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Abstract—This paper extends the capabilities of chirped-pulse
phase-sensitive optical time-domain reflectometry to the measure-
ment of large dynamic strains over hundreds of meters of standard
single-mode fiber. Benefitting from single-shot strain measure-
ments, this technique has already demonstrated dynamic strains
of the order of submicrostrains with a sensitivity of picostrains-
per-root-Hertz. Yet, for large dynamic strains, it relies on the accu-
mulation of incremental measurements, where each trace is cross
correlated with its predecessor to determine the relative change of
strain. However, practical time records of measured high slew-rate
applied perturbations contain disturbing outliers. We then detail
and analyze a post-processing strategy to mitigate this limitation.
Through this strategy, we are able to achieve for the first time
(to our knowledge) high signal-to-noise Rayleigh-backscattering-
based distributed measurements of large and fast dynamic strains
of a longitudinally vibrating 4 m section at the end of 210 m of
a single-mode fiber: from peak to peak 150-1190 pe at vibration
frequency of 400 Hz and 50 Hz, respectively.

Index Terms—Distributed sensing, dynamic strain sensing,
median filtering, noise accumulation, optical time domain
reflectometry, reference updating.

I. INTRODUCTION

ISTRIBUTED fiber optic sensors are currently of im-

mense importance as they are capable of efficiently mon-
itoring bridges, buildings, aircrafts and trains/railway tracks,
preventing leakage and theft from oil and gas pipelines, and
providing cost-effective perimeter protection [1]—[3].
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The most widespread fiber-optic discretely-multiplexed or
distributed strain/temperature sensing techniques available
today are based on either fiber Bragg gratings (FBGs) technol-
ogy, [2], or on light scattering phenomena (Raman, Brillouin and
Rayleigh scattering) [1], [2]. While Raman-based technologies,
in general, are not suitable for strain sensing [1], Brillouin
sensors are sensitive to both temperature and strain, and per-
form well along standard single-mode fibers [4]. They are truly
distributed and can reach tens of kilometers at the expense of
very long measurement time. Nevertheless, small distances of
the order of 100 meters have been previously interrogated for
dynamic perturbations through fast-BOTDA (Brillouin Optical
Time Domain Analysis) or slope-assisted BOTDA [4], at sam-
pling rates of up to kHz’s, accurately measuring strain signals
of hundreds of Hz. Recently, the optical chain chirp BOTDA
(OCC-BOTDA) technique, [5], was shown to offer sampling
speeds as high as 6.25 MHz for a 50 m long fiber. Besides
individual advantages and limitations in Brillouin based sensor
interrogators [4]-[6], all BOTDA-based techniques share the
disadvantageous need to access both ends of the fiber. Also, these
setups employ ~ 11 GHz microwave technology, as is commonly
the case also for dynamic Brillouin Optical Time Domain Reflec-
tometry (BOTDR), which uses only the near end of the fiber [7].

On the other hand, FBG technology, though able to achieve
a large number of discrete sensing points through multiplexing,
is not yet operational as a fully distributed alternative [8], [9],
since a special, quite expensive fiber is required, having FBGs
inscribed over its whole length. In addition, the interrogation of
such a draw-tower FBG fiber is quite demanding and as of today
is limited in range to tens of meters and in terms of sampling
rates to a couple of hundred Hz.

Regular Optical Time Domain Reflectometry (OTDR), in-
troduced a few decades ago [10], is an efficient method for
distributed inspection of signal losses and damages over long
optical fibers, relying on the Rayleigh backscattered power
of incoherent light as a function of its time of flight [1]. By
increasing the coherence of the pulse through the use of a
narrow linewidth laser, a new variant, named ®OTDR (phase-
sensitive OTDR) is achieved. Here, light waves backscattered
from buried-in refractive index inhomogeneities, lying within
the interrogating pulse width at a given time, will interfere during
detection. The result will be a noise-like optical power trace,
which remains constant for each successive measurement in an
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unperturbed fiber. Any local perturbation to the fiber will change
the relative optical phases among the relevant scatterers, which
significantly affect the shape of the trace of the backscattered
optical power. This high sensitivity of the received power to
minute fiber disturbances has been suitably adapted for appli-
cations in vibration/intrusion measurements and monitoring of
large perimeters [11]-[14]. The technique, however, is unable
to accurately measure the amplitude of the perturbation, since
the resulting change in the back-scattered optical power is not
linearly correlated to the applied perturbation.

In order to achieve a quantitative true estimation of the mea-
surand (e.g., strain), some modifications are required in the basic
simple @OTDR setup. Various time domain approaches involv-
ing single or multiple probing pulses were proposed [15]-[19],
where the interference between Rayleigh reflections from nearby
locations on the fiber is used to infer environmentally-induced
phase and strain changes. Pulse interrogation using full coher-
ence reception was used to improve linearity at the expense of
requiring laser coherence compatible with the length of the fiber
under test [20], [21]. All these techniques have enabled fast
(kHz) measurements of dynamic strains over kilometers-long
fibers, up to amplitudes of a few microstrains [19], [22].

Before moving to pulse interrogation techniques, which are
augmented by the scanning of the optical frequency, it is impor-
tant to mention pure Optical Frequency Domain Reflectometry
(OFDR) techniques, where range information is generally de-
duced from Fourier processing of the measured complex transfer
function of the fiber [23]. While of comparable performance
to OTDR-based techniques for distributed acoustic sensing of
phase perturbation, these highly coherent setups offer the quan-
titative determination of large dynamic strains, albeit currently
limited to a few tens of meters [24], [25].

Adding optical scanning to ®OTDR can provide accurate
measurements of both strain and temperature, as proposed and
demonstrated in [26]. As a way to describe the technique, let
us zoom-in on two scatterers among the many responsible for
the Rayleigh backscattering in the fiber. Denoting the reference
distance between them by d and the refractive index in their
vicinity by n, their contribution to the reflected intensity in a
coherent OTDR setup depends, among other factors, on the term:

2mvnd

0=

(D

C

where v is the optical frequency and c is the vacuum velocity of
light. When strain, being the focus of this paper, is applied to the
section containing these two scatterers, d will be modified by Ad
(where ¢ = Ad/d is the strain) and n by An (An/n = —0.22¢)
for standard single mode optical fibers at around 1550 nm
[26]). While () of Eq. (1) will change as well, together with
its contribution to the reflected intensity, its reference value can
be restored by appropriate change in the optical frequency:

2
c

AD=—[Av-nd+ An-vd+ Ad - vn] (2)
Clearly, A can be made zero if v is changed to v + Av so
that:
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(For the case of temperature-only change see [26], [27]).
Thus, if one probes the above mentioned section with a series of
pulses, each with a slightly different optical frequency, properly
granulated and controlled, the resulting pattern of intensity vs.
frequency will appear to shift under the applied strain and Eq.
(3) can be used to translate the measured frequency shift into
strain values.

This method of phase compensation of the induced strain by
a frequency sweep has been already successfully applied to the
static or quasi-static measurements of temperature [26], [27],
strain [28], [29], and birefringence [30] in the fiber. However,
the commonly used pulse-to-pulse frequency scanning is rather
slow, calling for faster techniques, suitable to dynamic scenarios
(For a review of dynamic strain sensing see [31]).

A recently introduced interrogation technique, termed CP-
®OTDR [32], [33], replaces the pulse-to-pulse frequency scan-
ning by a single chirped pulse, potentially offering high inter-
rogation speed, obviously limited by the time of flight in the
fiber under test, namely, its length. Following the CP-©OTDR
success in recording small dynamic strains [32], [34], down to a
sensitivity of pe/v/Hz, [35], [36], it is the purpose of this paper
to demonstrate the capabilities of this technique to measure
large dynamic strains over hundreds of meters. Yet, for dynamic
strains of high slew rates, processing of the recorded intensity
traces relies on the accumulation of incremental measurements,
[27], [32], where each spatial resolution cell is cross-correlated
with its predecessor to determine the relative change of strain
[32]. It turns out, though, that CP-©OTDR-obtained practical
time records of high slew-rate applied perturbations contain
disturbing outliers. The paper then presents and analyzes an
innovative median-based post-processing strategy in an attempt
to mitigate this limitation. Through this strategy, we were able to
achieve for the first time (to our knowledge) high signal-to-noise,
Rayleigh-based distributed measurements of large and fast dy-
namic strains of a longitudinally vibrating 4 m section at the end
of 210 m of a single mode fiber from 150 pe (peak-to-peak) at a
vibration frequency of 400 Hz to 1190 pe at 50 Hz. Preliminary
results of this work were presented at [37].

The following Section II details the CP-®OTDR technique
and its application to large dynamic strains, including the intro-
duction of a median-based technique to mitigate the presence
of outliers for large dynamic strains. Section III describes the
experimental setup, while Section IV presents the experimental
results. A summary of the paper contents appears in Section V.

II. THE CP-®OTDR TECHNIQUE
A. The Principle of the Technique

A recently introduced interrogation technique, termed CP-
®OTDR [32], [33], replaces the pulse-to-pulse frequency scan-
ning by a single chirped pulse, potentially offering very high
interrogation speed, obviously limited by the time of flight
in the fiber under test, namely, its length, but also by other
factors to be discussed below. Here, interrogation is performed
using a linearly frequency modulated optical pulse of temporal
width 7, and bandwidth v, properly derived from a source,
whose coherence time needs to exceed 7,. The pulse chirped
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bandwidth, dv, must cover the anticipated range of applied
strain (at around 1550 nm, 1 pe (microstrain) will cause a
frequency shift of 150 MHz). Each chirped pulse generates a
random looking backscattered optical intensity trace, P(t), on
a fast photodetector of a bandwidth of at least jv. The value
of P(t) at time ¢, (the time elapsed since the pulse entered
the fiber) represents contributions from scatterers in the fiber
segment S(t., 7,) = [Vy(t. — 7,)/2, Vyt. /2] (V; is the group
velocity). For the measurement of strain, a femporal sub-trace,
centered around ¢, and of duration 7, < 7, 1is initially extracted,
serving as a reference. The same ¢.-centered sub-trace is then
extracted from a subsequent scan, and compared with the refer-
ence one. Since the pulse is chirped and following the rationale
behind Egs. (2-3), it is expected that if a (relative) strain of
magnitude ¢, has been applied between the two scans, the two
sub-traces will approximately overlap after a relative temporal
shift of At (positive or negative, depending on the sign of ¢),
corresponding to a frequency change, given by [32],

Av (e) = (5”) At

Tp

“

In practice, At is estimated from the two sub-traces by one
of the common methods for time delay estimation [38], most
frequently by the relatively fast cross-correlation of the two
signals, hopefully resulting in a single distinctive peak whose
horizontal (time) location gives the value of At.

Finally, combining Eqgs. (3) and (4) we find:

1 1 ov
=*(om) (2) (5) >
where the choice of sign depends on the nature of the chirp:
minus for in-chirp ascending frequencies and positive for de-
scending ones.

Due to the use of a 7,,-wide time window, the spatial resolution
of the CP-®OTDR technique is the convolution of the pulse
width, 7,, and time window, T,,, multiplied by V /2. Thus,
the application of our processing technique to the center of
a fiber segment of length Az = Vt,/2, takes into account
contributions from scatterers mostly within Az, but also from
some in the two V7, /4-wide smaller sections adjacent to the
two edges of Az. While the spatial resolution may gain from
decreasing the width of the time-window, too small values of
T, May give rise to noisy cross-correlations, and consequently,
erroneous estimates of A¢, Av and .

(&)

B. Adjustments Necessary for the Measurement of
Large Dynamic Strains

Using an initial reference for all subsequent traces may not
be feasible for the measurement of large strains. Clearly, strain
variations of 1000 pe require an impractical chirp width, dv,
of 150 GHz (at 1550 nm). Therefore, a differential, incremental
approach, already suggested in [27], [32], is adopted, where the
i-th trace is compared to the (i — 1)-th one (i = 1 is the initial
reference state of the fiber under test), and the estimated strain
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differentials, Ae; are then added to obtain the final strain [32]:

_— A
E<t Sample Rate) Z “

However, the maximum allowed value of Ae; must obey yet
another constraint. As explained in [32], too large strain changes
between consecutive traces may result in a cross-correlation that
compares traces originating from partially different scatterers.
Instead of a unique correlation peak, such cross-correlations
may exhibit a few peaks of fairly close magnitudes and the
likelihood of producing an anomalous estimate of At, called an
outlier, becomes too high. It was empirically found, [32], that
to reduce the probability of appearance of outliers, the strain
change between consecutive traces should obey

|Ae;| < a-6v/v (a ~ (0.03 = 0.05) /0.78 %)

i.e., the allowed strain change should not give rise to a frequency
change, Av, that exceeds 3-5% of the chirp bandwidth Jv.
Nevertheless, due to their statistical nature [39], [40], outliers
may show up even when (7) is obeyed, see Section I'V.

Thus, strain signals of high slew rate may call for scan rates
much higher than required by the Nyquist criterion. Since the
scan rate is limited from above by the fiber length, a signal of a
given slew rate may also dictate the maximum admissible total
length of the fiber.

(6)

C. The Appearance of Outliers and a Proposed
Strategy for the Mitigation of Their Effect

It turns out, though, that the random nature of the Rayleigh
backscattered traces may give rise to problematic cross-
correlations even when Ag; obeys Eq. (7). Thus, a sequence
of correct differential strains, {Aeg;}, may be interposed by a
series of wrong values, originating from indistinctive multiple
cross-correlation peaks, where the highest peak is not the correct
one, see Section IV below and Fig. 2 (middle pane). Since
this wrong peak may occur anywhere within the full dynamic
range defined by Jv, the resulting outlier differential can be as
large as the allowable measurand dynamic range. Adding up all
the estimated differentials, including the outlier ones, results in
signal distortion (signal sharp discontinuities, [37]).

However, as long as the outliers are isolated, median filtering
can eliminate them. Completely isolated outliers can be elimi-
nated by a 3-point median filter while twin-isolated ones need
a 5-point filter. Since anyway, large dynamic scans require high
over scan rates, i.e., sampling rates well above twice the signal
bandwidth, it can be easily shown that under such conditions
median filter of a single digit order barely distort the signal (see
Section IV for quantitative estimates).

III. THE EXPERIMENTAL SETUP

The setup used for the interrogation is shown in Fig. 1. An
optical carrier signal from a highly coherent external cavity
laser (ECL) diode (Ag = ¢/ = 1550 nm, Ax ~ 20 KHz) is
modulated by a Mach-Zehnder electro-optic modulator (EOM)
whichis drivenby a7, = 35 ns long, dv = 5 GHz wide linearly
chirped RF pulse, centered at 6.5 GHz. This complex pulse is
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Fig. 1. Experimental Setup for the CP-®OTDR technique (solid lines rep-
resent optical fibers, while dashed lines stand for electrical connections).
Acronyms: ECL: Highly coherent laser diode, EOM: electro optic modulator,
SOA: Semiconductor optical amplifier, working in as a switch, VOA: Variable
optical attenuator, EDFA: Erbium doped fiber amplifier, CIR: circulator. FUT:
fiber under test, PD: photo detector. DAQ: data acquisition, AWG: Arbitrary
waveform generator.

generated by a high speed arbitrary waveform generator (AWG)
and has the form:

2mov t*| rect (t/7,)  (8)

Venirp(t) = Vo cos |27 - fot +
Tp

where ‘rect’ equals 1 for |t/7,| < 0.5 and O elsewhere, and f,
is the center frequency of the generated RF pulse. In order to
function properly as a frequency upconverter, the EOM is biased
at minimum transmission so that its transfer function becomes
[41]:

7-‘—V::hirp (t)

Eout (t) = Ezn sin |: 2V7T

} exp (j2mpt) )
where E;, and E,,(t) are the source electric field and the
Mac-Zehnder output fields, respectively, and V. is the voltage
required by the EOM to change its transmission from null to
maximum. The resulting E,,:(t) indeed contains the electro-
magnetic field signal of interest:

Eehirp(t) = Vo exp [j <27r (v +6.5-10%) ¢

2mév ,
t t (¢ 10
2, )]rec(/Tp) (10)
along with both an image signal, centered around

[V — 6.5 10°) Hz, and higher harmonics of the 6.5 GHz
chirp around v [41]. A sharp narrowband spectral filter (having
a steep attenuation slope of 800 dB/nm) precedes the first EDFA
in order to load it only with the signal of interest, Eq. (10).
Preceding the filter are (i) a variable optical attenuator, (ii) an
isolator, and (iii) an extinction-enhancer SOA, driven by a 35 ns
wide rectangular pulse from another channel of the AWG.
After properly amplified by the Erbium-doped fiber amplifier,
the probing pulse enters the FUT through a circulator, which also
directs the Rayleigh back-scattered light into the photodetector
(of 9.5 GHz bandwidth) following some additional amplifica-
tion, spectral cleaning (the second narrowband filter) and power
adjustment. The photodiode output current is then sampled by a
13 GHz wideband oscilloscope at a sampling rate of 40 GHz.
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The FUT comprised a ~4 m fiber segment (at the end of
a 210 m spool of single-mode fiber), clamped between an
anchoring point and mechanical shaker, which applied a sinu-
soidal longitudinal strain. To avoid any mechanically- induced
noise to the setup, the shaker was placed on a different optical
table. Driven by an audio oscillator and a power amplifier, the
shaker could excite the FUT with different frequencies and
strain amplitudes. The collected traces were windowed, and the
strain was then estimated by cross-correlating successive trace
acquisitions using the same time window, centered at the center
of the FUT. The interrogation pulse repetition (i.e., scan) rate was
set to 200 kHz. For each experiment, data were sequentially and
continuously collected into the scope memory, whose limited
size allowed for the recording of no more than 160 msec of data
for processing.

IV. RESULTS AND DISCUSSION

This section describes typical CP-®OTDR-based measure-
ments of fast strain vibrations, significantly larger than demon-
strated before by any other Rayleigh-based technique.

A. Outliers

Figure 2 shows the cross-correlation result for four con-
secutive traces from a 50 Hz, 750 e vibrations. Clearly, the
cross-correlation associated with traces 1 and 2, Fig. 2 (top), is
characterized by an unambiguous clear solitary peak, indicating
that trace 2 lags trace 1 by —0.59 ns (center of mass evaluation of
peak location). This value can be converted through Eq. (5) to a
strain step of 0.56 pe. Since the scan period was 5 pusec, this rep-
resents a slew-rate (strain gradient) of 1.12 - 10° & /sec, a value
quite commensurate with the strain gradient of a 50 Hz, 750 pe
vibrations close to its maximum rate of descent. However, the
cross-correlation between traces 2 and 3, Fig. 2 (middle), is quite
ambiguous, and judging the time shift from any of the major
peaks produces an erroneous too high value, namely: an outlier.
Nevertheless, when paired with trace 4, Fig. 2 (bottom), trace
3 behaves nicely, producing again a valid Ae. The temporal
density of outliers tends to grow with the signal slew rate,
eventually limiting the performance envelope of this sensing
method. However, as long as these outliers are rare and tem-
porally isolated, they can be effectively eliminated by median
filtering the individual strain differences, as demonstrated below.

B. The Measurement of Large Dynamic Strains

We start with peak-to-peak longitudinal vibrations of 1190 e
at 50 Hz. The sub-trace length for the cross-correlation, 7, and
the pulse width, 7, are both 35 nsec (offering a spatial reso-
lution of ~3.5 m), and all other experimental parameters were
mentioned in Section III. Fig. 3 shows the temporal evolution of
the measured differential strains, {Aeg; }, obtained from a point
in the middle of the vibrating section. While the top part of the
figure is contaminated by isolated outliers, the 5-point median
filtered differential strains { Ae; }, middle pane, are clean enough
to generate, after integration, Eq. (6), the good quality signal of
Fig. 3 (bottom). Note that this is possible due to the low density of
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Fig. 2.  Cross-correlation between 3 pairs of 4 consecutive traces in a 50 Hz,
750 pe experiment. Both the {1, 2} (top) and {3, 4} (bottom) pairs give rise
to cross-correlations with unambiguous peaks, whose distances from the r = 0
mark (—0.594 ns and —0.649 ns in the top and bottom frames, see insets) are
reasonable for the given vibration, see text. The middle frame, representing the
cross-correlations of the {2, 3} pair is clearly useless: automatic processing of
cross-correlations based on the location of the highest peak will predict a jump
of 19.7 ns, which is equivalent to the unrealistic positive strain jump of 18.64 pe,
clearly representing an outlier.

outliers. Even in the regions of higher outlier density, especially
near regions of high slew rates of the signal, at least 3 out of 5 of
every successive samples comprise good estimates, so a 5-point
median filtering strategy proves sufficient. Due to the overscan
rate, replacing our 5-point median filter by a 7-point one changes
the recovered signal by a normalized rms difference of less
than 1073,

Referring now to Eq. (7), and using the values of the rel-
evant experimental parameters, we find that the maximum
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Fig. 3.  Strain results for a 50 Hz, 1190 pe (peak-to-peak) vibration experi-
ment. Top: The incremental strain differentials, {Ae; }, quite populated with
isolated outliers, which were removed by 5-point median filtering (middle
frame). Integrating the now cleaned differential strains result in the measured
strain of the bottom curve.

recommended change of strain between consecutive scans is
Ae <1 pe (for a = 0.03 of Eq. (7)). With our scan rate of
200 kHz, the maximum change of our 50 Hz, 1190 pe strain
signal between consecutive scans is 1 ue, thereby complying
with Eq. (7) constraint but very close to its limit.

A 3D map showing the strain as a function of both distance
and time appears in Fig. 4, displaying some same-time, distance-
dependent non-uniformities. Note that these non-uniformities
could be an additional source of outliers. Indeed, since the sub-
traces used for the cross-correlations make use of points over a
~V, Ty /2-long distance, spatial non-uniformities that may also
depend on time (e.g., strain gradients within the sub-trace) may
spoil the theoretically expected shift symmetry of consecutive
traces, thereby giving rise to outliers.

Three Power Spectral Densities (PSD), calculated via
Hanning-weighted periodograms, [42], appear in Fig. 5. The
top one is that of the measured strain of Fig. 3. The low and
rather flat bottom curve represents the PSD of strain noise at
a non-vibrating point along the fiber, where due to the low
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Fig.4.  Strainresults for the 50 Hz, 1190 pe vibration experiment as a function
of both time and distance, demonstrating the distributed nature of this dynamic
technique.
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Fig.5. Hanning window based Periodograms. Bottom: Spectral analysis of the

strain signal from a non-vibrating point, without resorting to reference updates,
see text. Middle curve: Same data as for the bottom curve but processed with
incremental updates. Top: Spectral analysis of the signal of Fig. 3. Spectral
resolution is limited by the 160 msec record length. The noise level at 50 Hz is
estimated (from the top curve) to be 0.1pe/+/Hz.

amplitude of the signal, an initial reference trace could success-
fully be cross-correlated with all subsequent traces (A detailed
analysis of the noise-floor and strain resolution for this technique
is detailed in [36]). The same non-vibrating-point strain could
be also estimated by our method of integrating incremental
contributions, {Ag;}, this time by making the (i — 1)-th trace
the reference for the i-th one. The PSD of the resulting (%)
strain for the same non-vibrating point appears as the middle
curve in Fig. 5, displaying the expected 1/ f? noise accumulation
during the integration process [32]. Going now to the top curve,
representing the PSD of our 50 Hz, 1190 pe signal, we observe
that its associated noise has a frequency dependence similar to
that of the middle curve, hinting to the penalty the method suffers
from noise accumulation leading to an estimated noise level of
0.1 pe /v/Hz at 50 Hz, and lower at higher frequencies. While
the higher noise level in the presence of the signal is still under
investigation, we suspect it may relate to the reason behind Eq.
(7), [32]: too large strain differences between consecutive scans
lead to their correlation being calculated between scattered sig-
nals from fiber sections that are too non-overlapping, eventually
leading to indistinct correlation peaks and outliers. But even
when (7) is obeyed, the larger the signal the less the overlap
and the more noisy is the spectrum. Additionally, insufficient
removal of the effect of the outliers may also contribute. Note

4893

M}H;’ i ' /l ;UHW ! i

{400 Hz, 150 pe}.

that for much lower strain levels, sensitivity been shown to be
as low as 1072 /v/Hz, [36].

Nevertheless, Figs. 3 and 5 present quite clean strain traces.
Since the noise appears to be signal-dependent, it is difficult
to give an accurate estimate of its signal-to-noise-ratio (SNR).
Based on: (i) the power of the signal in the bottom curve of
Fig. 3; (ii) the power of the no-signal noise (middle curve of
Fig. 5); and (iii) the observation that this noise lies 25-30 dB
below the top curve of Fig. 5, we roughly estimate the SNR of
the 50 Hz signal to be better than 40 dB. Harmonic rejection
is seen to exceed 28 dB (Fig. 5), attesting to the linearity of
the CP-®OTDR technique when measuring a large (>1000 pe)
dynamic signal.

Attempts to move to significantly higher strain amplitudes at
50 Hz, i.e., higher slew rate, failed due to the high probability of
outliers, apparently as a results of disobeying Eq. (7). Lowering
the vibration amplitude made it possible to measure faster (200
and 400 Hz) vibrations, as shown in Fig. 6, using the same
median filtering procedure. The slew rates of these signal are
approximately the same as in Fig. 3.

V. CONCLUSIONS

We have shown for the first time the measurement of large
dynamic strains using CP-®OTDR over a 210-meter fiber with a
spatial resolution of ~3.5-meter. To successfully measure large
strains (1190 pe @ 50 Hz, 250 ue @ 200 Hz, and 150 pe
@ 400 Hz), continuous reference updating has been employed.
This was required in order to ensure accurate time-delay esti-
mations, as there is a limit to the frequency-shift, that may be
accurately measured from shot to shot for a given chirp band-
width. By updating the reference, we achieved a measurement
of differential time-delays, which may then be converted into
differential strains. Integrating the differential strain signal for a
given position then yields the relative strain measurement over
time. To work well for signals with high gradients (resulting
from large amplitudes and/or high frequencies), sampling rates
much higher than those required by the Nyquist criterion must
be used: Here, 200 kHz for the above-mentioned, much slower
signals.

We also show that sparse outliers, obtained from this method
of interrogation, may be readily removed by median filtering
of the differential strains. The appearance of outliers seems
to be statistically driven [40], with increased probabilities for
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occurrence when larger frequency shifts relative to the chirp
bandwidth are encountered. These outliers may also be related
to non-homogeneities in the perturbation along the correlation
window, or extremely low SNR.

Median filtering will have negligible effect on signal integrity
as long as the sampling rate is much higher than the signal
bandwidth, regardless of the temporal shape of the signal.

Though vastly increasing the range of dynamic strain mea-
surements, the consecutive updating of the reference for the cal-
culation of the strain differentials accumulates errors, character-
ized by a 1/ f? spectral shape. Like the number of outliers, these
errors tend to magnify as the signal slew-rate increases. It also
appears that the noise is signal-dependent. This characteristic of
the method, as well as its linearity, sensitivity and resolution, as
a function all relevant parameters, are currently under study.

Hitting the fiber with a wideband, multi-GHz signal raises the
issue of the influence of chromatic dispersion, which controls the
propagation of the spectrum (E¢pirp (1)) of the incident signal,
Eq. (10), by the multiplicative factor exp[j0.583(w — wo)?z],
with 3 = —20 ps?km~! at around 1550 nm for silica-
based single mode fibers, [43]. Interestingly, for ov - 7, > 1,
S(Eechirp(t)) is proportional to exp[—;7,/(4Aw)(w — wp)?] -
rect[(w — wo)/Aw], where Aw = 27 B. Thus, chromatic dis-
persion only modifies the coefficient of the quadratic term,
(w — wp)?, maintaining the chirp character of the signal and just
affects the pulse width. Substituting the relevant values from
our experiment shows that the chromatic dispersion-induced
contribution to the coefficient of the quadratic frequency term
is 4 orders of magnitude smaller than that of the applied chirp,
and thus can be considered negligible.

We believe this experiment paves the way to new applications,
where there is a need for dynamic interrogation, in fields such
as aeronautics and structural health monitoring. New research
should be done in search of better post-processing methods
for the reduction of the accumulated error and removal of the
outliers.
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