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Abstract: We propose and demonstrate a technique to perform quantitative strain sensing
using the amplitude of the Rayleigh backscattered light in a modified ¢-OTDR system. While
standard amplitude measuring ¢-OTDR sensors can identify the presence of strain, they cannot
perform quantitative measurements because the amplitude of the Rayleigh backscattered light
exhibits a non-linear and unpredictable strain response. Here, we demonstrate a technique to
computationally recover a linear strain response from a set of uncorrelated Rayleigh backscattering
measurements. Using a combination of frequency and polarization multiplexing, we constructed
a ¢-OTDR system capable of recording 18 uncorrelated Rayleigh backscattering measurements
in parallel. By combining information from these 18 measurements, the sensor achieves a linear
strain response with total harmonic distortion below —35 dB. The sensor is immune to signal
fading, has a minimum detectable strain of 5 pe/y/Hz and a bandwidth of 500 kHz.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fiber optic sensors are able to perform distributed strain measurements over large distances.
Rayleigh and Brillouin sensors are particularly attractive due to their ability to use commercial
off-the-shelf fiber. While Brillouin sensors are capable of measuring the absolute strain in the
fiber, Rayleigh sensors are more commonly used for dynamic strain measurements [1]. One of the
most widely adopted sensing architectures based on Rayleigh scattering is phase-sensitive optical
time domain reflectometry (¢-OTDR) which has been used in applications including structural
health monitoring [1], intrusion detection [2], and pipeline monitoring [3]. The majority of
¢-OTDR systems can be divided into two groups: amplitude measuring and phase measuring
systems. Amplitude measuring ¢-OTDR systems can detect the presence of strain, but since the
amplitude of the Rayleigh Backscattering (RBS) signal has a non-linear strain dependence, they
cannot provide a quantitative strain measurement [1]. In contrast, the optical phase accumulated
over a length of fiber is proportional to strain [4], allowing phase measuring ¢-OTDR systems
to perform quantitative strain measurements. While there are a number of phase measuring
¢-OTDR architectures [1,5-7], they all rely on measuring the relative phase between light
backscattered from two “reflector regions” in the fiber and a linear response is only guaranteed
under the assumption that these reflector regions do not experience strain themselves [1,8,9]. In
order to satisfy this requirement, phase measuring ¢-OTDR systems tend to use short optical
pulses to minimize the reflector size at the cost of reducing the RBS light level—a trade-off which
can limit the sensor noise floor. In addition, phase measuring ¢-OTDR systems are susceptible to
interference fading, although this can be mitigated by using multiple input frequencies [10,11].

To address some of these limitations, a few recent works introduced techniques that enable
quantitative strain sensing based on the amplitude of the RBS signal [12-18]. These approaches
measure the RBS amplitude as a function of the optical input frequency to construct a RBS
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spectrum. Since a change in strain or temperature will introduce a frequency shift in the RBS
spectrum [14], quantitative strain information can be extracted by monitoring the evolution
of the RBS spectrum. In contrast to phase-measuring ¢-OTDR, these techniques are able to
extract the algebraic sign of the strain based on the direction of the frequency shift [12,13]. In
the most straightforward implementation, the RBS spectrum is measured in series by injecting
pulses one frequency at a time [12-15]. However, this approach limits the available sensor
bandwidth, prompting researchers to develop chirped pulse techniques which maintain the
maximum bandwidth allowed by the round-trip time in the fiber at the cost of increased system
complexity [16-18].

In this work, we present a new approach to perform quantitative amplitude measuring ¢-OTDR
with sensor bandwidth limited only by the roundtrip fiber length. Our approach relies on
computationally recovering a linear strain response from a series of uncorrelated RBS patterns.
We use a strain recovery algorithm that was recently developed to enable quantitative strain
sensing in multimode fiber ¢-OTDR [19]. In a multimode fiber, the different spatial modes
provide the uncorrelated RBS measurements used to reconstruct the strain [19]. However, the
frame rate of the camera used to record the RBS speckle pattern in the multimode fiber system
limited the number of sensors which could be measured in parallel. Here, we use a combination
of frequency and polarization multiplexing in a single mode fiber to record 18 uncorrelated RBS
patterns in parallel from each position in the fiber. We demonstrate a linear strain response
with total harmonic distortion of —35 dB, a sensor bandwidth of 500 kHz (dictated by the
roundtrip fiber length) and a minimum detectable strain of 5 pe/+4/Hz. We also present simulations
evaluating the influence of the number of uncorrelated measurements on the minimum detectable
strain and the linearity of the measurement.

2. Operating principle

Figure 1 shows a schematic of a standard phase measuring ¢-OTDR sensor along with the
quantitative amplitude measuring ¢-OTDR sensor proposed in this work. In the phase measuring
system, the strain in the sensor region is proportional to the relative phase between light scattered
from two reflector regions. In contrast, in our amplitude measuring ¢-OTDR, the reflector region
and the sensor region are the same. This enables us to use longer pulses than a typical phase
measuring ¢-OTDR system with the same sensor size and thus collect more light since the
RBS power is proportional to the pulse duration [20]. An alternative approach to enable the
use of longer pulses without compromising spatial resolution was recently proposed based on
chirped pulses and correlation based processing, although these techniques can be susceptible to
cross-talk [18,21].

In this work, we obtain a series of uncorrelated RBS measurements of a strain event by using
an optical frequency comb as the input pulse. Our sensor is then designed to measure the
RBS amplitude of each comb tooth over time, as shown in Fig. 1(b). We then computationally
reconstruct the underlying strain from the evolution of the different comb teeth using an algorithm
developed in the context of multimode fiber ¢-OTDR [19]. Although this work uses uncorrelated
RBS measurements at different frequencies instead of measurements of different spatial modes,
they still follow Rayleigh statistics allowing us to apply the same algorithm.

While Fig. 1 illustrates the process for one sensor position, fully distributed sensing is achieved
by time-gating the RBS light to measure the RBS comb at each position in the fiber. The strain
can then be computationally recovered at each position.
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Fig. 1. (2) In a quantitative phase-measuring ¢-OTDR system, strain in the sensor region is
proportional to the relative phase between light back-scattered from two reflector regions.
(b) In the quantitative amplitude measuring ¢-OTDR system presented in this work, the
reflector region and the sensor region are the same. The input pulse consists of multiple
frequency components and the amplitude of each frequency component is measured over
time. The strain experienced in the sensor region is then computationally recovered from the
evolution of the measured RBS comb.

3. Simulated sensor performance

We first conducted simulations to evaluate the impact of the number of uncorrelated RBS patterns
measured on the sensor linearity and noise floor. We used a standard impulse response model
[22] to calculate the RBS field, E, as a function of input frequency, v:

E(v,1) = Z:/:l T €xpli2nvt + i28,(zn + E€(t)zn)] rect (t_TT) @

where r, is a measure of the reflectivity of the n”* scattering center, S, is the propagation constant
at frequency v, z, is the position of the n scatterer, & is the elasto-optic coefficient, ¢ is the
time-varying axial strain, ¢ is time, 7 is the temporal delay to the desired sensor region within the
fiber, and T is the pulsewidth of the incident light. We calculated the RBS field for 128 input
frequencies in 60 MHz steps starting at 193.5 THz (corresponding to a wavelength of ~1550
nm). The pulse duration was set to 100 ns providing a 10 m sensor size. We calculated the RBS
field over 10* pulses at a pulse repetition rate of 1 MHz under a 10 kHz sinusoidal strain with an
amplitude of 50 ne.
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In order to include the influence of shot noise, we assumed the input pulse had a peak power of
1 W and calculated the RBS power, Pgps, as [20]

Vol
Prps(z) = Pin (gT) aRs e~ (2

Where P;, is the peak power of the input pulse, v, is the group velocity, ay is the Rayleigh
backscattering coeflicient, S is the capture fraction, « is the fiber attenuation, and z is the distance
to the sensor. We then calculated the intensity we would expect to measure at each frequency as:

Dneasurea(v, 1) = E(u, 1) - E(v, t)* + OsN (3)

The shot noise term, oy, is a normally distributed random value with standard deviation equal to
% 1@ where 7 is the quantum efficiency of the detector and N, is the number of frequency
components in the input comb. This assumes we are able to distribute the RBS light among Ny,
components and make a shot noise limited measurement of each frequency component (e.g. by
using a strong reference arm). We then used the strain recovery algorithm described in [19] to
extract the sinusoidal strain using an increasing number of frequency components. Note that the
shot noise was adjusted as we increased the number of frequency components according to Eq. 3.

The time varying RBS intensity of four frequency components is shown in Fig. 2(a). By
combining information from multiple frequency components, we are able to recover the sinusoidal
strain signal, as shown in Fig. 2(b). Note that the “measured” RBS intensity calculated in Eq. 3
was normalized to have a mean value of unity. By providing the strain recovery algorithm with
the RBS intensity in normalized units, we can use a single calibration to convert the recovered
signal to units of strain [19].

To quantitatively evaluate the impact of the number of frequency components provided to the
algorithm, we calculated the strain amplitude spectral density (ASD) as shown in Fig. 2(c) along
with the total harmonic distortion (THD). The THD provides a measure of the linearity of the

sensor and is defined (in dB) as THD = 2Olog10[(s§f, + egf_ + sif_
o sig ) sig t/sig

+ .- ~)1/2/sfsig] where é&f,,
is the strain at frequency fi;q.

We repeated the simulation for 1000 ensembles of randomly distributed scattering centers
to produce the plots in Fig. 2(d) which show the minimum detectable strain and the THD as a
function of the number of frequencies components measured. We found that the strain noise
was relatively constant provided at least 15 frequencies were measured. In addition, using at
least 15 frequency components provided an average THD below —30 dB. While the standard
deviation in the THD was relatively large, the upper end was still below —20 dB provided at
least 15 frequencies were used. The simulations also indicated that if we were able to achieve a
shot-noise limited measurement under these parameters, we could expect the sensor to exhibit
a minimum detectable strain below 1 pe/4/Hz. In practice, a number of other noise sources
could potentially limit the sensor performance, including laser phase noise, detector noise, and
digitization noise. Nonetheless, the main conclusion of this simulation, that ~15 uncorrelated
RBS measurements are sufficient to obtain a linear strain response, is independent of the source
of the noise term in Eq. 3. Finally, since this is an amplitude-based approach, the sensor is
naturally immune to noise due to interference fading.
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Fig. 2. (a) Simulated Rayleigh backscattered intensity under a 10 kHz sinusoidal strain for
four uncorrelated frequencies. (b) Recovered strain obtained by combining information from
18 discrete frequency components. (c) The strain noise ASD showing the signal at 10 kHz
and the higher harmonic contributions recovered using 18 frequency components. (d) The
strain noise power spectral density (PSD) is shown as a function of the number of frequencies
measured on the left axis. The right-axis shows the total harmonic distortion. The error bars
indicate the standard deviation over 1000 simulations with randomly positioned scatterers.

4. Experimental demonstration

Based on the simulations presented above, we designed and constructed a ¢-OTDR system
capable of recording 18 uncorrelated RBS measurements in parallel. The interrogation system
first generated an optical frequency comb consisting of 9 lines by modulating a single seed laser. In
order to separately measure the RBS amplitude of each comb line, we combined the backscattered
comb with a local oscillator (LO) and monitored the strength of the 9 interference signals.
Additionally, by dividing the RBS light into orthogonal polarizations [23], we performed two
sets of these interference measurements to provide a total of 18 uncorrelated RBS measurements
from a single optical pulse.

A schematic of the experimental setup is shown in Fig. 3(a). Light from a narrowband (10
kHz linewidth) continuous wave laser operating at 1550 nm was divided into an interrogation
arm and a reference arm or LO. The interrogation arm passed through an electro-optic intensity
modulator which was driven with a digital frequency comb consisting of a sum of sinewaves
at 60, 120, 180, and 240 MHz. The DC bias applied to the intensity modulator was adjusted
to balance the power between the unshifted light at the original laser frequency and the four
pairs of sidebands, resulting in a comb with 9 frequency lines each separated by 60 MHz. An
acousto-optic modulator (AOM) operating at 54 MHz was then used to carve 100 ns (full-width
at half-maximum) pulses at a repetition rate of 1 MHz. The pulses were amplified by an erbium
doped fiber amplifier (EDFA) to an average power of 30 dBm before entering the fiber under
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test. The fiber under test consisted of ~90 m of single mode fiber with the middle 9 m of fiber
wrapped on a PZT tube. The RBS light was separated using a circulator before being amplified
and spectrally filtered to remove the amplified spontaneous emission. Finally, the RBS light was
combined with the LO and the two polarization states were separately detected using a pair of 600
MHz bandwidth photodetectors and digitized at 5 GS/s. The LO was frequency shifted by —216
MHz using AOMs and the polarization controller was adjusted to evenly distribute the LO power
on the two photodetectors. The relative optical frequencies of the input comb and the LO are
shown in Fig. 3(b), while Fig. 3(c) shows the relevant frequencies obtained by taking the Fourier
transform of the interference signal recorded on the photodetectors. Note that the 60 MHz comb
frequency spacing was larger than the frequency correlation width of the RBS spectrum for the
100 ns pulse duration used, ensuring that we acquired uncorrelated RBS measurements [24]. The
LO frequency was selected so that the interference terms of interest (between the LO and the
frequency comb) were spaced by 60 MHz between 30 MHz and 510 MHz and separated by 30
MHz from the self-interference terms of the comb. Using a strong LO relative to the comb also
helped to suppress the influence of the self-interference terms.

Comb Pulse
PZT (9 m)

40m | 40m

=&

Fiber under test

M

EO
C

Detector

s
Filter EDFA
Detector I H H =
s -
b) Optical Spectrum .0 ||c)Interference Spectrum “°mbxLO
Comb x Comb
Input Comb
\
S 888 °8 8 8 S8 é__ ]
N < — g — — NN
Relative Frequency (MHz) Frequencv(MHz)

Fig. 3. (a) Experimental setup used to perform quantitative strain measurements. (b) The
optical frequency comb used to probe the fiber under test consisted of 9 lines separated
by 60 MHz while the LO was shifted by 270 MHz relative to the center of the frequency
comb. (c¢) The electrical interference spectrum recorded on the photodetector included 9
interference terms between the comb lines and the LO indicated in blue and green along
with a series of self-interference terms between the various comb lines. The LO frequency
was selected to maximize the separation between the desired interference terms and the
self-interference terms.

Although the system used interferometric detection to demultiplex the frequency components,
we only required the amplitude of the RBS light at each frequency to recover the fiber strain.
This significantly relaxes the laser phase noise requirements since the relative phase between the
LO and the RBS light was discarded.

A typical interference pattern recorded using this experimental setup is shown in Fig. 4(a).
In order to recover the strain, we first performed short-time Fourier transforms (STFT) on 100
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ns segments of the raw data to extract the amplitude of the 9 frequency components in each
polarization state. A typical STFT spectrum is shown in Fig. 4(b). The STFT frequency bin
size is 10 MHz (set by the 100 ns pulse duration) allowing us to easily resolve the comb teeth.
We repeated this process for each pulse to extract the evolution of the RBS amplitude at each
frequency over time. This provided a matrix consisting of the 18 RBS realizations over time, as
shown in Fig. 4(c). The RBS amplitude of four of these frequency components recorded while
the PZT was driven with a 1 kHz sinusoidal modulation with an amplitude of 220 ne is shown in
Fig. 4(d).
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Fig. 4. (a) A typical unprocessed interference pattern recorded on one of the photodetectors.
This type of interference pattern is recorded at the pulse repetition rate of 1 MHz. (b) The
Fourier transform of a 100 ns segment of the measured interference pattern. The interference
frequencies produced by the nine comb lines beating with the LO are indicated in orange.
(c) The extracted RBS amplitude for the 18 realizations is shown as a function of time under
a sinusoidal strain. (d) Cross sections of four RBS realizations shown under a sinusoidal
strain.

By selecting different 100 ns segments in the interference pattern relative to the time when
each pulse entered the fiber under test, we were able to extract the strain at varying positions
in the fiber, providing a fully distributed measurement. In the following, we focus on the strain
measured at the center of the fiber under test where the PZT was located.

After extracting the RBS amplitude for the 9 frequency components at each polarization, we
applied the strain recovery algorithm previously developed for a multimode fiber [19]. Figures 5(a)
and 5(b) show the recovered strain when the PZT was subjected to a 200 Hz sinusoidal and
sawtooth drive. The sensor is able to clearly differentiate between the two waveforms. To
quantitatively evaluate the linearity of the sensor, we applied a 10 kHz signal to the PZT and
calculated the THD. The sensor exhibited a THD below —35 dB with a minimum detectable
strain in the 1 to 9 kHz band of 5 pe/4/Hz, as shown in Fig. 5(c).
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Fig. 5. Experimentally measured strain under a 200 Hz sinusoidal (a) and sawtooth (b)
modulation. (b) Minimum detectable strain noise measured with a 10 kHz sinusoidal
modulation applied to the PZT. The average strain noise between 1 and 9 kHz is 5 pe/4/Hz
and the THD is below —35 dB.

5. Conclusion

In summary, we presented an amplitude measuring ¢-OTDR technique capable of performing
quantitative strain measurements. The approach relies on computationally recovering the strain
from a series of uncorrelated RBS patterns. We performed simulations indicating that a linear
strain response (average THD below —30 dB) could be achieved with as few as 15 uncorrelated
RBS patterns. We then introduced a modified ¢-OTDR system which used a combination of
frequency and polarization multiplexing to record 18 uncorrelated RBS patterns in parallel. We
experimentally measured a series of strain signals and showed that the sensor can differentiate
between sawtooth and sinusoidal strains. The sensor exhibited a minimum detectable strain of
5 pe/4/Hz and a THD below —35 dB. The sensor bandwidth is limited only by the roundtrip
lifetime in the fiber and the detection scheme is naturally immune to signal fading.
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