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Abstract: We demonstrate a fiber Bragg grating (FBG) strain sensor with
optical frequency combs. To precisely characterize the optical response of
the FBG when strain is applied, dual-comb spectroscopy is used. Highly
sensitive dual-comb spectroscopy of the FBG enabled strain measurements
with aresolution of 34 ne. The optical spectral bandwidth of the measure-
ment exceeds 1 THz. Compared with conventional FBG strain sensor
using a continuous-wave laser that requires rather slow frequency scanning
with a limited range, the dynamic range and multiplexing capability are
significantly improved by using broadband dual-comb spectroscopy.
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1. Introduction

Fiber Bragg gratings (FBGs) have been used as highly sensitive strain sensors [1, 2]. Strain
applied to the FBG effectively deforms the Bragg grating structure, and the resulting shift in
the transmission or reflection spectrum can be detected. FBG strain sensors are cost effective,
small, and immune to electromagnetic interference. Therefore, they are widely used in indus-
trial applications such as structural health monitoring and disaster detection [3].

Often FBG strain sensors are evaluated on the basis of three important characteristics. res-
olution, dynamic range, and multiplexing capability. Static FBG strain sensors with high res-
olution and high sensitivity are required in seismic and volcanic monitoring [4]. Here, " static
sensor” is for the measurement of strain that changes slowly (typically below 100 Hz). The
dynamic range of an FBG strain sensor is defined according to the maximal measurable strain.
Multiplexing measurement, which uses multiple FBGs with different center wavelengths si-
multaneously, would enable efficient multipoint monitoring of strain [5, 6]. Such multiplex
measurement together with a high dynamic range would provide new quantitative insights on
geophysics, especially for investigating the dynamic behavior of earthquakes and volcanoes
by analyzing the correlation between multiplexed FBGs. Multiplexed monitoring can also be
useful for structural health monitoring because of the capability of multipoint local monitoring.

Single-longitudinal-mode continuous-wave (CW) lasers are often used to detect the spectral
shift of FBGs with high resolution. In this method, the resolution is limited by the frequency
noise of the laser source. Because the intrinsic noise of CW lasersis several orders of magni-
tude larger at low frequencies compared to that at higher frequencies, static strain sensing is
more difficult than dynamic strain sensing, where a measurement frequency exceeding 100 Hz
isrequired. In fact, for dynamic strain sensing at 100 Hz to 100 kHz, strain resolution as good
as sub-pe has been aready reported [7]. For static strain sensing with high resolution, stable
frequency references such as Fabry-Perot cavities or frequency combs are required to stabi-
lize the CW laser [7-9]. The fiber resonators are also used for laser stabilization, which have
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been applied to musical-instrument pickup [10] or fiber accelerometer [11]. Ultimate resolu-
tion cannot compete the systems in which frequency combs or stable Fabry-Perot cavities are
used. However, when CW lasers are combined with Fabry-Perot cavities or frequency combsto
achieve high-resol ution static-strain sensing, the dynamic range and multiplexing capability are
sacrificed. Thisis because stabilized CW lasers often have limited tunable wavel ength range.

To overcome this difficulty, we focus on the use of frequency combs not as a frequency ref-
erence, but as alaser source to detect the response of FBG on account of their broad bandwidth
and extremely low-frequency noise. Frequency combs can be considered as a hundred thousand
ultra-low-noise CW lasers with well-calibrated frequency accuracy [12]. However, the typical
frequency mode spacing is far too small to be resolved by a conventional optical spectrometer.
Therefore comb-resolved characterization of FBG sensors has not been possible so far.

In this letter, we propose and demonstrate a precise and broadband characterization of FBG
sensors by employing dual-comb spectroscopy [13—15]. Dual-comb spectroscopy has been ap-
plied to molecular absorption spectroscopy [15-18], distance measurement [19], characteriza-
tion of fiber optics [20, 21], and THz time-domain spectroscopy [22]. When applied to FBG
strain sensing, dual-comb spectroscopy enables the detection of tiny changesin the FBG spec-
trum in the static regime with a large dynamic range. In addition, multiple FBG sensors with
different center wavelengths can be characterized simultaneously. We achieve a strain resolu-
tion of 34 ne over an optical spectrum bandwidth as wide as 1 THz. The dual-comb technique
could replace conventional CW-laser-based FBG sensors, which have limited dynamic range
and multiplexing capability.

2. Dual-comb spectroscopy and its application to static FBG strain sensor

In this section, we describe the basic working principles of dual-comb spectroscopy and discuss
its application to a static FBG strain sensor. The output of mode-locked lasers forms a hundred
thousand longitudinal modes in the frequency domain, called an optical frequency comb. Mode
spacing between the combsis given by the repetition frequency ( frep) of the mode-locked lasers,
and the frequency of each comb mode (f,) is expressed as f, = fo + nfiep, Where fo and n are
the offset frequency and integer mode number, respectively. Thus, the frequency modes can be
stabilized when both offset and repetition frequencies are stabilized. A stabilized optical fre-
guency comb serves as an ultra-precise frequency ruler and has become an indispensable tool
in optical frequency metrology [12]. By interfering two frequency combs with tiny repetition
frequency detuning (6), an RF frequency beat can be obtained with multiple beat frequencies
[Figs. 1(a) and 1(b)]. Those RF frequency modes have one-to-one correspondences to the op-
tical frequency modes and therefore compose an equidistant RF comb. By measuring the RF
beat signal, the optical spectrum structure can be characterized with acomb-resolved resolution.
Such spectroscopy can handle a very broad optical bandwidth that is limited by the so-called

2
aliasing effect: when an optical frequency comb broader than f%p is converted into the RF do-
main by the dual-comb method described above, more than one pair of optical frequency modes
produce identical RF beat frequencies, making it impossible to uniquely determine the optical
spectrum from the RF spectrum. If we set redlistic values, e.g., dual-comb spectroscopy with a
100 MHz repetition frequency and a 100 Hz repetition frequency difference, an aliasing-limited
bandwidth of as high as 50 THz can be obtained. Dual-comb spectroscopy can also be described
inthetime domain [Figs. 1(c) and 1(d)]. The timing delay between two pulses from two combs
increases by -3 . over atime interval of 1 . Therefore, time-domain interference between the

two combs produces a periodic pulsellke structure as shown in Fig. 1(d). By measuring the
time-domain interferograms with a photo-detector and Fourier transforming the obtained time-
domain signal, the optical spectrum can be reconstructed as in conventional Michelson-based
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Fig. 1. Dual-comb spectroscopy and its application to FBG strain sensor. (a) Descrip-
tion of dual-comb spectroscopy in the frequency domain. Dotted black curve denotes
time-dependent transmission spectrum of FBG. (b) RF combs obtained by interfering two
combs. (c) Description of dual-comb spectroscopy in time domain. (d) Interferometric sig-
nals between two combs. Dotted black line denotes moving Fourier window. (€) Instanta-
neous transmission frequency of FBG.

Fourier transform spectroscopy. To apply dual-comb spectroscopy to an FBG strain sensor, an
FBG can be inserted into the optical path of one of lasers, as shownin Fig. 1(a) and Fig. 2. This
way, the transmission spectra of the FBGs are engraved on the RF comb.

3. Experiment

Figure 2 shows a schematic of the experimental setup. Two Y b-doped mode-locked lasers with
repetition frequencies of approximately 200 MHz are used. The repetition frequency difference
is set to 4.4 kHz. The two mode-locked lasers are phase locked to each other to obtain accurate
interferograms. The phase-locking method used here is described in detail in reference [23]. In
short, we phase-lock the two mode-locked lasers, so that one of the combs precisely follows
the other, keeping the intended rel ationship between both the repetition and offset frequencies.
The output of one laser passes through the FBG as a sample, and is spatially overlapped with
the other laser to observe comb-to-comb interference. The FBG has a center frequency at 290.4
THz, and the transmission bandwidth is 500 MHz. The designed stop bandwidth is 400 GHz.
Thereflectivity is 70 % by design. Fiber type of the FBG istypical single-mode fiber. The FBG
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Fig. 2. Schematic of experimental setup. BPF, band-pass filter. Both frequency combs are
relatively phase locked to each other. A half-wave plate is inserted to balance the power at
two detectors.

is attached to a thin stainless-steel plate. A bow-like deformation is applied to the plate with a
PZT actuator to strain the FBG. The band-pass filter, whose center frequency and bandwidth are
290.4 THz, and approximately 1 THz, respectively, isinserted to avoid aliasing. The overlapped
beam is balance-detected to eliminate the DC component and to efficiently use the full dynamic
range of the detector. A time-domain interferometric signal isdigitized by a200-MHz sampling
rate by a14-bit analog-to-digital converter. A numerical Fourier transform of theinterferometric
signal gives the spectrum transmitted from the FBG.

Figure 3 shows the spectra obtained with 150-ms time window for the Fourier transform.
The measurement was performed without applying strain to the FBG. The obtained spectrum
covers approximately 1 THz of the bandwidth. The transmission spectrum is clearly observed
and agrees with the design of the FBG. In the magnified spectrum, the RF comb structure is
clearly visible [Fig. 3(b)]. The linewidth of the RF combs is approximately 6 Hz in the RF
domain.
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Fig. 3. Transmitted spectrum of FBG sensor without applying strain, 150-ms time window
was used for Fourier transformation of time-domain interferogram. The result is shown in
spans of approximately 1 THz (a), and in approximately 4 GHz (b), which is an expansion
of gAhin ().

Next, we applied the stress to the FBG by using the PZT, which pushes the base plate of the
FBG, thus dlightly changing the stress. This change can be observed through the transmitted
wavel ength shift. Figure 4(a) shows the instantaneous transmission spectra of the FBG obtained
by shifting the time gate of the Fourier transform, which is called the moving-window Fourier
transforming. A sguare window of approximately 12 ms in width is used for the moving-
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window Fourier transform. The transmitted optical frequency shifts gradually over some comb-
mode spacings. The time dependence of the FBG's instantaneous transmission frequency can
be obtai ned from the spectrogram. The details of the analytic method are given in the appendix,
and the result is shown in Fig 4(b). The center frequency of the FBG increases continuously
over the measurement time. Although linear displacement is applied to the PZT, the measured
center frequency deviates from alinear slope. This is attributed to the mismatch between the
movement of the PZT and that of the supporting plate because of external disturbance due to
wind or fluctuation of local temperature. The mechanical resonance of the supporting plate may
also affect the measurement.

(b)
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-200 0 200 400 600x 108 . . . , ,
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Fig. 4. (8 Instantaneous transmission spectra of FBG when linearly increasing strain is
applied. The result is shown in a span of approximately 1 GHz, which corresponds to
region gAhin Fig 3(a). (b) Retrieved instantaneous transmission frequency of FBG.

To evaluate the systematic error in the measurement of the FBG's center frequency, the spec-
trogram and instantaneous transmission frequency of the FBG were analyzed in the same way
when no strain is applied. The results are shown in Fig. 5. Because a deliberate strain was not
applied, the instantaneous transmission frequency should be constant. However, we observed a
tiny transmission frequency fluctuation as shown in 5(b). This could be dueto AM noise in the
optical frequency combs, which may couple to the center frequency shift in the data analysis
process. Alternatively, it could also be due to an actual change in the transmission spectrum
caused by the strain applied to the FBG owing to mechanical vibration of the plate even when
the PZT is kept still. We set the uncertainty of our transmission frequency determination to be
the standard deviation of the center frequency fluctuation when no strain is applied to the FBG.
The obtained uncertainty is 34 ne, which corresponds to an optical frequency of 10 MHz. Be-
cause some part of the center frequency fluctuation could originate from the real change in the
strain as described above, we believe our evaluation gives the upper limit of the uncertainty.

4. Discussion

Applying dual-comb spectroscopy to the FBG strain senor, we demonstrate that the strain can
be determined with an uncertainty as small as 34 ne over a bandwidth of 1 THz, which is
limited by band-pass filtering to prevent aliasing effects. We have to point out that orders of
magnitude higher resolution in strain is reported by using stabilized CW lasers [9]. Compared
with those demonstration with CW lasers, much larger spectral bandwidth can be obtained with
our method. Such broad-band strain detection, while maintaining high resolution, would be sig-
nificantly difficult when a conventional CW method is employed. A fiber Fabry-Perot interfer-
ometers (FFPIs) with a narrow bandwidth such as afew MHz can provide enhanced frequency
resolution. A FFPIs with the free spectral range of 4.1 pm and the bandwidth of 0.9 MHz isin-
deed available [24]. The bandwidth can aso be improved by reducing the repetition frequency

#185295 - $15.00 USD  Received 12 Feb 2013; revised 17 Apr 2013; accepted 24 Apr 2013; published 30 Apr 2013
(C) 2013 OSA 6 May 2013 | Vol. 21, No. 9| DOI:10.1364/OE.21.011141 | OPTICS EXPRESS 11146



___________________________ —_ T T T o T T
T 6 Lo
< 10x10°f $B3 b
o £ o &%
g & sk &% g 9 1
£ g % w8 8 3
)
> N s 8 &B @ 2 oo
] ! oF @ @ 0o o] o cmp
IS > @ o O ©o © 6 00 @
9 © © O oD o 0 o
= c o ®@ O o o @
[} @ [ © oo Qo0
A B B &
@ ® @ o
., Lol SRR 15 1 A LT £ © | I ! !
-400 -200 0 200 400 600x10° 0 20 40 60 80

Frequency - 290.4 THz (Hz)

Time (msec)

Fig. 5. (8) Instantaneous transmission spectra of FBG when no strain is applied. The result
is shown in a span of approximately 1 GHz, which corresponds to region gAh in Fig 3(a).
(b) Retrieved instantaneous transmission frequency of FBG. See text for details.

difference to mitigate the aliasing effect. On the other hand, our measurement with dual-comb
spectroscopy islimited in measurement time upto approximately 100 ms. Thisis because of the
long-term frequency drift of the two combs: although the two mode-locked lasers are phase-
locked to each other, they can both drift synchronously for 1 MHz of optical frequency in 1
s[23]. In other words, although two frequency combs have four degrees of freedom; two off-
set and repetition frequencies, only two freedoms are stabilized in our phase-locking method.
Thus, frequency calibration becomes impossible at longer time scales. We consider our simpli-
fied setup is sufficient for many of the applications where low frequency measurement is not
necessary. However, thisissue would be resolved by actively stahilizing the frequency of one of
the mode-locked lasers, for example, onto a stable RF reference which is routinely done [25].
Although a 12-ms Fourier window isused in our demonstration, frequency-stabilized frequency
comb enables to use longer Fourier window, which can improve the frequency resolution and
the signal-to-noise ratio.

5. Conclusion

We have demonstrated a quasi-static FBG strain sensor with 34 ne-resolution and 1-THz band-
width by dual-comb spectroscopy. This high-resolution, broad-bandwidth FBG sensor has a
potential as atool for geophysics applications.

6. Appendix

Hereweillustrate the analytical process for retrieving the instantaneous center frequency of the
FBG [Fig. 4(b)] from the measured data [Fig. 4(a)]. To evaluate the RF power contained in the
comb-mode, each comb mode [Fig. 4(a)] isintegrated around its peak [Fig. 6(a)].

Af

fn+7 .
/fn_ﬂ experiment(f,t)df ()

2

combpower( fy,t)

where f,, isthe center frequency of the nth comb mode, and Af isthe integrated bandwidth (30
MHz). Further,experiment(f,t) represents the experimentally obtained data as shown in Fig.
4(a), as afunction of frequency (f) and time (t).

Although the FBG spectrum in Fig. 6(a) is found to be distorted by two experimental arti-
facts, these artifacts can be removed to some extent as described below. One artifact isthe time-
varying mutual coherence between the two mode-locked lasers, which is assumed to change
the instantaneous comb intensities uniformly over the entire bandwidth. Experimentally, time-
varying mutual coherence between the two mode-locked lasers is due to imperfect locking
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Fig. 6. (a) Power contained in the comb-mode (combpower( fy,t)). (b) Transmission spec-
trum of FBG (the same as the one shown in Fig. 3(a)).

between the two combs, which is cancelled in the following way. The instantaneous spectrum
inregion B in Fig. 6(b) isextracted as described above [[Fig. 7(a)]. We define the value denoted
as the "time-dependent coherence” as follows [Fig. 7(b)].

2:51, combpower ( fn,t)
coherencefunction(t) = ——2

@)

+ _
Ng —Ng

Here, n§ and ng are comb number at around region "B” in Fig. 6(b) (see also Fig. 7(a)). A
larger value of the " time-dependent coherence” indicates that phase |ocking between two-mode
locked lasers works better and a high RF comb mode power is obtained. Assuming the time-

(a)

Time (msec)
IS
o

Intensity (a.u.)

1 1
T 144 145 146 147><t109
_ Frequency - 290.4 THz (Hz) + Time (msec)
Ng Ng

Fig. 7. (a) Power contained in the comb mode in region B of Fig. 6(b). (b) Blue curves

denote combpower( fy,t) for several n's in between ng and ng. Red curve denotes
coherencefunction(t).

dependent coherence isinsensitive to frequency, the instantaneous comb intensities in region A
in Fig. 6(b) are normalized by the time-dependent coherence.

combpower( fy,t) 3
coherencefunction(t)

combpower2( fy,t) =

After this coherence correction, the peak intensity of the FBG transmission spectra should have
identical values for all comb modes. However, this is not the case because of the remaining
artifact of comb-mode power variation: Each comb mode power as a function of frequency
(or mode number) may have mode-to-mode variation (which is expected to be constant as a
function of time). The detailed process that produces this mode-to-mode power variation is not
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yet clear. It could be RF noise and/or already present in the original laser spectrum. To eliminate
this effect, we apply the following normalization:

combpower2( fy,t)
combpower2( fn, tmax.n)

combpower3( fy,t) =

4

Here, tmax n isthetime, that maximizes combpower2( fy,,t) for agiven n. After removing thetwo
possible experimental artifacts as described above, we describe how the instantaneous center
frequency of the FBG is retrieved. For a given FBG spectrum (FBG( f) ), an error function is
defined asfollows:

Totalerror — / 3 [FBG( fn — fofret (1)) — combpowerd( fy, )2t ©)
n

where foset(t) represents the frequency shift of the FBG spectrum, which describes time de-
pendent center frequency of the FBG. Simple multi-dimensional optimization is applied to
find the best function of FBG(f) and foftset(t) that minimize the total error. We employed the
FBG( f) that minimizes the total error as the most probable FBG spectrum.
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