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. Ultrahigh-resolution optical strain sensors provide powerful tools in various scientific and engineering

. fields, ranging from long-baseline interferometers to civil and aerospace industries. Here we

. demonstrate an ultrahigh-resolution fibre strain sensing method by directly detecting the time-of-
flight (TOF) change of the optical pulse train generated from a free-running passively mode-locked
laser (MLL) frequency comb. We achieved a local strain resolution of 18 pe/Hz'? and 1.9 pe/Hz!? at
1Hz and 3 kHz, respectively, with large dynamic range of >154 dB at 3 kHz. For remote-point sensing
at 1-km distance, 80 pe/Hz'? (at 1 Hz) and 2.2 pe/Hz (at 3 kHz) resolution is demonstrated. While
attaining both ultrahigh resolution and large dynamic range, the demonstrated method can be readily
extended for multiple-point sensing as well by taking advantage of the broad optical comb spectra.
These advantages may allow various applications of this sensor in geophysical science, structural health
monitoring, and underwater science.

Optical strain sensors are playing an increasingly important role in various scientific and engineering appli-
cations!'~!%. Ultrahigh-performance strain sensors have enabled new scientific facilities and instruments such
as long-baseline interferometers for gravitational-wave detection'? and geophysical observations®*. Fibre-optic
strain sensors have been applied to a wide range of engineering applications such as seismic monitoring®, struc-
tural health monitoring®’, nanotechnology?®, and civil and aerospace industries”!?, due to their advantages of
robustness, flexibility, and high sensitivity. For more than three decades, various types of optical strain sen-
sors>*!1-1* have been demonstrated. For example, strain sensors based on Brillouin scattering can monitor
the distributed strain along the fibre link with millimeter spatial resolution and pe-scale strain resolution®.
Fibre-Bragg-grating (FBG) strain sensors have been demonstrated a sub-nano-strain for static (e.g., <10 Hz)
strain sensing’ and sub-pico-strain for the dynamic (e.g., >10Hz) strain sensing'' with pe-scale measure-
ment range. The well-known advantages such as cost-effectiveness, flexibility and insusceptibility to ambient
electromagnetic noise have led to commercialization of these strain sensors. More recently, the incorporation
of dual-comb techniques have led to the FBG strain sensor with a me-scale measurement range with a 34-ne
resolution'.

Although dynamic strain sensing has already achieved sub-pico-strain resolution'’, static strain sensing
is still hampered by the 1/f-noise from low-frequency noise in lasers and ambient perturbations. As a result,
for high-resolution static strain sensing, an extra-reference (such as stabilized frequency combs®, atomic
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Figure 1. TOF-based strain sensing detection principle: (a) Synchronization of the microwave signal to
the strain-free optical pulse train; (b) Strain-influenced optical pulse train is phase-compared with the
synchronized, referenced microwave signal to extract strain information.

absorption line'>!¢ or an identical but strain-free sensor head>'”!%) is usually needed to compensate for the envi-

ronmental temperature drift. Among static sensing methods, FBG-sensors interrogated by narrow-linewidth
continuous-wave (CW) lasers can achieve the highest resolution. In FBG sensors, both wavelength-swept and
wavelength-fixed CW lasers have been used to interrogate the FBG output>”!'>-%. The wavelength-sweeping
scheme can offer ~10-ne static strain resolution'?, nevertheless, the necessity for frequency scanning usually
hinders the data acquisition rate (less than 10 Hz). Besides, the resolution is also limited by the repeatability and
nonlinearity of the spectral sweeping®. The sweeping-free scheme can overcome this resolution limitation and
achieve sub-ne strain detection at low frequency, where the CW lasers are locked to the optical references®!>1618
by the Pound-Drever-Hall (PDH) techniques®'. With PDH techniques, unprecedented resolution of 0.55 pe/Hz!/?
at ~2 Hz has been recently achieved®. However, due to the laser locking and error detection process, its dynamic
range and multiplexing capability are sacrificed. As a result, a tradeoff has to be made between resolution, meas-
urement speed, dynamic range, and multiplexing capability.

In order to simultaneously achieve high-resolution measurement of static and dynamic strain with a large
dynamic range, we propose and demonstrate a new class of fibre strain sensing method by detecting the change
in the TOF of the strain-influenced femtosecond optical pulse trains generated from MLL frequency comb
sources??. Strain sensing by time-domain interrogation has been explored since early 1990s*, however, their
performance was limited by the long pulsewidth (~ns long) and electronic timing discriminator (~10-ps reso-
lution)?*?*. To overcome these limitations, we employ femtosecond optical pulse trains generated from the MLL
frequency comb sources and sub-femtosecond-resolution phase detection between optical pulses and microwave
signals.

Results

Frequency comb TOF-based strain sensing concept. Figure 1 shows the conceptual diagram. First, a
strain-free optical pulse train is tightly synchronized with a microwave signal (Fig. 1a). After the interrogating
pulse train goes through the strain sensor, the timing of the interrogating pulse is changed by the strain as shown
in Fig. 1b. By comparing the timing between the synchronized microwave zero-crossing with the interrogating
pulse positions, we can extract the strain signal. Here, the key challenge is how to realize high-resolution timing
detection and synchronization between the optical pulse train and the microwave signal. For this purpose, in
this work, we employ sub-femtosecond-resolution fibre-loop optical-microwave phase detectors (FLOM-PDs)?,
which have been recently used for low-noise microwave generation?, frequency dissemination over long-distance
fibre links?®, and timing of ultrafast electron diffraction apparatus®. When a microwave signal with an integer
multiple of the MLL repetition-rate is applied to the FLOM-PD, the output error signal is proportional to the
temporal position difference between the optical pulse and the microwave signal zero-crossing with only 8.9-prad
(i.e., 177-attosecond at 8 GHz) residual error in the 0.01 Hz-100kHz Fourier frequency range (see Supplementary
Information). By using such tightly synchronized microwave phase as the strain sensing ruler, both high resolu-
tion and large dynamic range in TOF detection are possible. Due to the ultralow timing jitter property of typical
free-running femtosecond Er-fibre MLLs***, high-quality synchronization and high-resolution TOF detection
over broad bandwidth is possible, which is useful for high-resolution dynamic sensing over broad bandwidth.
Note that, however, for high-resolution static sensing, such low-jitter property is not necessarily required since
the residual phase noise/timing jitter is fully suppressed by the laser-microwave synchronization. This greatly
relaxes the requirement for noise performance of usable mode-locked lasers in our strain sensing systems.

Local strain measurement results.  Figure 2a shows the schematic of the local strain sensing experiment.
The optical pulse train generated from the MLL is divided into two paths by a coupler. One is used for generation
of the reference timing by synchronizing a microwave signal by FLOM-PD1. The other is connected to the sensor
head and used to interrogate the strain. Note that, as we use the pulse TOF change as a means to detect strain, the
sensor head is simply a section of single-mode fibre (SMF) attached to the structure under test (see Methods).
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Figure 2. Schematic of the experimental setup for TOF-based strain sensing. (a) Local strain sensing
experimental setup. (b) Remote strain sensing experimental setup. FLOM-PD, fibre-loop optical-microwave
phase detector; MLL, mode-locked laser; SME, single-mode fibre; DCEF, dispersion-compensation fibre; WDM,
wavelength division multiplexer; OC, optical circulator; EDFA, Erbium-doped fibre amplifier; VCO, voltage-
controlled oscillator.

4 T T T T T T T T T T
® Experimental data
- - - - Linear fitting curve) N
24 - -® _
K3
P
—~ [ 2
P
Z &~
(] 04 F 2 i
(o)) e
g e °
S o
- e
29 -® 4
-4 .

— 71 1 T T T 1 T 17 — 1 T T
0 10 20 30 40 50 60 70 80 90 100 110
Applied Strain (ue)

Figure 3. Voltage-strain response of the TOF strain sensor. Voltage output from FLOM-PD2 is measured when
a strain signal is applied to the strain sensor.

Then the synchronized microwave signal is used as a ruler to detect the timing difference between itself and the
interrogating pulse by FLOM-PD2. More detailed information can be found in Methods.

We first measured the output voltage of FLOM-PD?2 as a function of the applied strain (Fig. 3). As expected,
large linear measurement range of >100 e can be directly measured, benefiting from the use of microwave phase
as the strain sensing ruler. Note that the measurement range can be extended up to half of the microwave phase,
up to 192 pe in our work, without ambiguity using the known FLOM-PD response function. Curve a of Fig. 4
shows the measured strain-noise power spectrum density (PSD) in local measurement from 0.01-Hz to 100-kHz
band. The peak at 3kHz in curve a is caused by the 3-kHz calibration signal, and the peaks at 60 Hz and its har-
monics are caused by electric power supply pickup (indicated as dashed lines). The measured strain resolution
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Figure 4. Measured strain power spectral density data over 7 decades [10 mHz-100kHz]. Curves (a) and

(b) are the local and remote strain sensing resolutions of the present work, respectively. Curves (c-i) are from
previous state-of-the-art results for comparison: (c) Frequency comb-stabilized CW laser and FBG’; (d) Free-
running CW laser and FBG’; (e) CW laser and FBG with dual PDH loops®; (f) CW laser and Fabry-Perot
sensor'’; (g) DFB fibre laser and a reference fibre laser locked to a FBG resonator'’; (h) CW laser locked to an
atomic absorption line and FBG'S; (i) free-running CW laser and FBG'®. Note that electric power supply pickup
(peaks at 60 Hz and its harmonics) are indicated as dashed lines.

at 1 Hz and 10Hz is 18 pe/Hz"? and 7.7 pe/Hz!?%, respectively. For the dynamic strain, the resolution floor is
~1.9 pe/Hz!2. Considering the measurement range of >100 pe, the linear dynamic range of the sensor is more
than 154 dB at high frequency. At the very low frequency (below 1 Hz), the noise increases with 1/f dependence,
reaching 1.7 ne/Hz"? at 10 mHz. As shown in Fig. 4, compared to the state-of-the-art local sensing resolutions
achieved by ultrastable reference-locked CW lasers and FBGs (curves c, e, g, h)>>117, this method also shows a
good resolution and the performance is much better than free-running CW laser results (curves d, i)*'°.

Remote-point strain measurement result. To verify the remote point sensing performance, as shown
in Fig. 2b, we used two 1-km-long single-mode fibre links to connect the remote sensing point with the monitor
station. For remote strain sensing, it is important to cancel out the thermal and acoustic variation noise induced
by the delivery fibre link®!: otherwise, the performance will be limited to merely jie-scale resolution by several-ps
timing drift of the 2-km fibre link. To address this issue, we utilize wavelength division multiplexer (WDM) to
split the MLL output spectrum into two parts: half of the spectrum is used as the reference, and the other half
is used for strain sensing. The referenced path experiences the same environmental noise with the interrogating
path, but it is strain-free so that the noise induced by the link can be compensated by using it as the measurement
reference. By employing such environment noise cancellation method, the strain resolution could be improved
by a factor of >100 in the 0.1 Hz—1kHz frequency range (see Supplementary Information). The remote sensing
result is shown by curve b in Fig. 4. The measured strain resolution at 1 Hz and 10 Hz is 80 pe/Hz"? and 10 pe/
Hz!”2, respectively. To our knowledge, this is the first time to measure remote sub-nano-level static strain over
km-long fibre links. For the dynamic strain, the resolution floor is ~2.2 pe/Hz"2, which is almost the same with
that of the local sensing from 10 Hz to 100 kHz. It is observed that the resolution is slightly degraded for the
low-frequency (0.01 Hz to 1 Hz), which, we believe, is limited by the different dispersion configuration and the
non-common components such as EDFAs.

Discussion

In summary, by detecting the TOF of the interrogating optical pulse train from a free-running MLL frequency
comb source, a new strain sensing method is demonstrated with a resolution of sub-nano-strain for static and
pico-strain for dynamic sensing. Compared to other schemes based on FBG interrogated by narrow-linewidth
CW lasers, our method employs a free-running MLL as the interrogating source without laser frequency stabili-
zation. It also shows both good strain resolution and large dynamic range, and has remote multiple-point sensing
capability. If lower-frequency microwave (e.g., 1-GHz) is used, the demonstrated TOF strain sensing method can
achieve me-scale measurement range at the expense of slightly degraded resolution (~10 ps/Hz'? floor). Due to
the ultra-wide optical spectrum (as large as ~135 nm??) of MLL output, this method also possesses wavelength
multiplexing capacity to realize multiple-point remote sensing along the fibre link. By directly using fibre as the
sensor head, the proposed method particularly shows great potential in geophysical science (such as seismic and
volcanic activity); underwater acoustics (such as oil and gas explorations and military surveillance) and large
structural health monitoring (such as bridge and airplanes).

Methods
Local strain sensing. The 250-MHz optical pulse train generated by a free-running femtosecond Er-fibre

mode-locked laser comb source (MenloSystems GmbH, FC1500-250-ULN) is divided into two paths by a 50:50
coupler, where each path has ~18-mW optical power. One path is used for the synchronization between the
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optical pulse train and a 8-GHz microwave signal which is generated from a voltage-controlled oscillator (VCO,
Hittite HMC-C200). Microwave power of ~ +16 dBm is applied to each FLOM-PD. The phase error signal
between the pulse train and the 8-GHz microwave signal is regulated by a home-built proportional-integral (PI)
board, and then fed back to the VCO. The locking bandwidth is larger than 100 kHz. The other path is used for
the strain measurement. In this work, to calibrate the strain of the sensor, we use a 40.8-m-long piezoelectric
transducer (PZT)-driven polarization-maintaining fibre stretcher to generate a strain signal. Note that a signifi-
cant amount of research and development has been performed on optimizing the size of fibre-type sensor heads
(e.g., in fibre acoustic sensors), which can also benefit our proposed TOF strain sensing method by realizing
strain monitoring size from ~10 mm to several metres®*: for example, a zig-zag pattern arrangement of fibre can
significantly reduce the footprint of the sensor head while maintaining effective fibre length. To calibrate the
strain, a 35-mV,,,,,, 3-kHz sine signal is applied to the fibre stretcher. Knowing the stretcher has a responsivity of
4.4um/V, the calibration corresponds to a strain of 0.96 ne/Hz'? when taking the measurement bandwidth of
15.625 Hz into account. The pulse train with strain information is applied to the FLOM-PD2, and makes com-
parison with the phase of the microwave signal synchronized to the optical pulse train without strain (reference
signal). The output error signal from FLOM-PD?2 is analysed by an FFT spectrum analyser (Stanford Research
Systems, SR760) for the high frequency (>1Hz) and a data logger (Keysight, 34970 A) for low frequency (<1 Hz).

Remote-point strain sensing. For the remote strain sensing, we used two 1-km-long delivery fibre
links to connect the remote site and the local monitor station as shown in Fig. 2b. Here, one link is for the
forward light (from local to remote), while the other is for the backward light (from remote to local). We used
separate fibre links for forward and backward lights to avoid fibre backscattering-induced degradation in rela-
tive intensity noise*»*. Note that it may be also possible to use a single fibre link in the future by using a more
intensity-noise-immune phase detector, for example, shown in ref.**. Two 100-m-long dispersion-compensating
fibre (DCE, LLWBDK) spools are used for the dispersion compensation. Because the FLOM-PD detection sensi-
tivity does not degrade much by pulse chirp, moderate level of dispersion compensation is enough?®. To avoid the
nonlinear effects in the fibre link, the optical power applied to the fibre link is limited to ~5 mW. At the remote
sensing site, a fibre circulator is used to redirect the optical pulse to the monitor station. A WDM is used to split
the optical spectrum into two parts (A}, 1550 nm~1558 nm and X,, 1558 nm~1566 nm) where X, and \, pulses
are used for the strain-free and strain sensing reference, respectively. At the local monitor station, another WDM
is used to split the light pulse into two parts (\, and X\,). As the \, and X\, light experience the same noise in the
forward and backward fibre links, only the strain signal in the X, path is non-common while the noise induced by
the delivery fibre link is common. In the demodulation process, we synchronize the 8-GHz microwave signal with
the X, part by FLOM-PD1 so that the microwave signal carries the common noise of the delivery fibre link. The
FLOM-PD2 is employed to extract the phase difference between the synchronized microwave and the X, optical
pulse to get the strain information while the fibre noise is eliminated by the subtraction. Here, we also calibrate
the strain by modulating the same 35-mV,,,, 3-kHz sine signal, and obtain the same amplitude strain. Therefore,
we cancel out the delivery fibre noise and achieve an ultrasensitive strain resolution at remote sensing site.
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