, M.L.; Rodriguez-Barrios, A.; Corredera, P, Martin-Lopez, S.; Rodriguez-Plaza, M.;
Andres-Alguacil, A.; Gonzalez-Herraez, M. Real-Time Monitoring of Railway Traffic Using Fiber Bragg
Grating Sensors. IEEE Sens. ]. 2011, 12, 85-92. [CrossRef]

Dziuda, L.; Skibniewski, EW.; Krej, M.; Lewandowski, J. Monitoring respiration and cardiac activity using
fiber Bragg grating-based sensor. IEEE Trans. Biomed. Eng. 2012, 59, 1934-1942. [CrossRef] [PubMed]

Li, T; Tan, Y;; Han, X.; Zheng, K.; Zhou, Z. Diaphragm Based Fiber Bragg Grating Acceleration Sensor with
Temperature Compensation. Sensors 2017, 17, 218. [CrossRef] [PubMed]

Stefani, A.; Andresen, S.; Yuan, W.; Herholdt-Rasmussen, N.; Bang, O. High Sensitivity Polymer Optical
Fiber-Bragg-Grating-Based Accelerometer. IEEE Photonics Technol. Lett. 2012, 24, 763-765. [CrossRef]
Marques, C.A.F,; Pospori, A.; Sdez-Rodriguez, D.; Nielsen, K.; Bang, O.; Webb, D.]. Aviation fuel gauging
sensor utilizing multiple diaphragm sensors incorporating polymer optical fiber Bragg gratings. IEEE Sens. J.
2016, 16, 6122-6129. [CrossRef]

Woyessa, G.; Pedersen, ] K.M.; Fasano, A.; Nielsen, K.; Markos, C.; Rasmussen, HK.; Bang, O. Zeonex-PMMA
microstructured polymer optical FBGs for simultaneous humidity and temperature sensing. Opt. Lett. 2017,
42,1161-1164. [CrossRef] [PubMed]

Stefani, A.; Yuan, W.; Markos, C.; Bang, O. Narrow bandwidth 850nm Fiber Bragg gratings in few-mode
polymer optical fibers. IEEE Photonics Technol. Lett. 2011, 23, 660-662. [CrossRef]

Roy, A.; Chakraborty, A.L.; Jha, C.K. Fiber Bragg grating interrogation using wavelength modulated tunable
distributed feedback lasers and a fiber-optic Mach-Zehnder interferometer. Appl. Opt. 2017, 56, 3562-3569.
[CrossRef] [PubMed]

Chen, X.; Dong, X.; Lv, H.; Hu, Y,; Yu, X; Chen, X,; Liu, S. Real-time Interrogation Technology for Large-scale
Fiber-ring Laser Sensor Array. IEEE Photonics J. 2017, 9. [CrossRef]

Triana, A.; Pastor, D.; Varén, M. A Code Division Design Strategy for Multiplexing Fiber Bragg Grating
Sensing Networks. Sensors 2017, 17, 2508. [CrossRef] [PubMed]

Hervas, ].; Barrera, D.; Madrigal, ].; Sales, S. Microwave Photonics filtering interrogation technique under
coherent regime for hot spot detection on a weak FBGs array. J. Light. Technol. 2018, 36, 1039-1045. [CrossRef]
Hu, C.; Bai, W. High-Speed Interrogation for Large-Scale Fiber Bragg Grating Sensing. Sensors 2018, 18, 665.
[CrossRef] [PubMed]

Li, L.; Li, M,; Shi, W,; Lu, H.; Wen, X.; Chang, X.; Zeng, Y. A new fiber Bragg grating interrogation and
multiplexing schema using a F-P laser light source. IEEE Photonics Technol. Lett. 2017, 29, 243-246. [CrossRef]
Han, P; Li, Z.; Chen, L.; Bao, X. A High-speed Distributed ultra-weak FBG Sensing System with high
resolution. IEEE Photonics Technol. Lett. 2017, 29, 1249-1252. [CrossRef]

Tsai, P; Sun, F,; Xiao, G.; Zhang, Z.; Rahimi, S.; Ban, D. A New Fiber-Bragg-Grating Sensor Interrogation
System Deploying Free-Spectral-Range-Matching Scheme with High Precision and Fast Detection Rate.
IEEE Photonics Technol. Lett. 2008, 20, 300-302. [CrossRef]

Diaz, C.A.R.; Leitao, C.; Marques, C.A.; Domingues, M.F,; Alberto, N.; Pontes, M.].; Frizera, A,;
Ribeiro, M.R.N.; André, P.S.B.; Antunes, PE.C. Low-Cost Interrogation Technique for Dynamic Measurements
with FBG-Based Devices. Sensors 2017, 17, 2414. [CrossRef] [PubMed]

Hongo, A.; Kojima, S.; Komatsuzaki, S. Applications of fiber Bragg grating sensors and high-speed
interrogation techniques. Struct. Control Health Monit. 2010, 12, 269-282. [CrossRef]

Dai, Y,; Liu, Y,; Leng, J.; Deng, G.; Asundi, A. A novel time-division multiplexing fiber Bragg grating sensor
interrogator for structural health monitoring. Opt. Lasers Eng. 2009, 47, 1028-1033. [CrossRef]

Xiao, G.Z.; Zhao, P,; Sun, EG.; Lu, Z.G.; Zhang, Z.; Grover, C.P. Interrogating fiber Bragg grating sensors by
thermally scanning a demultiplexer based on arrayed waveguide gratings. Opt. Lett. 2004, 29, 2222-2224.
[CrossRef] [PubMed]

Sano, Y.; Yoshino, T. Fast optical wavelength interrogator employing arrayed waveguide grating for
distributed fiber Bragg grating sensors. J. Light. Technol. 2003, 21, 132-139. [CrossRef]


http://dx.doi.org/10.1016/j.sna.2008.04.008
http://dx.doi.org/10.1109/JSEN.2011.2135848
http://dx.doi.org/10.1109/TBME.2012.2194145
http://www.ncbi.nlm.nih.gov/pubmed/22514201
http://dx.doi.org/10.3390/s17010218
http://www.ncbi.nlm.nih.gov/pubmed/28124998
http://dx.doi.org/10.1109/LPT.2012.2188024
http://dx.doi.org/10.1109/JSEN.2016.2577782
http://dx.doi.org/10.1364/OL.42.001161
http://www.ncbi.nlm.nih.gov/pubmed/28295073
http://dx.doi.org/10.1109/LPT.2011.2125786
http://dx.doi.org/10.1364/AO.56.003562
http://www.ncbi.nlm.nih.gov/pubmed/28430235
http://dx.doi.org/10.1109/JPHOT.2017.2687043
http://dx.doi.org/10.3390/s17112508
http://www.ncbi.nlm.nih.gov/pubmed/29104231
http://dx.doi.org/10.1109/JLT.2018.2793161
http://dx.doi.org/10.3390/s18020665
http://www.ncbi.nlm.nih.gov/pubmed/29495263
http://dx.doi.org/10.1109/LPT.2016.2638850
http://dx.doi.org/10.1109/LPT.2017.2712182
http://dx.doi.org/10.1109/LPT.2007.915638
http://dx.doi.org/10.3390/s17102414
http://www.ncbi.nlm.nih.gov/pubmed/29065518
http://dx.doi.org/10.1002/stc.70
http://dx.doi.org/10.1016/j.optlaseng.2009.05.012
http://dx.doi.org/10.1364/OL.29.002222
http://www.ncbi.nlm.nih.gov/pubmed/15524361
http://dx.doi.org/10.1109/JLT.2003.808620

Sensors 2018, 18, 1140 16 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Todd, M.D.; Johnson, G.A.; Althouse, B.L. A novel Bragg grating sensor interrogation system utilizing
a scanning filter, a Mach-Zehnder interferometer and a 3 x 3 coupler. Meas. Sci. Technol. 2001, 12, 771-777.
[CrossRef]

Yao, Y,; Li, Z.; Wang, Y.; Liu, S.; Dai, Y.; Gong, ].; Wang, L. Performance Optimization Design for a High-Speed
Weak FBG Interrogation System Based on DFB Laser. Sensors 2017, 17, 1472. [CrossRef] [PubMed]

Ganziy, D.; Rose, B.; Bang, O. Compact multichannel high-resolution micro-electro-mechanical systems-based
interrogator for Fiber Bragg grating sensing. Appl. Opt. 2017, 56, 3622-3627. [CrossRef] [PubMed]
Posada-Roman, J.E.; Garcia-Souto, J.A.; Poiana, D.A.; Acedo, P. Fast Interrogation of Fiber Bragg Gratings
with Electro-Optical Dual Optical Frequency Combs. Sensors 2016, 16, 2007. [CrossRef] [PubMed]

Li, H.; Ma, X.; Cui, B.; Wang, Y,; Zhang, C.; Zhao, J.; Zhang, Z.; Tang, C.; Li, E. Chip-scale demonstration of
hybrid III-V /silicon photonic integration for an FBG interrogator. Optica 2017, 4, 692-700. [CrossRef]
Marin, Y.E.; Nannipieri, T.; Oton, C.J.; di Pasquale, F. Integrated FBG Sensors Interrogation using Active
Phase Demodulation on a Silicon Photonic Platform. J. Light. Technol. 2017, 35, 3374-3379. [CrossRef]
Ganziy, D.; Rose, B.; Bang, O. Performance of low-cost few-mode fiber Bragg grating sensor systems:
Polarization sensitivity and linearity of temperature and strain response. Appl. Opt. 2016, 55, 6156-6161.
[CrossRef] [PubMed]

Ganziy, D.; Jespersen, O.; Woyessa, G.; Rose, B.; Bang, O. Dynamic gate algorithm for multimode fiber Bragg
grating sensor systems. Appl. Opt. 2015, 54, 5657-5661. [CrossRef] [PubMed]

Vergnole, S.; Lévesque, D.; Lamouche, G. Experimental validation of an optimized signal processing method
to handle non-linearity in swept-source optical coherence tomography. Opt. Express 2010, 18, 10446-10461.
[CrossRef] [PubMed]

Mrn, A,; Bradu, A.; Podoleanu, A. Optimization of excitation of fiber Fabry-Perot tunable filters used in
swept lasers using a phase-correction method. Appl. Opt. 2017, 56, 3378-3382.

Costas, L.; Fernandez-Molanes, R.; Rodriguez-Andina, ].J.; Farifia, J. Characterization of FPGA-master ARM
communication delays in zynq devices. In Proceedings of the IEEE International Conference on Industrial
Technology, Toronto, ON, Canada, 22-25 March 2017; pp. 942-947.

Xiao, L.; Chen, X; Lin, B. Design and realization of strain measurement system based on FPGA and ARM.
In Proceedings of the 4th International Conference on Intelligent Control & Information Processing, Beijing,
China, 9-11 June 2013; pp. 853-857.

Negri, L.; Nied, A.; Kalinowski, H.; Paterno, A. Benchmark for Peak Detection Algorithms in Fiber Bragg
Grating Interrogation and a New Neural Network for its Performance Improvement. Sensors 2011, 11,
3466-3482. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/0957-0233/12/7/303
http://dx.doi.org/10.3390/s17071472
http://www.ncbi.nlm.nih.gov/pubmed/28640187
http://dx.doi.org/10.1364/AO.56.003622
http://www.ncbi.nlm.nih.gov/pubmed/28430230
http://dx.doi.org/10.3390/s16122007
http://www.ncbi.nlm.nih.gov/pubmed/27898043
http://dx.doi.org/10.1364/OPTICA.4.000692
http://dx.doi.org/10.1109/JLT.2016.2598395
http://dx.doi.org/10.1364/AO.55.006156
http://www.ncbi.nlm.nih.gov/pubmed/27534455
http://dx.doi.org/10.1364/AO.54.005657
http://www.ncbi.nlm.nih.gov/pubmed/26193010
http://dx.doi.org/10.1364/OE.18.010446
http://www.ncbi.nlm.nih.gov/pubmed/20588899
http://dx.doi.org/10.3390/s110403466
http://www.ncbi.nlm.nih.gov/pubmed/22163806
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	System Description 
	The Overview of Interrogation System 
	The Interrogation Principle 

	Peak Detection Algorithm 
	The Improvement of Spectrum Waveform 
	Peak Detection Algorithm Based on the Self-Adaption Threshold 

	Experiments and Discussion 
	The Performance of the Peak Detection Algorithm 
	The Temperature Experiment 
	The Comparison Analysis of the Interrogation System 

	Conclusions 
	References

