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Abstract—We develop a field-programmable gate array
(FPGA)-based multichannel measurement system for sensing
multiplexed fiber Bragg gratings (FBGs), using a high-speed
wavelength-swept laser. The wavelength-swept laser, operated
with Fourier-domain mode locking (FDML), exhibits a sweep fre-
quency of 50.7 kHz and sweep band of ~60 nm. A breakthrough
in multichannel and real-time measurement is achieved by imple-
menting an FPGA with unique parallel-processing circuits. This
FPGA enables the implementation of a high-speed centroid-peak—
detection circuit for FBG detection, which can be operated with
a sampling frequency of 250 MHz. In multichannel measurement
systems, the light propagating through each sensor path produces
a delay, which reduces the measurement accuracy. This can
be solved by implementing a delay-correction technique, which
utilizes the time difference between two spectra obtained by a
bidirectional scan of the FDML laser. The system is demonstrated
to exhibit multichannel sensing and high measurement time
resolution of 9.9 us, without being affected by the delay.

Index Terms—Field-programmable gate arrays, optical fiber
sensors, sensor systems, system integration.

I. INTRODUCTION

IBER Bragg grating (FBG) sensors have recently been

attracting great interest owing to their excellent perfor-
mances such as high sensitivity, ease of handling, and fast
response [1]-[4]. The operating principle of an FBG sensor is
that the Bragg wavelength changes according to the changes
in the parameters such as strain, temperature, and vibration.
In addition, FBGs can be connected serially and multiplexed
easily along a single optical fiber. For this reason, there has
been considerable interest in the use of FBGs in various
applications where high-speed and multipoint measurements
are required, such as acoustic emission, sound navigation and
ranging, etc. [5]-[9].
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FBG interrogations using wavelength-swept lasers have
been proven to be effective in improving the measurement
speed and detection sensitivity [10]-[14]. Wavelength-swept
lasers encode the wavelength information of FBGs as time
information, and the acquisition timing is determined by the
sweep frequency of the wavelength-swept laser. Broadband
wavelength-swept lasers can further simplify the multiplex-
ing of FBGs. The Fourier-domain mode locking (FDML)
technique has recently overcome the limitations of sweep
frequency, and allows high-speed operation, beyond tens
of kHz [15]. Taking advantage of the FDML laser, research
on high-speed FBG interrogation has demonstrated measure-
ment rates of several tens of kHz [16]-[20]. For further
improving the multiplexing capabilities, an approach based
on low-reflectance FBGs has been proposed [21]. Several
recent studies have focused on improving the performance
by introducing optical approaches. The application of optical
approaches has resulted in an increase in the processing load
of electrical signal-processing systems. The development of
high-speed signal-processing systems has been a breakthrough
to achieve real-time measurement of FBGs, allowing FBGs
to be applied widely in various fields. However, very few
studies have reported in detail, high-speed signal-processing
systems using high-speed wavelength-swept lasers. Nowadays,
field-programmable gate arrays (FPGAs) have been attracting
attention as a key evolving technology for improving the per-
formance of signal-processing systems. Introduction of high-
speed digital signal processing using FPGAs has been reported
to improve dramatically the performance of the systems in
various fields such as control and communication [22], [23].

In the measurement with multiplexed FBGs by using a
high-speed wavelength-swept laser, it is necessary to consider
the influence of the light-propagation time. The measurement
system is connected to the FBG sensor by an optical fiber,
and the propagation time (delay) is the time taken for the
light to pass through the optical fiber. The delay degrades
the measurement accuracy of the system, which measures the
wavelength information of the FBG as time information. For
this reason, delay corrections using a frequency comb or a
Fabry—Perot etalon were demonstrated [24], [25].

In this paper, we develop an FPGA-based multichannel
measurement system for multiplexed FBGs, which uses an
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Fig. 1. Multichannel fiber Bragg grating (FBG) interrogation system utilizing field-programmable gate array (FPGA). SOA: Semiconductor optical amplifier;

CP: coupler; CR: circulator; Ps: reference position; OF: optical offset fiber; D: detector; ADC: analog-to-digital converter; FPGA: field programmable gate

array.

FDML laser [19], [20]. The FDML laser operates with a sweep
frequency of 50.7 kHz, sweep band of ~60 nm, and output
power of ~1.4 mW. The signal-processing system implements
an FPGA, for performing real-time high-speed digital calcula-
tions. The unique centroid-peak—detection circuit designed in
the FPGA detects the multiplexed FBGs, with precise timing
control, at a sampling frequency of 250 MHz. In addition,
the signal-processing system introduces a delay-correction
method to eliminate the influence of propagation time in the
optical fiber connected to the FBG. The correction utilizes the
time difference between the two spectra, obtained from the
bidirectional scan of the FDML laser, and has the following
advantages: no special optical considerations are necessary,
low calculation cost for real-time processing, and is applicable
to multichannel measurements. The developed measurement
system demonstrates that simultaneous multichannel measure-
ment with a time resolution of 9.9 us is possible, without
being affected by the delay.

II. SYSTEM
A. Setup for Multichannel FBG Measurement System

Fig. 1 shows a multichannel FBG measurement system with
an FPGA. The optical system consists of an FDML laser,
semiconductor optical amplifier (SOA1, SOA1013, Thorlabs),
coupler (CP), circulators (CRs), FBG sensors installed in
a multiplexed sensor path, and detectors (Ds). The FDML
laser is constructed using a semiconductor optical amplifier
(SOA2, SOA1117, Thorlabs), a fiber Fabry—Perot tunable filter
(FFP-TF, Micron Optics), and a two-kilometer-long optical

fiber [19]. Each component of the FDML laser is temperature-
controlled, at a temperature of 25 °C. The FFP-TF has a
free spectral range of 190 nm and finesse of 2195. The
FFP-TF is driven by a sinusoidal signal from the driver and
is operated with a sweep frequency f, of 50.7 kHz. The
light emitted from the FDML laser is amplified by the SOAI,
which functions as a booster amplifier, and is incident on the
sensor paths. Five FBGs are multiplexed in each sensor path
(K=1t03). FBGgsj(K =1to3,J =1to5) have Bragg
wavelengths of 1530, 1540, 1550, 1560, and 1565 nm, a half
width of ~0.2 nm, and a reflectance of ~80%. Each FBG is
installed at an optical fiber length of Lg; from the reference
position Pg of the system (see Table I). In this case, the delay
7k is generated according to the Lg; of each FBG as
follows:

(K=1t03,J=11t05), )

where n is the refractive index of the optical fiber and c is the
speed of light. In order to clarify the influence of the delay,
an optical offset fiber OF g (K = 1 to 3) can be inserted into
each sensor path. Therefore, the L ; increases by the length
Lok (K =1 to 3) of OFg. The reference position Pg is the
position where the FDML laser’s wavelength-sweep charac-
teristics were measured (described in Section III. A). The
reflected light from each FBG in each sensor path is received
by each Dk (K =1 to 3) via each CRg (K =1 to 3). The
detectors have a frequency range of DC to 250 MHz.

The signal-processing system realizes real-time process-
ing by interlocking the analog-to-digital converter (ADC)
equipped with the FPGA (5170R, National Instruments) and
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TABLE I

OPTICAL FIBER LENGTH FROM Pg TO EACH
FBG WITHOUT OPTICAL OFFSET FIBER

Sensor Path Grating Op tica}‘Fiber Length
KJ (m)
FBGy, 4.86
FBG» 10.28
1 FBG3 15.84
FBGy4 21.04
FBG:s 26.55
FBGy, 522
FBG, 8.54
2 FBGa; 11.89
FBGy4 15.23
FBG3s 18.55
FBGs;, 5.30
FBG3;, 8.62
3 FBGs3 11.93
FBG34 15.25
FBGss 18.57

the computer system. The ADC takes four-channel 14-bit
analog inputs, and operates at sampling frequencies up
to 250 MHz. In addition, the ADC conforms to the commu-
nication standard of JESD204B and provides high-speed data
transfer to the FPGA. The FPGA, which supports high-speed
mainstream data, can perform onboard signal processing in
real-time. For precise adjustment of the timing control, these
two devices are operated with a common reference clock Vg
of 10 MHz, through a driver. Activated by a trigger
signal Vr from the driver, the ADC acquires the detector
signals Vpx (K =1 to 3) from each FBG, which reflects at
its own Bragg wavelength. The peaks of the FBGs are inter-
rogated by the FPGA, which is implemented using parallel-
processing circuits designed to support real-time operation.
The measurement system is designed with a delay-correction
method for sensing multiplexed FBGs. Operated with an
FDML laser with a sweep frequency f, of 50.7 kHz,
the measurement system has a measurement time resolution
T (=1/2f,,) of 9.9 us. Experiments demonstrate that the
system can perform real-time measurements of multiplexed
FBG sensors, without being affected by the delay.

B. FBG Wavelength Measurement With FDML Laser

Fig. 2 shows the schematic diagram explaining the wave-
length measurement of the FBG using the FDML laser. The
FDML laser performs a forward scan (scanning in sweep
from short wavelength to long wavelength) and backward
scan (scanning in sweep from long wavelength to short wave-
length), sinusoidally. It is assumed that the Bragg wavelength
of the FBG is Arpg and that the installation position of the
FBG is the reference position Ps of the measurement system
shown in Fig. 1. In this case, the delay 7 is absent because
there is no optical fiber connected to the FBG. The reflection
spectra of the FBG appear at trg in the forward scan and 755 in
the backward scan, when the wavelength of the laser coincides
with the wavelength of the FBG. The reflection wavelength
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Fig. 2. Concept for measuring fiber Bragg grating (FBG) with wavelength

swept laser. (a) Fiber Bragg grating (FBG) signal with wavelength-swept laser.
(b) Relationship between time difference and sweep wavelength.

of the FBG can be calculated by substituting the obtained
reflection spectrum times frs and f7pg into the wavelength
sweep characteristics: ff (-) in the forward scan and fp (-) in
the backward scan.

AFBG = [F (tFs)
AFBG = [B (tBs)

)
3)

When the delay is not included, the reflection wavelengths of
the FBG in the forward and backward scans have equal values.
On the other hand, if the FBG is assumed to be installed
at a position, which is an optical fiber length L away from
the reference position Ps, a delay 7 will be produced. The
reflection spectra of the FBG will shift and will be obtained
at times of tr,; and tp,;. Therefore, as shown in Fig. 2(a),
the calculated wavelength will be shifted from the original
wavelength as follows:

AFE = fF (tF:),
ABE = [fB (tB:),

“)
)

where Arg and Apf are the wavelengths affected by the delay
in the forward and backward scans, respectively. Therefore,
we propose a method to correct the delay by using the time
difference of the reflection spectra of the FBG, obtained from
the forward and backward scans. As shown in Fig. 2(a), the
time difference is constant at th) = tSD) , regardless of
the presence or absence of delay, and it varies depending
on the wavelength alone, without being affected by the
delay. Fig. 2(b) shows the wavelength-sweeping characteristic
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Fig. 3. Calculation flow of fiber Bragg grating (FBG) wavelength with delay
correction method.

g (+) based on the relationship between the time difference and
sweep wavelength.

C. Delay Correction

Fig. 3 shows a flow of processing for correcting the delay
by utilizing the time difference. The processing is divided
into preprocessing and real-time processing (indicated by the
suffixes P and R). First, in preprocessing, a time difference
tr(lz)P, which is affected by the delay, is calculated from the
reflection spectrum times fr,_p in the forward scan and
tgr—p in the backward scan. From the time difference, the
wavelength AppG_p is calculated using the wavelength-sweep
characteristic g () of the time difference. The result is the
original wavelength of the FBG, which is not affected by the
delay. Therefore, the wavelength Arpc—_p makes it possible
to estimate the reflection spectrum times trs_p and tps_p,
by using the inverse functions fF_1 () and fB_1 (-) in the
wavelength-sweep characteristics. Thus, by this processing,
the delay zp is calculated. In the real-time processing step,
by using this delay zp, the influence of delay on the reflection
spectrum times fr,_g and fp,_r measured in the forward
and backward scans is measured and the reflection spectrum
times are corrected as trs_p and fps_g. Finally, the wave-
lengths AFppG—pg are calculated, without being affected by the
delay. In this calculation flow, since preprocessing produces
an estimation of the delay, real-time processing can easily
perform the corrections by merely subtracting the delay from
the obtained spectrum. Therefore, this correction method has
the following merits: a special optical system for correction
is not required, the calculation cost for real-time processing
is low, and it is applicable to multiplexed channels. In this
processing method, since the wavelength can be calculated by
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Fig. 4. Data flow for signal-processing system.

both the forward and backward scans, the measurement time
resolution 7,,, can be improved to 1/2f,,.

D. Design of Signal-Processing System

To achieve real-time FBG signal detection when operating a
high-speed wavelength-swept laser, a high-throughput signal-
processing system is required. This demand is resolved by
installing an FPGA, which can accept data transfers at rates
above several Gb/s and reduce the processing load on the CPU
during real-time operation. The signal-processing system is
designed using the graphical programming language of Lab-
VIEW (National Instruments). Fig. 4 shows the system design
for the signal processing. The ADC acquires and transfers the
detector signals Vpgx (K =1 to 3) and the trigger signal V7
to the FPGA, with a sampling frequency of 250 MHz.

The FPGA comprises internal circuits for trigger detection
and FBG signal detection processing. The trigger-detection
function detects the trigger signal Vr synchronized with
the FDML laser, and when it becomes valid, it shifts the
FBG signal-detection processing from the idle state to the
active state. In the FBG signal-detection processing, a detec-
tion method based on centroid calculation is introduced in
order to achieve high resolution in peak detection. The FBG
signal-detection processing consists of a peak-detection func-
tion, data-holding function, and centroid-calculation function.
The peak-detection function obtains the data in which the
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amplitude value of the FBG signal is the peak. The data-
holding function holds the acquired peak data and the sur-
rounding data. The centroid-calculation function calculates the
centroid position Ncg; of each FBGg; as expressed by (6),
using the held data.

> Vpk (i) xi

Noxj+M .
Zi=1v0“j;wm Vpk (i)

Nckys = (K=1t03,J=1t1t05),

(6)

where Ny is the data number of the peak value and M,, is the
number that holds the data before and after the peak value.

Fig. 5 shows the circuit design for implementing the
centroid-calculation function of the FPGA. The four arith-
metic operations are constructed using high-throughput math
functions corresponding to fixed-point operations, which are
provided by National Instruments. The four arithmetic oper-
ations have a built-in handshake facility for establishing syn-
chronous data transfer between math functions. In addition,
the bit length associated with the operation can be adjusted
automatically, and it operates without overflow. Furthermore,
since it uses a fixed point, it operates with less resources.
Fig. 5 shows a mounting circuit for the case where M,, =5
in the centroid-calculation function. Eleven data acquired by
the data-holding function pass through each data line and are
input to the arithmetic functions. The input data are processed
by each calculation function, and the centroid position N¢ is
calculated.

The configuration functions inside the FPGA of Fig. 4 are
subroutineized. Therefore, the programming for parallel
processing can be implemented easily, and can easily cope
with the expansion of the sensor path. The calculated results
for the centroid position of each FBG are input sequentially
to a first-in-first-out (FIFO) buffer in each detector channel,
and are transferred to the computer system by direct memory
access (DMA). In the computer system, the transferred data
are converted from the data number N¢ to the time ¢¢. Then,
delay correction and wavelength conversion are performed on
the transferred data, and the measurement result is reflected
on the developed display system (Fig. 6). The display system
consists of a control panel and monitor for measurement.
On the monitor, the FBG of each sensor path can be displayed
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Fig. 6. Screen of the measurement system.
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in real-time, and it can be observed for the range from static
strain to high-speed vibration.

III. MEASUREMENT RESULTS
A. Characteristics of FDML Laser

The optical power of the FDML laser was measured using
an optical power meter. Fig. 7 shows the results of the optical
output of the FDML laser according to the presence or absence
of SOALI in Fig. 1. When using the FDML laser alone, the light
output is ~1.4 mW. In the case of using SOAI, the optical
output of the FDML laser is amplified on increasing the
excitation current. When the excitation current is 500 mA,
an optical output of ~14 mW is obtained, and SOA1 functions
as a booster amplifier. Fig. 8 shows the output spectrum of
the FDML laser, obtained using an optical spectrum analyzer
with averaging times of 100. The FDML laser has a center
wavelength of 1550 nm and sweep band of 60 nm. The
FDML laser operates at a sweep frequency of 50.7 kHz and
performs high-speed wavelength sweeping. SOA1, with an
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excitation current of 500 mA, amplifies the light output, which
increases to ~7.5 dBm at the center wavelength. In FBG
measurement, SOA1 is operated with an excitation current
of 500 mA.

The wavelength-sweep characteristics of the FDML laser
were measured using an optical system with an optical tun-
able filter (FFM-C, Axsun Technologies) and a wavelength
monitor (FB200, Ando) [19]. The wavelength monitor has a
measurement range of 1527 to 1567 nm and a wavelength
resolution of 1 pm. The experiment was performed with the
optical fiber length corresponding to the reference position Pg
in Fig. 1. The output light of the FDML laser is incident
on the optical tunable filter, and the transmitted light is
measured by the detector and the wavelength monitor. The
experiment exhibits the correspondence between the time and
the wavelength of the FDML laser. Therefore, by tuning the
wavelength with optical tunable filter, spectrum times trg and
tps were measured as shown in Fig. 2. Using these results,
the polynomial curve for the wavelength-sweep characteristics
fF (+) in the forward scan and fp (-) in the backward scan was
calculated. The standard deviation of the differences between
the measured values and the polynomial values was less than
~4 % 1072 nm. The time difference t(P) of the two spectrum
times for obtaining the wavelength-sweep characteristic g (-)
was also measured.

Fig. 9 shows the wavelength-sweep characteristic of the
FDML laser, with respect to the time difference. The wave-
length changes according to the change in the time difference.
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Fig. 10. Fiber Bragg grating (FBG) reflection signal in wavelength sweep-
ing. (I) Reflection signals without optical offset fiber, (I-a) sensor path 1
(Lor = 0 m), (I-b) sensor path 2 (Lo = 0 m) and (I-c) sensor path 3
(Lo3z = 0 m). (II) Reflection signals with optical offset fiber, (II-a) sensor
path 1 (Lo; = 0 m), (II-b) sensor path 2 (Lo> = 30 m) and (II-c) sensor
path 3 (Lo3z = 70 m).

The polynomial curve was calculated from the results obtained
in this experiment, and was used for obtaining the wavelength-
sweep characteristic g (+) for the time difference (). In addi-
tion, the delay correction was performed according to the
processing flow of Fig. 3, using the results of the wavelength-
sweep characteristics.
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B. FBG Detection and Delay Correction

The reflection signals of the FBG measured using this
system are shown in Fig. 10. Fig. 10 (I-a) to (I-c) are the
detector signals Vpg (K =1 to 3) of each sensor path. The
length of the optical offset fiber OFg (K = 1 to 3) of each
sensor path was set to Lox =0 m (K =1 to 3). The FDML
laser sweeps the wavelength for one cycle (1/f,) in the
forward and backward scans. The reflected signal of each
installed FBGg; (K =1to 3, J =1 to 5) can be detected in
each sensor path. The detection interval of the FBG is 9.9 us,
in each sweep of the FDML laser. Fig. 10 (II-a) to (II-c)
show the results when the OFg of each sensor path is set
to Loy = 0 m, Lo = 30 m, and Lo3 = 70 m, respectively.
In Fig. 10 (II-b) and Fig. 10 (Il-c), the reflected signals of
the FBG are observed to have been delayed by 0.30 us and
0.70 us, compared to that in Fig. 10 (I-b) and Fig. 10 (I-c),
respectively. The reflected signals are influenced by the delays
due to the optical fiber lengths.

Thus, the effect of delay on the wavelength measurement
was evaluated. Fig. 11 shows the results of calculating the
wavelengths of FBG»», FBG»3, and FBGy4. Fig. 11 (a) shows
the measurement results of the case affected by the delay.
A problem is observed wherein the wavelength of each FBG
is measured to have been shifted from the original wavelength
to the long-wavelength side in the forward scan and short-
wavelength side in the backward scan, owing to the influence
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Fig. 12. Wavelength measurement with centroid-calculation function.
(a) Sensor path 1. (b) Sensor path 2. (c) Sensor path 3.

of the delay for an increase of Loy of OF,. The wavelength
shifts due to such a delay can cause a discrimination error in
the FBG. For example, when the original wavelength of FBG2»
is 1540 nm and Loy = 101.68 m, the measured wavelength
may be observed as 1550.09 nm in the forward scan, and
there is a possibility that the wavelength may be erroneously
recognized as that of FBG»3, which has an original wavelength
of 1550 nm. Even when Loy = 0 m, the optical fiber lengths
to the respective FBGs are Ly = 8.54 m, Ly3 = 11.89 m, and
Ly4 = 15.23 m (Table I); therefore, each wavelength is shifted
and measured as Ay = 1540.77 nm, A3 = 1551.09 nm,
and Ampa = 1561.39 nm during the forward scan, and A2 =
1539.32 nm, App3 = 1548.92 nm, and Aypg = 1558.62 nm
during the backward scan.
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Fig. 13.  Multichannel sensing for static strain measurement. (a) Sensor

path 1 (FBGy1) (Lo; = 0 m). (b) Sensor path 2 (FBG21) (Lo2 = 30 m).
(c) Sensor path 3 (FBG31) (Lp3z = 70 m).

In order to solve this problem, Fig. 11 (b) shows the
result of measuring the wavelength by introducing the delay-
correction method shown in Fig. 3. The wavelengths of the
FBGs, measured in the forward and backward scans are
approximately equal and in agreement with A0 = 1540.05
nm, Am23 = 1550.00 nm, and A4 = 1560.01 nm, regardless
of the delay in Loy. Even when Loy = 0 m, the influence of
the initial optical fiber length shown in Table I can be can-
celled. Introduction of this correction process enables delay-
correction and real-time measurement.
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Fig. 14. Long-time wavelength measurement in real-time. (a) Sensor path 1
(FBG12). (b) Sensor path 2 (FBG23). (c) Sensor path 3 (FBG3y4).

C. Wavelength Measurement With Centroid-Calculation
Function

The reflection wavelength measurement of the FBG uses
a peak-detection process based on the centroid-calculation
function, as shown in Fig. 12. Fig. 12 (a) to (c) show the
results of each sensor path, and the standard deviation of the
reflected wavelength measured for one second is calculated.
M,, represents the number of data held in the centroid-
calculation function of (6). The case where M,, = 0 is the
result of direct peak detection, and the standard deviation
value of the FBG is 28 pm at the maximum. When M,, is
increased, the value of the standard deviation of the reflection
wavelength is improved. When M,, = 5, the maximum value
is 13 pm. From these results, it can be inferred that the
centroid-calculation function using the FPGA operates as a
high-speed digital circuit, achieving real-time detection of
FBG and high measurement-wavelength resolution. In this
system, calculation functions with M,, = 5 are implemented
in parallel, enabling multichannel measurement of 15 FBGs.

D. Multichannel and Real-Time Measurement

We evaluated the multichannel measurement of the reflected
wavelength due to static strain. Fixed stages and movable
stages (SGSP-26-100, SIGMAKOKI) were attached to both
ends of the optical fibers of FBGj;, FBG;, and FBG3; in
each sensor path, and the interval of the two stages, Lgage, Was
set to 1 m. When the movable stage was moved by ALy um,
a strain Ae(= ALM/Lguage)pte was applied. A strain of 100
e was applied repeatedly to each FBG, every second. Note
that the OFg (K =1 to 3) of each sensor path was set to
Lo1r =0 m, Lo =30 m, and Loz = 70 m. Fig.13 (a) to (c)
are the results of the reflection wavelength measure-
ments of FBGy;, FBGy;, and FBG3; in each sensor path.
Using bidirectional sweeping, the system can measure step
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Fig. 15. Enlarged view of Fig. 14. (I) Over 10 min, (I-a) sensor path 1

(FBGq2), (I-b) sensor path 2 (FBG»3) and (I-c) sensor path 3 (FBG3g).
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and (II-c) sensor path 3 (FBG3g).

changes in the reflected wavelength due to the application
of strain in each FBG. Furthermore, even when there is an
influence of the delay, the system can measure the reflected
wavelength of the original FBG using the correction process-
ing. The amount of change in the reflected wavelength per
strain step of each FBG was ~12x 1072 nm. The sensitivity of
the reflection wavelength to the strain was ~1.2x 1073 nm/ue
(R? = 0.9999). This experiment proves that the influence of
the delay can be corrected and that the reflected wavelengths
due to the strain can be measured simultaneously by using the
FBGs in a system with multiple channels.

Finally, the high-speed real-time measurement of reflec-
tion wavelength using instantaneous vibrations was evaluated.
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FBG1;, FBG23, and FBG34 of each sensor path were attached
to one metal-laminate—type piezoelectric actuator, and vibra-
tions were applied. The vibration frequency of the actuator was
set to 4 kHz, and the actuator was operated every 10 min. The
OFk (K =1 to 3) of each sensor path was set to Loxg = 0 m
(K =1 to 3). Fig. 14 (a) to (c) are the measurement results for
FBGj;, FBG23, and FBG34 of the sensor paths. The reflection
wavelength of each FBG fluctuates greatly every 10 min,
simultaneously, when vibrations are applied. Fig. 15 (I-a) to
(I-c) are the results of enlarging the 10-min time regions of
Fig. 14 (a) to (c). The reflection wavelength of each FBG
can be measured as a sinusoidal vibration with a vibration
frequency of 4 kHz. The measurement time resolution was
determined 9.9 us by using both forward and backward scans
of the FDML laser driven at a sweep frequency of 50.7 kHz.
In FBGjy, the fluctuation amount of the wavelength on the
application of vibration was ~8 x 1072 nm. Fig. 15 (Il-a)
to (II-c) are the results of enlarging the 20 min time regions
of Fig. 14 (a) to (c). The change in the reflection wave-
length of each FBG can be observed to be the same as that
in Fig. 15 (I-a) to (I-c). In addition, the reflection wavelength
of each FBG can be measured as a vibration change of
the same phase, and it can be confirmed that this system
can continue stable real-time measurement without data loss.
Based on the above, we developed a multichannel FBG mea-
surement system with measurement time resolution of 9.9 us
and realized real-time sensing by introducing delay-correction
processing.

IV. CONCLUSION

We developed a measurement system using an FPGA, which
realized high-speed multichannel measurement of multiplexed
FBGs. The FDML laser was operated at a sweep frequency
of 50.7 kHz, and enabled bidirectional high-speed wavelength
sweeping with a sweep band of 60 nm. In the signal-processing
system with an installed FPGA, FBG signals on multiplexed
channels could be processed in parallel and in real-time, at a
sampling frequency of 250 MHz. A digital circuit for detecting
the centroid peak was designed and installed inside the FPGA,
realizing high-speed and high-resolution detection of the FBG.
The measurement system enabled simultaneous measurement
of 15 FBGs with multiplexed channels, using the FDML laser.
This study showed that the influence of the delay due to the
optical fiber length reduced the accuracy of the measured
wavelength. The proposed delay-correction process had the
following advantages: a special optical system for correction
was not required, the calculation cost for real-time processing
was low, and it was applicable to multichannel systems.
We showed that the measurement system introducing this
correction process could measure multiplexed FBGs in real-
time with a measurement time resolution of 9.9 us, without
being affected by the delay.
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