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Abstract—We develop a high-speed interrogation system
with a wavelength-swept laser for sensing multiplexed fiber
Bragg gratings (FBGs). High-speed and multipoint sensing is
achieved by means of a buffered Fourier domain mode-locked
(FDML) laser, a recently proposed high-speed wavelength-
swept laser. This laser increases the measurement rate sev-
eral times by tailoring the laser output with a buffer stage.
The developed buffered FDML laser successfully achieves
a measurement rate of 202.8 kHz using a general FDML
laser driven at a sweep rate of 50.7 kHz. In order to detect
reflection signals of FBGs at the high measurement rate,
the measurement system introduces digital signal processing
using a field programmable gate array (FPGA). However, FBG
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measurements with wavelength-swept lasers are affected by the propagation time (delay) in the optical fiber connecting
from the laser to the FBG sensor, which reduces measurement accuracy. To overcome this limitation, the developed
system uses a delay correction method with bidirectional sweep of the buffered FDML laser. The interrogation system
with the buffered FDML laser achieves a time resolution of 4.9 us without being affected by the delay.

Index Terms— Optical fiber sensors, fiber lasers, sensor systems, real-time systems.

I. INTRODUCTION

IGH-SPEED wavelength-swept lasers are key optical

sources in many fields of science and engineering.
In biomedical optics, high-speed wavelength-swept lasers have
dramatically improved optical coherence tomography (OCT)
imaging speeds and detection sensitivities for biological tis-
sues [1]. The Fourier domain mode-locked (FDML) laser
has recently been studied as a novel type of high-speed
wavelength-swept laser [2]. The FDML provides high sweep
rates exceeding several tens of kHz, which enables it to be
used as an optical source for the fastest OCT systems. Owing
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to their excellent performance, there has been considerable
interest in the use of FDML lasers in various applications
such as compressed pulse generation [3], optical absorption
spectroscopy [4], and optical fiber sensing [5]-[8].

Several studies have focused on measurements of
fiber Bragg grating (FBG) sensors by introducing FDML
lasers [5]-[8]. Various optical fiber-sensing methods, such
as through the use of interferometers, optical combs, spec-
troscopy, and laser modulation, have been proposed to improve
the measurement performance [9]-[20]. FBGs, well-known as
optical fiber-type sensors of strain and vibration, have several
key advantages owing to their high sensitivity, insensitive
to electromagnetic interference, and fast response [21]-[24].
Sensor multiplexing can be achieved by serially arranging
FBGs with different Bragg wavelengths on a single optical
fiber. In general measurements using wavelength-swept lasers,
the emission wavelength is repeatedly swept over the spectra
of FBGs [25]-[27]. Wavelength information is encoded as
time information in FBGs, and measurement rates are limited
to the sweep rates of wavelength-swept lasers. Therefore,
using FDML lasers with high sweep rates for measurements
could potentially enable novel types of FBG interrogation
systems capable of multipoint sensing above several tens
of kHz. Although high-speed measurements of FBGs have

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. FBG interrogation system with buffered FDML laser. O-AMP: optical amplifier; FSW: fiber switch; CP: coupler; CR: circulator; Ps: reference
position; OF: offset fiber; D: detector; E-AMP: electrical amplifier; OSC: oscillator; ADC: analog-digital converter; FPGA: field programmable gate
array; Vp: pulse control signal; Vg: sweep control signal; V: trigger signal; VR: reference clock signal.

been widely demonstrated in previous studies [S]-[8], few
studies have focused on signal processing systems for real-time
measurements. Thus, we developed a real-time interrogation
system based on a field-programmable gate array (FPGA) for
high-speed digital signal processing [28]—-[30].

However, interrogation systems using high-speed
wavelength-swept lasers have lower measurement accuracy
owing to the propagation time (delay) in the optical fiber.
To solve this problem, delay correction methods using
a frequency comb or a Fabry—Perot etalon have been
proposed [31], [32]. Our previous research proposed a
method for correcting the delay with a bidirectional sweep
of wavelength-swept lasers [28], [30]. To install FBGs at
long distances or large intervals, correction methods by
modulating the sweep rates of wavelength-swept lasers have
been reported [33]. We introduced a delay correction method
that used pulse modulation with wavelength-swept lasers to
automatically recognize reflection signals from multiple FBGs
installed at arbitrary long distances and removed delays [34].

In recent years, various vibration sensors have been
widely exploited for sensing applications, including in
the health monitoring of composite materials and acoustic
imaging [35]-[39]. The desirable characteristics of vibration
sensors include fast response, sensor multiplexing, small size,
stability, and durability in harsh environments. FBG mea-
surements with wavelength-swept lasers have the potential to
satisfy these requirements and to capture acoustic emission
waves above hundreds of kilohertz. Therefore, speeding up
measurement systems further is desirable. Buffered FDML has
been recently reported as a novel technique for multiplying the
sweep rates of FDML lasers [40]. Although the acceleration
of measurements for OCT has recently been reported in the
literature [41], very few studies have reported high-speed mea-
surements of FBGs with buffered FDML lasers. In addition,
there are very few reports of interrogation systems that are
capable of performing multipoint and real-time measurements
exceeding the measurement rate of 200 kHz using wavelength-
swept lasers.

In this paper, we propose and develop a high-speed
interrogation system based on a buffered FDML laser
for sensing FBGs. The buffered FDML laser employs an

FDML laser, optical switch, and buffer stage. In the buffered
FDML laser, part of the wavelength-swept light of the FDML
laser is extracted by an optical switch and incident on the
buffer stage, which is an optical system that branches into two
optical paths with a delay fiber inserted in only one. Therefore,
the wavelength-swept light can be multiplexed by combin-
ing lights emitted from the buffer stage. Using multiplexed
wavelength-swept light, the developed buffered FDML laser is
driven at a sweep rate of 50.7 kHz, producing a measurement
rate of 202.8 kHz. Interrogation systems using buffered FDML
lasers have the following advantages: simple optical manipula-
tion using an optical switch and a buffer stage and high-speed
performance surpassing the measurement rates of FDML
lasers. In contrast, when using high-speed wavelength-swept
lasers, the measurement accuracy is lowered owing to the
influence of the delay. Therefore, a delay correction method
from previous research [28], [30] was applied to the mea-
surement using the buffered FDML laser. Reflection signals
of FBGs were measured in real time by introducing a signal
processing system mounted with an FPGA. We demonstrate
that the interrogation system with the buffered FDML laser
can measure reflection wavelengths of multiple FBGs with a
time resolution of 4.9 us without being affected by a delay.

Il. EXPERIMENTAL SETUP

A. FBG Interrogation System With Buffered FDML Laser

Fig. 1 shows the FBG interrogation system with a buffered
FDML laser. The latter uses an FDML laser, optical ampli-
fier (O-AMP), optical fiber switch (FSW), and buffer stage.
The FDML laser is an optical fiber ring resonator type
laser that employs a semiconductor optical amplifier, a fiber
Fabry—Perot tunable filter (FFP-TF), and an optical fiber
of 4 km (SMF-28, Corning) [28]. The semiconductor optical
amplifier (SOA1117, Thorlabs) acts as a gain medium for
the laser. The FFP-TF (Micron Optics) has a bandwidth
of 85 pm, a finesse of 2195, and a free spectral range
of 190 nm. The FFP-TF can extract specific wavelengths and
control the wavelength sweep of the laser. The temperatures of
these optical components were maintained at a constant value
of 25 °C via temperature control using a thermal
chamber (SLC-25A, Mitsubishi Electric Engineering) [28].
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The FFP-TF was controlled using an oscillator (OSC, 33612A,
Agilent). The OSC sets the control signal Vg to a sinusoidal
waveform with a sweep rate f;,, of 50.7 kHz. The FDML laser
had a center wavelength of 1550 nm and a sweep bandwidth
of ~60 nm.

Laser sweeping is performed from the short wavelength to
the long wavelength direction (forward scan) and from the
long wavelength to the short wavelength direction (backward
scan). The light emitted from the FDML laser is amplified
by an O-AMP (SOA1013, Thorlabs) and enters the FSW. The
FSW (NSSW, Agiltron) has an on/off ratio of 39 dB and a
repeat rate of DC to 500 kHz and is controlled by the pulse
control signal Vp from OSC via a switch driver (Agiltron).
The FSW adjusts the pulse width tpw of ~4.5 us and extracts
light in the central wavelength regions of each section of the
forward and backward scans of the FDML laser. The extracted
light is incident on the buffer stage.

The buffer stage was inserted a 1 km fiber into one of the
optical paths, and the buffer delay time 7y was controlled
to ~4.9 us (: 1 / 4f m) Therefore, when the sweep lights
of the FDML laser extracted by the FSW are incident on
the buffer stage, lights combined by the coupler (CP,) are
multiplexed owing to the difference in the propagation time
of each optical path. The temperature of the buffer stage was
controlled in a laboratory environment at around 23 °C. In this
experiment, the FDML laser was driven at a sweep rate f,
of 50.7 kHz. By using a bidirectional scan of forward and
backward scans of the FDML laser, the interrogation system
could achieve a measurement rate of 101.4 kHz (=2 f,).
In addition, the buffered FDML laser with the buffer stage
doubles the forward and backward scans by multiplexing,
allowing the interrogation system to achieve a measurement
rate of 202.8 kHz (= 4 fi).

The emitted light from the buffered FDML laser entered
each FBG via a circulator (CR). FBGg(K = 1 — 3)
has Bragg wavelengths of 1540, 1550, and 1560 nm,
reflectance of ~80%, and full width at half maximum
of ~0.2 nm. Reflection lights from the FBGs are received
by detector (D). Here, the reference position Ps of the inter-
rogation system corresponds to the fiber length in which the
sweep characteristics of the buffered FDML laser are measured
in Section 3.A. Therefore, as shown in Fig. 1, delays occur
depending on the fiber lengths from the Ps to each FBG
sensor. The effect of delays was examined by adjusting the
length of the offset fiber (OF).

Reflection signals from FBGs were input to the ADC
(NI5S170R, National Instruments) equipped with an FPGA.
The ADC had a sampling frequency of 250 MHz and a
resolution of 14 bits. The ADC controls the recording timing
by inputting the trigger signal Vr and reference clock Vg of
the OSC. The acquired data were transferred to the FPGA. The
FPGA implements peak detection with the centroid method
and processes the detection of the peak signals of FBGs in
real time. Then, the delay correction method, introduced in the
next section, is applied to the peak signals of FBGs. Through a
series of processes, the interrogation system with the buffered
FDML laser can measure multiple FBGs with a time resolution
of 4.9 us (: 1/4fm) without being affected by delays.
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Fig. 2. Display screen for FBG interrogation system.

Fig. 2 shows the display screen of the interrogation sys-
tem, which was developed using a programming language
(LabVIEW, National Instruments). The interrogation system
first corrects the delay, and when this is complete, measures
the reflection wavelengths of multiple FBGs in real time.
High-speed measurement data are saved in the technical data
management streaming (TDMS) format (National Instruments)
in binary format with high readability for high-speed and
low-capacity storage. This enables real-time monitoring of the
reflection wavelengths from multiple FBGs while storing them
for a long time.

B. Measurement Method for FBGs With Buffered
FDML Laser

This section compares measurement methods for FBGs
using a general wavelength-swept laser including an FDML
laser and using a buffered FDML laser, and describes how
to apply delay correction. Fig. 3(I) shows the method for
measuring the FBG using a wavelength-swept laser. First,
it is assumed that the FBG is installed at the reference
position Ps, as shown in Fig. I, there is no delay, and
the Bragg wavelength is Ag. The wavelength-swept laser
was driven by a sinusoidal signal at a sweep rate f;,, and
sweep interval T, (: 1 / fm). As shown in Fig. 3(I-a), the
wavelength-swept laser sweeps in both the forward and back-
ward scans. When the sweep wavelengths of the forward and
backward scans match the Bragg wavelength of the FBG,
the reflection signals of the FBG are detected at reflection
times tém) and téBl) [Fig. 3(I-b)]. The reflection wavelengths
of the FBG can be measured by substituting the reflection
. (F1) (B1) . .
times g’ and ¢ into the wavelength sweep characteristics
fr1(®) and fp1(t) of the forward and backward scans in
the wavelength-swept laser. fr((¢) is the wavelength sweep
characteristic with respect to time in the forward-scan region.
fB1(t) is the wavelength sweep characteristic with respect to
time in the backward-scan region. When using a bidirectional
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Fig. 3. FBG measurement with (I) general wavelength-swept laser and
() buffered FDML laser. (I-a) Wavelength sweep of wavelength swept-
laser. (I-b), (I-c) Reflection signals from FBG without and with delay.
(ll-a) Modulation of FDML laser with FSW. (lI-b) Wavelength sweeping
of buffered FDML laser. (lI-c), (II-d) Reflection signals from FBG without
and with delay.

wavelength sweep, the reflection wavelength was measured at
every half of the sweep interval T,,.

However, when the FBG sensor is installed at a farther point
than the reference position Pgs, the reflection signals of the

FBG are observed to shift to reflection times t( D and t(Bl)
under the influence of the delay 7z, as shown in Fig. 3(I-c).

Therefore, the converted reflection wavelengths also shift from
the original FBG wavelength to the long wavelength side in
the forward scan and to the short wavelength side in the
backward scan. This problem can be solved by introducing
a delay correction method with a bidirectional sweep of
the wavelength-swept laser. The correction method measures
the time difference t§D” of the reflection times t,(Fl) and
tiBl) obtained by the forward and backward scans. The time
difference t,(Dl) can be used to calculate the delay 7 because
the delay terms of the reflection signals in the forward and
backward scans cancel out, as shown in the following equation
(see [28] and [30]).

(P — (B _(FD) (téBl) T T) _ (téFl) i T) (1)

(F1) (B1)

Therefore, the reflection times g~ and 75" can be deter-
mined by subtracting the delay 7 from the reflection times
tiFl) and tiBl) in the forward and backward scans.

To realize even faster measurement, Fig. 3(I) shows the
measurement method using a buffered FDML laser. The
buffered FDML laser modulates the optical fiber switch (FSW)
with a pulse width tpw (< Ty /4) at pulse times t(OP) and
t(OBPI ) to extract light in the central wavelength regions of the
forward and backward scans [Fig. 3(II-a)]. The extracted light
is incident on the buffer stage. The buffer stage inserts a delay
fiber into one of the optical paths and controls the buffer delay
time ty (= Tm/4).

When the light extracted by the FSW is incident on the
buffer stage, the wavelength-swept lights are multiplexed,
as shown in Fig. 3(II-b). Therefore, the reflection signals of
the FBG are detected at the reflection times téﬂ) (F2) t(Bl),
and t(B ) when the sweep wavelengths of the buffered FDML
laser coincide with the Bragg wavelength [Fig. 3(II-c)]. The
reflection wavelengths of the FBG can be calculated using
the wavelength sweep characteristics fr1(z), fr2(t), fB1(),
and fpy(t). Here, fra(t) is the wavelength sweep character-
istic in the region where fr{(¢) is shifted by the buffer delay
time ty. fp2(¢) is the wavelength sweep characteristic in the
region where fp1(¢) is shifted by the buffer delay time 5.
With the buffered FDML laser, the reflection wavelengths can
be measured at every quarter of the sweep interval 7,,, which
is twice as fast as a general wavelength-swept laser.

When affected by a delay in the buffered FDML laser,
the reflection signals of the FBG by each wavelength sweep

are shifted to reflection times t(Fl) ,(FZ),I,(BD, and t(Bz)

[Fig. 3(II-d)]. Time differences are expressed by two sets of
equations (1) and (2), which can be used to calculate the
delay 7.

102 = (B2 _4(F2) (t§32) + r) — (tém) + r) 2)

Therefore, even with the buffered FDML laser, the reflection
times téFl), téF ) SBI), nd téBz) can be determined by sub-
tractin the delay 7 from the reflection times t,(Fl) t§”) t(Bl),
and t, in the forward and backward scans. Our inter-
rogation system uses a buffered FDML laser to cor-
rect the delay and measure the reflection wavelengths of

the FBGs.
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C. Signal Processing With Delay Correction for Buffered
FDML Laser

Fig. 4 shows the signal processing steps used for delay
correction in our interrogation system. First, the wavelength
swept lights of the buffered FDML laser are incident on
each FBGg (K = 1 — 3). Reflection signals of FBGs are
acquired by the ADC, and reflection times tr(FIlg and tr(B,?
(i = 1,2,K = 1 — 3) are detected by the FPGA. The
reflection times of the FBGs are stored in the memory of
the PC, as shown in Fig. 5. To perform delay correction, it is
necessary to calculate the time differences using (1) and (2).
In this experiment, the reflection times of each FBG were
stored in order for each wavelength sweep region, as shown
in Fig. 5. Then, the interrogation system calculates the time
differences tZ(D;{) (i =1,2; K = 1-3) from the reflection times

tr(f;() and tr(i? of the forward and backward scans.

The reflection wavelengths /I(SDQ i=12K =1-3)
unaffected by delays can be calculated by substituting the time

differences tiDI?(i = 1,2; K = 1 — 3) into the wavelength
sweep characteristics g;(t) (i = 1,2) of the time differences
(see [28] and [30]). Here, g1(¢) is the wavelength sweep
characteristic of the time difference by forward scan F1 and
backward scan B1. g»(¢) is the wavelength sweep character-
istic of the time difference by forward scan F2 and backward
scan B2. The calculated reflection wavelengths are substituted
into the inverse functions f;il (4) and fl;i] MG = 1,2) of
the wavelength sweep characteristics fr;(¢) and fp;(¢), and
the reflection times téF}g,téB}g(i =1,2; K = 1 —3) of the
FBGs are obtained. Therefore, delays 7x (K = 1 — 3) can be
calculated. .

In real-time measurements, the reflection times th;()
tiB,? of FBGs affected by delays are measured, and delays 7
calculated earlier are removed. Finally, the reflection times
téF;g and téBQ are substituted into the wavelength sweep
characteristics fr;(t) and fg;(t) (i = 1,2) to calculate the
reflection wavelengths /ISF’K and X(SBQ i=1,2K=1-3).
By executing this series of processes, as the wavelength can
be calculated by both the forward and backward scans of the
buffered FDML laser, a measurement time resolution of 4.9

s can be achieved.

and

Ill. EXPERIMENTAL RESULTS
A. Characteristics of Buffered FDML Laser

To construct the buffered FDML laser, first, the output
characteristics of the FDML laser were measured with the
detector and optical spectrum analyzer.

Fig. 6(I-a) shows the time waveform of the FDML laser
with amplification by the O-AMP. It can be seen that the
FDML laser performs a forward scan (F1) and backward scan
(B1) every half cycle of the sweep interval T, as shown in
Fig. 3(I-a). Fig. 6(I-b) shows the output spectrum of the laser
measured with the optical spectrum analyzer by averaging
10 times. The average number of times of the optical spectrum
analyzer is set to 10 to secure a sufficient measurement
time and to observe the average spectral behavior of the
FDML laser. The FDML laser sweeps the wavelength in
a sinusoidal manner at a sweep rate of 50.7 kHz. As the
measurement speed of the optical spectrum analyzer is lower
than the sweep speed of the laser, sharp peaks are observed
at both ends of the output spectrum, similar to the probability
density of a sinusoidal wave. The FDML laser had a center
wavelength of 1550 nm and sweep bandwidth of ~60 nm. It is
considered that the intensity noise of the time waveform can
be reduced by performing dispersion compensation using a
dispersion compensating fiber [42]. The average output power
was ~4.2 mW measured by a power meter. It was confirmed
that the FDML laser operated successfully at high speed with
a sweep rate of 50.7 kHz.

Therefore, a buffered FDML laser was constructed by
extracting part of the emitted light of the FDML laser with an
optical switch (FSW) and a buffer stage. Fig. 6(II-a) and (II-b)
show the time waveform and output spectrum, respectively.
The FSW was modulated with a pulse width rpy ~ 4.5 us at
pulse times t(OFP]) ~ 4.9 pus, t(OBf}) ~ 14.7 us, extracting lights
in the central wavelength regions of the forward scan (F1)
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and backward scan (B1) of the FDML laser. Extracted lights
entered the buffer stage with a buffer delay time ty. Thus,
the optical outputs of the forward scan (F2) and backward
scan (B2) can be obtained in the regions where the forward
scan (F1) and backward scan (B1) were delayed by the buffer
delay time ¢y, as shown in Fig. 6(II-a). The buffered FDML
laser had a sweep bandwidth of ~39 nm. As shown in
Fig. 3 (Il-a), when the FDML laser sweeps in a sinusoidal
wave with a sweep bandwidth of 60 nm, the light extracted
by FSW (tpw ~ 4.5 us) is a part of the central wavelength
region. Therefore, the buffered FDML laser reduces the sweep
bandwidth from 60 nm to 39 nm. The buffered FDML laser
can multiplex the wavelength-swept light in the buffer stage,
allowing the wavelength to be swept at every quarter of the
sweep interval T,,.
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Fig. 7. Experimental system for measuring wavelength sweep charac-
teristics of buffered FDML laser.

To measure the reflection wavelengths of the FBGs using
the buffered FDML laser, the wavelength sweep characteristics
fri(t) and fpi(t) (i = 1,2) were measured [28]. Fig. 7
shows an experimental system for measuring the wavelength-
sweep characteristics of the buffered FDML laser. The system
injects the emitted light from the buffered FDML laser into
a tunable filter via an attenuator (ATT). The tunable filter
(FFM-C, Axsun Technologies) extracts only the light in a
specific wavelength region from the buffered FDML laser. The
tunable filter was tuned by the control signal V¢ of a digital-
to-analog converter (DAC).

The extracted light is incident on the detector and
the wavelength monitor, and the relationship between the
detected time fc and wavelength Awjs was measured for
the wavelength-sweep characteristics. The wavelength monitor
(FB200, ANDOQ) is a spectroscopic instrument with a mea-
surement range of 1527-1567 nm, time resolution of 10 ms,
wavelength resolution of 1 pm, and measurement accuracy
of 50 pm. The wavelength sweep characteristics of the
buffered FDML laser were measured at 690 sampling points
by controlling the tunable filter.

Fig. 8(a) shows the results of measuring the wavelength
sweep characteristics of the buffered FDML laser. The wave-
length sweep characteristics fri (f) and fp (f) of the for-
ward scan (F1) and backward scan (B1) can be measured.
Furthermore, by using the buffer stage, the wavelength sweep
characteristics fr» (t) and fp> (¢) of the multiplexed forward
scan (F2) and backward scan (B2) can be measured. It can
be seen that the buffered FDML laser performs multiple
wavelength sweeps, as shown in Fig. 3(II-b).

To correct the delay, the wavelength sweep characteris-
tics g1(¢) and g2(¢) of the time differences were calculated
from the wavelength sweep characteristics fri (f) and fz;(?)
and the wavelength sweep characteristics fra(f) and fp2(t),
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Fig. 8. Wavelength sweep characteristics of buffered FDML laser.  Fig. 9. Reflection signals of FBGs with buffered FDML laser.

(a) Characteristics of multiple wavelength sweeps. (b) and (c) Charac-
teristics of g1 (t) and go(t) of time differences.

respectively [Fig. 8(b) and (c)]. The time difference (P
was calculated by obtaining the time difference when
the wavelengths of the wavelength sweep characteristics
fr1 () and fp1(r) were the same. Because the relationship
between the time difference PV and the wavelength could
be obtained, the wavelength sweep characteristic g (¢) of the
time difference could be calculated as shown in Fig. 8 (b). The
wavelength sweep characteristic go(¢) of the time difference
1P was calculated in the same way. Wavelength sweep
characteristics g1(z) and g»(¢) of the time differences were
changed wavelengths depending on the time differences (P!
and (P2 The standard deviation of the difference of the
wavelength sweep characteristics g;(¢) and g»>(¢) at the same
wavelength were less than 0.71 ns. Almost identical charac-
teristics were observed. In the next section, the wavelength
sweep characteristics of the buffered FDML laser are used to
measure FBGs with the effects of delays removed.

B. FBGs Measurements With Delay Correction for
Buffered FDML Laser

The emission light of the buffered FDML laser was incident
on the FBGs, and the reflection signals of the FBGs were
measured. The offset fiber (OF) shown in Fig. 1 was set to a
fiber length of ALor = 0 m. Fig. 9(a) shows the results of
the reflection signals Vpr of the FBGs and output signal Vpr
of the buffered FDML laser. By using the buffered FDML
laser, the reflection signals of each FBG can be detected for
each wavelength sweep, resulting in a measurement interval
of 4.9 us. Reflection signals of FBG; in forward scans F1 and
F2 were tT(Fll) = 391 us and tT(Flz) = 8.81 us, respectively,
and were delayed by the buffer delay time ty. Therefore,
while the design target value of the buffer delay time 7y was
4.93 us (: 1 / 4f m), this measurement system could control

(a) ALogp = 0 m; (b) ALog =70 m.

it to 4.90 us. For a fiber length of ALor = 0 m, reflection

signals of each FBG in the forward scan (F1) were tl(fll) =

391 ps, 15D = 501 ps, and 117 = 6.10 us.

In order to examine the effect of the delay, the OF was set
to ALor = 70 m, and the reflection signals of FBGs were
measured. Fig. 9(b) shows the results for ALor = 70 m,
and the reflection signals of the FBGs were detected with a
delay later than in the case of Fig. 9(a). Reflection signals
of FBG; in forward scans F1 and F2 were tiFll) = 4.60 us
and tiFlz ) = 9.50 us, respectively. Because the delay per unit
length of an optical fiber is approximately 9.8 ns, a fiber
length of 70 m is equivalent to 0.69 us. For a fiber length

of ALor = 70 m, reflection signals of each FBG in the

forward scan (F1) were tffll) = 4.60 us, tr(le) = 5.70 us,
and II(F; ) = 6.79 us. Although the reflection signal of each

FBG was shifted owing to the increase in the delay due to
the longer fiber, the relative intervals among the three peaks
of FBGs were the same. When a delay occurs, the reflection
signals of FBGs are shifted and observed, and the converted
reflection wavelengths also shift from the original wavelengths
of the FBGs. By correcting the delay based on the signal
processing in Fig. 4, the interrogation system can calculate the
original wavelength from the wavelength sweep characteristic
of Fig. 8.

Therefore, the reflection wavelengths of the FBGs in the
applied strain were measured using the delay correction
method, as shown in Fig. 4. To apply strain, both ends of
the optical-fiber-installed FBG3 were attached to a fixed stage
and a movable stage with a spacing of L; = 1 m. The movable
stage had a moving speed of 5000 um/s. A tensile strain
Ae3z(=AX3 / L;) was applied by moving the stage by AX3xm
in the axial direction of the optical fiber.
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Fig. 10. Dynamic strain measurement with delay correction.

(a) ALog = 0 m; (b) ALop =70 m.

Fig. 10(a) shows the result of measuring the reflection
wavelength by applying a dynamic strain Aez = 500 ue
to FBG3. The installation position of FBG3 was set to 9.71 m
with ALpr = 0 m, and the reflection wavelengths before
and after strain application were 1560.00 nm and 1560.59 nm,
respectively. Fig. 10(b) shows the result when ALpr = 70 m.
Values of reflection wavelengths before and after strain appli-
cation were 1559.99 nm and 1560.58 nm, respectively. The
reflection wavelength of FBG3; owing to strain can be mea-
sured without being affected by the delay.

Fig. 11 shows the results with and without delay correction
and provides an enlarged view of Fig. 10 near t = O s.
The reflection wavelength without delay correction was cal-
culated by ignoring the delay term of delay correction in
Fig. 4. For a fiber length of ALor = 0 m (Fig. 11(a)),
the installation position of FBG3 was set to 9.71 m. The
reflection wavelengths without delay correction shifted from
the original wavelength to the long wavelength side during
the forward scans and to the short wavelength side during
the backward scans. The reflection wavelengths in each scan
were 2§73 = 1560.79 nm, 2{3 = 1560.79 nm, 2%} =

1559.20 nm, and /I(SB? = 1559.19 nm. When the delay was
corrected, the reflection wavelengths in each scan had the same
value of 1560. 00 nm. For a fiber length of ALpr = 70 m
(Fig. 11(b)), the reflection wavelength of each scan without
delay correction shifted greater than the case of ALpr =
0 m owing to the increase in the delay due to the longer fiber.
The reflection wavelengths in each scan with delay correction
were almost 1559.99 nm. Even if the effect of delay changes,
the interrogation system can remove the delay and measure
the reflection wavelength.

Therefore, the reflection wavelength of FBG3 was measured
over a wide strain range of 0-2000 we. In addition, the
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Fig. 11. Enlarged view of Fig. 10 with and without delay correction.

(a) ALogp = 0 m; (b) ALog =70 m.
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Fig. 12.  Reflection wavelengths in wide range of strain with delay
correction.

measurement was performed in comparison with a wavelength
monitor (FB200, ANDO). Fig. 12 shows the results of mea-
suring the reflection wavelengths by applying static strains to
FBG3 with ALpor = 0 and 70 m. For ALpr = 0 m, it is
possible to measure how the reflection wavelength changes in
proportion to the strain. Even when ALpr = 70 m, the same
wavelength change as ALopfr = 0 m can be measured without
being affected by the delay. The standard deviation of the
difference of reflection wavelengths at ALor = 0 and 70 m
was 8.4 pm.



YAMAGUCHI et al.: HIGH-SPEED INTERROGATION SYSTEM FOR FBGs 16667
L " T " T " i LA B B B L B L B
1550 _ 15498 i
E e o g 1541> |
L1549.9t. . o, ete . JTe T £ - :
o ;* < .o <. ° *e < 1540 N
1549.81 = I PP I BT B PP BT B S S B ]
0 : 100 ' 200 : 300 1585 10 20 30 40 50 60
Time t (us) Time t (s)
(a) (a)
15502
1550 ' ' ' ‘ } E 1550+ .
: v gs  wm a% 8 3 1549. puten NI e
=, 1549.9F « ° ° ° R ~ . 1
= o ° % ee ° e % o o .6 R
< ° ° ° . = 15436 NP I I R B R
—_—r ’ | ‘ | | | 0 10 20 N 30t( ) 40 50 60
0 100 200 300 rme s
Time t (us) (b)
(b) LA L L L B R AL L B A AL L B
15621 -
‘ . , : g I 1
15501 B = 1561M
/-?\1 ooo oo ° o oo KE 1560
S 1549.9Fe% o, e 00 T T A ]
° . & o o o o° * . . NI RS ST RS RIS SR
< o’ .2, °° oo, %e0® oe. 1559O 10 20 30 40 50 60
1549.8|- ‘ ‘ ‘ . ‘ ] Time t (s)
0 100 200 300 (©)
Time t (us)
© Fig. 14. Measurements at high speed and in real time. (a) FBG4,
(b) FBGo, (c) FBG3.
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(a) Measurement by using forward scan (F1) and backward
scan (B1). (b) Measurement by using forward scan (F2) and backward
scan (B2). (c) Measurement by combining (a) and (b).

Furthermore, the results of this interrogation system were in
good agreement with the measured values of the wavelength
monitor. The slope of the reflection wavelength with respect
to strain in our interrogation system was 1.17 x 1073 nm/ue
(R?2 = 0.99992) at each ALor. The maximum difference
between the approximate expression and the measured value
was 15 pm. The slope in the wavelength monitor was 1.16 x
1073 nm/ue. In this experiment, the maximum difference
between the measured values of our interrogation system and
the wavelength monitor was 44 pm. From the above results,
our interrogation system can measure the reflection wavelength
with the delay removed using a buffered FDML laser.

C. Real-Time Measurement With Buffered FDML Laser

The high-speed vibration was measured using an interroga-
tion system with a buffered FDML laser. FBG; was attached to
a steel case of a metal-sealed multilayer piezoelectric actuator.
The vibration was produced by a piezo actuator driven at a
vibration frequency of 20 kHz. The installation position of
FBG, was set to 6.39 m with ALpr = 0 m.

Fig. 13(a) shows the results measured using the forward
scan (F1) and backward scan (B1). This is the same condition
as a general FBG measurement using forward and backward
scans of the FDML laser, as shown in Fig. 3(I). For each
scan, the vibration waveform in the reflection wavelength can

be measured at a measurement interval of 9.9 us. However,
the waveform in the vibration was unclear owing to insuffi-
cient sampling in the measurement by each scan. Therefore,
it is necessary to increase the measurement rate to detect
high-speed vibrations of several tens of kHz.

Fig. 13(b) shows the results of the forward scan (F2) and
backward scan (B2) produced by introducing the buffered
FDML. Compared to the measurement using forward scan (F1)
and backward scan (B1), the measurement interval was equal;
however, the sampling timing was delayed by the buffer delay
time ty.

Therefore, by combining the above two types of sweeps,
measurements using the buffered FDML laser were car-
ried out, as shown in Fig. 13(c). The buffered FDML laser
improved the measurement interval to 4.9 us. The change in
the reflection wavelength owing to vibration can be measured
for each sweep. By improving the measurement rate to more
than 10 times the vibration frequency, it can be clearly seen
that the reflection wavelength vibrates periodically with a
sinusoidal wave. The fluctuation of the reflection wavelength
in the vibration was ~70 pm. From the above results, the inter-
rogation system using the buffered FDML laser can improve
the measurement rate and capture high-speed vibrations.

Real-time measurements of the reflection wavelengths from
FBGs were performed using the interrogation system. Movable
stages were attached to FBG; and FBG3;, and strains of 200 ue¢
were applied in steps every 2 s. FBGy was attached to a
piezoelectric vibrator with a resonance frequency of 4.64 kHz,
and vibration was applied.
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Fig. 14 shows the results of real-time measurements of the
reflection wavelengths for 60 s. More than 12 million data
points per FBG were continuously acquired at high speed
in real time. FBG; and FBG3; showed changes in reflection
wavelengths of ~0.23 nm owing to step-like strains. The
reflection wavelength of FBG, fluctuated greatly because of
the application of vibration at t = 6 and 34 s. The standard
deviations of the reflection wavelengths in the section where
strain and vibration were not applied in each FBG were less
than 12 pm. The interrogation system can simultaneously
measure the reflection wavelengths of multiple FBGs owing
to strain and vibration in real time. In addition, the effects of
delays in each FBG were removed and measured. According to
the results of FBG; for 1 min, the measurement wavelengths at
the start and at the end of the measurement were 1539.92 nm
and 1539.91 nm, respectively, indicating that the system could
perform stable measurements.

Fig. 15 shows the result of expanding the time domain of
FBG; in Fig. 14 (b) near t = 15 s. The value of the reflection
wavelength fluctuated at a vibration frequency of 4.64 kHz.
The peak-to-peak value in fluctuation was ~0.12 nm.
In Fig. 15, the peak-to-peak value converted to strain corre-
sponds to ~100 we. The root mean square (RMS) value of
the strain calculated from the time waveform was ~37 ue.

Fig. 16 shows the result of the power spectral density [43]
around 15 s in Fig. 15. The power spectral density analysis
used 262144 data (~1.29 s). The sharp peak with a vibration
frequency of 4.64 kHz was almost the same as the RMS in the
time domain. The strain sensitivity estimated by the noise floor
was ~50 ne/\/Hz. The 4.64 kHz harmonics were due to the
non-linearity of the piezoelectric vibrator. The interrogation
system can measure multiple FBGs with a time resolution of
4.9 us over 60 s without being affected by delays.

IV. CONCLUSION

In this study, we developed a high-speed interrogation
system with a buffered FDML laser for sensing multiple FBGs.

The buffered FDML laser multiplexed the wavelength-swept
light using an optical switch and a buffer stage. This oper-
ation made it possible to achieve twice the measurement
rate of the FDML laser alone. The buffered FDML laser
was driven at a sweep rate of 50.7 kHz with a bandwidth
of ~39 nm. The interrogation system achieved a measurement
rate of 202.8 kHz with the buffered FDML laser. Bidirectional
wavelength sweeps of the buffered FDML laser were used to
construct the signal processing that eliminated the effects of
delays. The interrogation system was equipped with ADC and
FPGA with a sampling frequency of 250 MHz and performed
real-time calculation of reflection wavelengths of FBGs. It was
demonstrated that the interrogation system can measure the
reflection wavelengths of multiple FBGs with a time resolution
of 49 us by eliminating the effects of delays over 60 s.
To the best of our knowledge, as a multipoint and real-time
interrogation system using a wavelength-swept laser, it has the
highest measurement time resolution for calculating reflection
wavelengths of multiple FBGs. This paper demonstrates that
the interrogation system can stably measure over 12 million
reflection wavelength data per FBG per minute in real time.
In addition, the interrogation system has the ability to correct
the effects of delay, which is a major challenge in high-speed
FBG measurements.

Buffered FDML lasers can further increase measurement
rates several times by increasing the number of branches in
the buffer stage. Therefore, the measurement method using
a buffered FDML laser can potentially enable the develop-
ment of faster FBG interrogation systems by increasing the
measurement rate of existing FDML lasers by several times
using simple optical manipulations. We plan to develop a
new buffered FDML laser with an adjusted number of optical
paths in the buffer stage and design a high-speed digital signal
processing for detecting FBGs.
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