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Abstract

Phase-sensitive optical time-domain reflectometry (DOTDR) is a well-established technique that provides spatio-
temporal measurements of an environmental variable in real time. This unique capability is being leveraged in an ever-
increasing number of applications, from energy transportation or civil security to seismology. To date, a wide number
of different approaches have been implemented, providing a plethora of options in terms of performance (resolution,
acquisition bandwidth, sensitivity or range). However, to achieve high spatial resolutions, detection bandwidths in the
GHz range are typically required, substantially increasing the system cost and complexity. Here, we present a novel
OOTDR approach that allows a customized time expansion of the received optical traces. Hence, the presented
technique reaches cm-scale spatial resolutions over 1 km while requiring a remarkably low detection bandwidth in the
MHz regime. This approach relies on the use of dual-comb spectrometry to interrogate the fibre and sample the
backscattered light. Random phase-spectral coding is applied to the employed combs to maximize the signal-to-noise
ratio of the sensing scheme. A comparison of the proposed method with alternative approaches aimed at similar

monitoring or aerospace.

operation features is provided, along with a thorough analysis of the new trade-offs. Our results demonstrate a
radically novel high-resolution ®OTDR scheme, which could promote new applications in metrology, borehole

Introduction

Distributed optical fibre sensing (DOES) is currently a
mature technology capable of monitoring different physical
parameters (such as temperature, strain, pressure and
birefringence) over long distances, often in the range of
tens of kilometres. This technology offers the unique
advantage of employing a single sensing fibre to interrogate
a large number of points, thus providing a cost-effective
solution for the real-time monitoring of large civil struc-
tures and long oil and gas pipelines. Conceptually, a DOFS
system can be understood as a multiplexed array of sensors
working in reflection, where the sensor size becomes an
infinitesimal length of fibre and the light is back-reflected
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due to light scattering (either Rayleigh, Brillouin or
Raman). The constant growth and dissemination of DOFS
over the last few decades has led to a panoply of techniques
and applications, along with a progressive improvement in
the sensing performance parameters (namely, the spatial
resolution, sensing range, acquisition speed and measure-
ment accuracy)' ™.

Among the wide variety of DOFS approaches, phase-
sensitive optical time-domain reflectometry, usually
abbreviated as ®OTDR, is a technique based on Rayleigh
scattering that stands out for providing the basis of dis-
tributed acoustic sensing, that is, the dynamic sensing of
vibrations/intrusions along a fibre**. In ®OTDR, highly
coherent pulses propagating inside a test fibre experience
elastic scattering such that the back-reflected signal, after
being photo-detected and time resolved, provides a
measurement of variations in the temperature or strain
along the fibre length. Remarkably, when ®OTDR is
assisted by distributed Raman/Brillouin amplification,
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sensing ranges beyond 100 km can be reached®’. How-
ever, a fundamental limitation in ®OTDR is the fact that
the relationship between the detected amplitude and the
strain/temperature variations is, in principle, non-linear.
To resolve this drawback, several ®OTDR approaches
have been reported, including ®OTDR with coherent
detection (in which the backscattered signal is mixed with
a reference signal)®’, frequency-scanning ®OTDR''!
and chirped-pulse ®OTDR"**3,

In sensing schemes based on ®OTDR, the attainable
spatial resolution scales inversely with the employed pulse
width, being typically 1 m per 10 ns of pulse duration. As a
result, high spatial resolutions (in the centimetre range)
imply short pulses and, hence, high detection bandwidths,
from hundreds of MHz to several GHz. The impact of this
requirement on the cost and power consumption of the
system can be alleviated by using optical sampling tech-
niques, which combine sensing pulses with an optical gate
to dramatically reduce the detection bandwidth'*. More
recently, the sampling rate of a Brillouin-based sensor has
been significantly reduced by means of computational
DOFS, an approach that exploits concepts of temporal
“shost imaging”'”. Another feature of all ®OTDR
schemes is the low power of the backscattered signal
coming from the test fibre. This issue is critical since
obtaining stronger backscattered signals by increasing the
pulse peak power is limited by the onset of modulation
instability and other non-linear effects. A time-efficient
manner of increasing the signal-to-noise ratio (SNR) is the
use of signal coding techniques, where a pulse sequence
(differentiated by a particular code) is launched into the
fibre within the round-trip time fixed by the fibre
length'®'®, Compared to ®OTDR techniques based on
individual pulses, the increase in the total input power
(while maintaining a constant peak power) results in a
higher SNR without reducing the measurement rate or
spatial resolution. From the sequence of backscattered
pulses, the sensing information is retrieved through a
decoding algorithm, although at the cost of much larger
computational memory and power.

In this paper, we present a novel approach for coherent
@®OTDR sensing based on frequency comb technology.
Since the turn of the century, optical frequency combs
(OFCs) have revolutionized the field of optical metrol-
ogy'’, with applications in astronomy, molecular spec-
troscopy and optical telecommunications, to cite just a
few?. In some of those applications, the frequency
response of a sample becomes encoded on the set of
evenly spaced coherent lines that compose the spectrum
of a comb. Each individual line of this probe comb is then
resolved by making it interfere with a second comb
(acting as a local oscillator, LO), which has a different line
spacing. The result of this dual-frequency comb (DFC)
scheme is a multi-heterodyne interference that leads to an
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efficient downconversion of the optical frequencies onto
the radio-frequency (RF) domain®*"** In this way, an
optical bandwidth BW composed of thousands of lines
can be measured from a very narrow RF comb, with
compression factors typically ranging from 10® to 10°. In
the particular case where OFCs are trains of pulses in the
time domain, DFC interference can be viewed as an
optical sampling technique®.

Among the different technologies for comb generation,
electro-optic (EO) modulation of a single continuous-
wave laser enables the implementation of DFC systems
with off-the-shelf telecommunication components®**°,
EO comb generators are composed of one or several EO
modulators, which can be driven by a variety of RF signals,
resulting in OFCs with line separations ranging from
1 MHz to ~10 GHz*?°. Some of these driving schemes
enable precise control of the spectral phase of a comb and,
therefore, of the shape of the periodic signal (often a train
of pulses) existing in the time domain®®*’. In our scheme
for coherent ®OTDR, a test fibre is interrogated by a
probe comb with a coding of its spectral phase that avoids
the formation of high peak-power pulses. In the time
domain, this probe signal is a train of (noise-like) spread
waveforms, with a period larger than the fibre round-trip
time. The comb signal backscattered by the fibre is then
coherently detected in a dual-comb configuration using a
second comb with a slightly different period and the same
spectral phase coding. Similar to pulse-coding techniques,
our method leads to a substantial gain in the SNR when
compared to single-pulse ®OTDR but with straightfor-
ward decoding that encompasses only basic processing
operations. Additionally, the photo-detected signal
required to retrieve the response of the fibre (inter-
ferogram) has a duration that is orders of magnitude
longer than the period of the probe signal. This time
expansion is a consequence of the spectral down-
conversion that takes place in a DFC system. Thus, spatial
resolutions in the centimetre range, which would typically
imply GHz optical bandwidths, can be achieved with
detection bandwidths in the MHz range or lower. Bene-
fiting from that fact, a dual-comb scheme has recently
been reported for quasi-distributed fibre sensing based on
a multiplexed Bragg grating array”®. This approach has
been experimentally demonstrated with a low number of
sensors (15 gratings) over a short distance (13 m). Despite
showing the potential of employing a dual-comb scheme
for distance-resolved fibre sensing, this work is based on
the generation of optical pulses from a laser cavity, which
dramatically limits the attainable SNR and, therefore, the
capability to carry out real distributed sensing. In our
method, the flexibility offered by EO comb generators
makes it possible to tailor the temporal shape of the
optical waveforms and, consequently, to tackle the
extremely low reflectivity of every elemental section of a
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long fibre in a ®OTDR system. Additionally, and unlike a
dual-comb system based on a laser cavity, the basic
parameters of our sensor can be adapted to the target
application by electronically reconfiguring the comb
generators.

Results
Conceptual design

A conceptual diagram of our approach and its differ-
ences relative to a conventional phase-measuring ®OTDR
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system is presented in Fig. 1. In a phase-measuring
OOTDR, a train of highly coherent optical pulses is
injected into a fibre under test (FUT), as shown in Fig. la.
This probe signal can be, for instance, a train of transform-
limited pulses generated by a frequency comb with a flat
spectral phase. When the probe signal propagates through
the FUT, the randomly reflected fields along the fibre
result in a backscattered signal, e,s(z), whose statistical
properties are described by a mathematical formalism
similar to that of speckle phenomena®. This signal can be
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Fig. 1 Concept of time-expanded ®OTDR. a An example of a traditional coherent detection-based ®OTDR scheme. A train of optical probe pulses
(with a comb-like spectrum composed of in-phase lines) is launched into the fibre under test. The backscattered light is beaten with a continuous-
wave local oscillator (LO) and photo-detected. Both the amplitude and phase of the electromagnetic field are acquired over a bandwidth BW
identical to that of the launched probe. b Proposed time-expanded ®OTDR scheme. A periodic probe signal is launched into the fibre under test. Its
spectrum is a random phase-modulated optical comb. The backscattered light is beaten with an LO that is a comb with the same number of lines
and identical phase modulation as those of the probe comb but with a line spacing difference &f. After photo-detection, a low-pass filter passes the
comb generated by the interference of the lines of the probe with the neighbouring lines of the LO. Both the amplitude and phase of the
electromagnetic field are acquired over a compressed bandwidth BW/CF, where CF is the ratio between the probe line spacing and &f. This produces
a trace temporally expanded by a factor CF. In the detection stage of both figures (central dashed boxes), the signals that are involved in the product
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expressed as the convolution of the input field e, (%) and the
impulse response b(t) of the FUT, ey(t) = e1(t) * by. In
the frequency domain, the backscattered signal is hence
E,(f) = E1(f)B(f), where Ep(f), E1(f) and B(f) are the
Fourier transforms of the corresponding time functions'?.
The sensing mechanism relies on the fact that external
perturbations, such as strain and temperature, locally
change the medium refractive index, producing a sig-
nificant variation in the phase of b(¢f) and, hence, of e(£).
In a coherent detection scheme, the backscattered field
eps(t) is mixed with a single-frequency LO, e; o(t). From the
resulting interference signal, given by the product of e(%)
and e],(f) (the complex conjugate of the LO field), the
amplitude and phase of e (f) can be retrieved (see Sup-
plementary Material, Eq. S13). In the phase recovery
process, the backscattering field and the impulse response
can be written in terms of the distance z along the fibre
using the relation z = ct/2n, where c is the speed of light in
a vacuum and # is the refractive index of the fibre. Thus,
the magnitude of an external perturbation is accurately
measured along the sensing range through the back-
scattered signal.

The above conventional scheme for ®OTDR imposes
certain conditions on the sensing system. The spatial
resolution of the sensor is set by the temporal width of the
probe pulses. This resolution is, therefore, ultimately
limited by the optical bandwidth BW of the probe signal,
which fixes the detection bandwidth (see Fig. 1a). Hence,
typical spatial resolutions of a few centimetres require
high-speed photo-detection (in the GHz range) with a
subsequent increase in the sensing system cost. On the
other hand, the SNR of the detected trace is limited, as in
any other OTDR configuration, by the energy of the probe
signal that can be launched to the system. However, the
maximum pulse peak power is constrained by the onset of
non-linear effects in the fibre. As mentioned before, sev-
eral solutions have been proposed to increase the SNR of
@OOTDR, specifically those based on the application of
certain probe coding techniques'®™'®, However, these
methods decode the sensing information through
sophisticated (most often off-line) algorithms that entail a
high computational effort.

To tackle the above limitations on the sensing perfor-
mance, we propose the @OTDR scheme sketched in
Fig. 1b. The probe signal is a frequency comb generated
by an EO modulation scheme, which allows us to select a
particular code for the spectral phase to control the peak
power of the probe signal, something previously reported
for an ultrafine EO comb working in a self-heterodyne
scheme®. This code consists of allocating a random
spectral phase (with a uniform distribution between —rn
and 7) to each line of the comb® (see Supplementary
material, Section S2). In the time domain, it corresponds
to a train of repetitive (noise-like) waveforms, with a
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period given by the inverse of the frequency spacing of the
comb, 1/f,. By the use of the random-walk formalism, the
magnitude and phase of the resulting temporal signal are
demonstrated to follow, respectively, a Rayleigh and a
uniform distribution”’. Hence, the phase code prevents
the formation of high peak-power pulse bursts, as occurs
when the comb lines are in phase. Indeed, the comb
energy is spread along the entire signal period, making it
possible to increase the total energy launched into the
fibre without the onset of non-linear effects (either in the
fibre or owing to the saturation of electro-optical com-
ponents along the setup). Experimentally, for a sufficiently
high number of lines (N), the peak-power reduction factor
due to the applied spectral phase coding scales linearly
with N.

As in a conventional sensing scheme, the impulse
response of the FUT is encoded onto the backscattered
signal. This signal is then coherently detected using a DFC
configuration, as shown in Fig. 1b. In that configuration,
the LO is a second optical comb, ey(¢), with the same
spectral phase as that of the probe but with a slightly
different line spacing, f, + df (0f<<f;). As a consequence,
the detection turns into a parallel multi-heterodyne pro-
cess, which can be viewed as the interference of the back-
reflected comb with a set of frequency-shifted (coherent)
local oscillators. To explain the particularities of our
approach, we begin to consider the interference of the two
frequency combs in the absence of the FUT. The photo-
detected voltage can be written, in a very general manner,
as v(t) o [er(t)e;(t)] * ha(t), where ej(¢) is the LO
complex-conjugated field, /1,(t) is the impulse response of
the detection system (including any hardware or software
filtering) and * denotes convolution. The spectrum of the
detected signal V(f), after proper low-pass filtering to
isolate the interference of neighbouring lines of both
optical combs, is demonstrated to be an RF comb com-
posed of a set of teeth located at discrete frequencies
fa = q6f, with g being an integer. In this way, the spec-
trum of the measured signal results is scaled (when
compared to its optical version) by a compression factor
CF = f./8f*. The complex amplitude of a particular RF
tooth is given by A1,4,, exp {j(g{)lq — ¢2q)} , where A;; and
¢y i = (1,2), are the amplitudes and phases of the optical
lines of the probe and LO combs (see Section S1 in the
Supplementary Material and the classic derivation of
ref. *°). As explained before, the phase coding of both
combs is chosen to be identical; thus, their relative phase
is fully cancelled (aside from an irrelevant global phase).
Considering Ay, = kA, Vq, where k is a constant, the
retrieved RF comb is ideally just a flat spectrum. In other
words, although the interfering signals are noise-like
waveforms due to their random spectral phases, the
measured RF signal is a sequence of well-defined electrical
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pulses (see Eq. S8). If now a test fibre is inserted into this
dual-comb scheme, the LO becomes mixed with the
backscattered field ey (f). After low-pass filtering, the
amplitude and phase of e,(£) can then be directly decoded
from the interference signal with no need for any sub-
sequent digital decoding. In this process, the cancellation
of the relative phase of the designed combs plays a fun-
damental role (see Eqs. S9-S18).

Alternatively, dual-comb interference can be under-
stood in the time domain. The interference signal
eps(t)e;(t), conveniently discretized, can be expressed,
after some mathematical development, as a series of
concatenated electric-field cross-correlations (inter-
ferograms)®°. This result simply arises from the fact that
there is a difference Jf between the repetition rates of the
interfering time signals. Due to this frequency offset, the
overlap between successive periods of the LO and the
backscattered signal is time shifted by an effective time
step equal to the difference in the repetition periods of
both signals. As a consequence, the LO slowly “walks
through” an entire optical period of the backscattered
signal (T, = 1/f,). The result is a discrete cross-correlation
between the involved fields that allows us to measure the
amplitude and phase of e,(t) along the length of the FUT
(L< Tyc/2n). The time extent of this cross-correlation
sets the minimum acquisition time and is demonstrated
to be T, = 1/8f***. Therefore, each interferogram is
measured on an expanded time scale, characterized
by an expansion factor T,./T,, which is equal to the
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compression factor CF =f,/df that scales down the
optical bandwidth in the frequency domain. Thus, in the
time picture, the interrogation of the FUT can be seen as a
real-time decoding process performed in the heterodyn-
ing itself, where the coding gain is actually adjustable
through the repetition-rate difference df.

Time expansion

In our first experimental demonstration, the probe and
LO combs are configured to have a bandwidth of 2.5 GHz
(~4 cm nominal spatial resolution) and a frequency spa-
cing (f;) of 500 kHz (a maximum measurable distance of
~205 m, considering a fibre refractive index of 1.45). This
configuration implies 5,000 lines per comb or, equiva-
lently, 5,000 independent measurement points along the
fibre. The repetition-rate offset between the two combs
(6f) can be tuned within a few tens of Hz to produce
different time-expansion levels on the optical trace.
Figure 2a, b shows the traces acquired when Jf is 40 and
20 Hz, respectively. The oscilloscope acquisition time
is shown at the top of each figure. In the first
case (0f=40Hz), the expected time expansion is
CF = f,/8f = 12,500. For a sensing length of 154 m, this
expected value means that the signal from the fibre is
expanded from ~1.5ps to ~18.7 ms, which is in good
agreement with the obtained result. In the second case
(6f=20Hz), this duration is doubled, as expected. The
insets in these two figures show the details of several
consecutive traces acquired with the same settings,
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Fig. 2 lllustration of the time expansion. Magnitude of the traces detected using a a 40-Hz offset and b a 20-Hz offset. Insets show the details of
several consecutive acquired traces, showing good repeatability. ¢ SNR comparison of both measurements, showing a 3dB average increase for the
smaller offset, as expected from the reduced acquisition bandwidth. These results show that the proposed method can expand the temporal
duration of the trace, leading to a proportional increase in the SNR but with a loss in the maximum measurable acoustic bandwidth
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demonstrating good repeatability. Figure 2c shows how
the SNR changes when the time expansion is modified. As
shown, the average trace SNR is 3 dB larger for 20 Hz, the
lowest offset. This outcome is in line with the expected
result: the signal power is maintained, while the noise
variance is reduced to half due to the decrease in the
signal bandwidth. Note that this assumption is valid
considering only additive, broadband noise sources.

Sensing results

To test the performance of our time-expanded scheme,
we carry out temperature sensing with the FUT used in
Fig. 2 (ie. over a maximum length of 200 m). For this
purpose, we create an ~2 cm hotspot at z= 122 m using a
pair of metallic wires embedded in the fibre cable (see
Materials and Methods for details). The temperature in
this hotspot is modulated using a switched current with a
50% duty cycle and a period of 5s. After a few minutes of
temperature stabilization, a sequence of consecutive tra-
ces is measured for 20s at a rate of 20 Hz and saved for
off-line processing. The probe and LO comb parameters
are now set to N=10,000 lines, f,=500 kHz and
df =20 Hz. With the above parameters, the probe band-
width is 5 GHz, and the nominal spatial resolution is 2 cm.
The average power sent to the fibre is approximately
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9 dBm, while the peak power is ~14 dB higher (23 dBm),
still below the threshold for modulation instability for this
fibre length. Previously, for the photodetector, the probe
signal and LO were adjusted via variable attenuators to
obtain a similar average power of ~—13.8 dBm. The local
phase of the backscattered field is recovered simply by
filtering one of the two first-Nyquist-zone sidebands of
the photo-detected signal (either positive or negative
frequencies) and transforming it back to the time domain
to recover a complex-valued trace. The phase changes at
each position of this complex trace provide the basis for
the determination of temperature changes along the fibre,
as explained in Section S4 of the Supplementary material.
Figure 3a shows the measured temperature profile along
the fibre, obtained with a gauge length Az=2cm. As can
be seen, we retrieve the expected temperature modulation
with a perturbation length that matches Az. Figure 3b
shows the longitudinal temperature distribution obtained
at a specific instant of the acquisition, along with the
expected distribution (dashed line). The average ampli-
tude of the recorded temperature modulation is ~0.96 °C,
as estimated from the calibration in a longer fibre section
(see Supplementary Material, Section S5).

The sensitivity of the above sensor is then characterized
(Fig. 4) in both the hotspot and unperturbed positions of
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Fig. 3 Temperature sensing by the time-expanded ®OTDR. a Dynamic temperature map around the perturbed area. b Experimentally obtained
temperature profile around the maximum (blue line) and expected (dashed red line) profiles. The latter was obtained by assuming a constant
temperature profile along the hotspot; thus, the square-shaped profile of the hotspot is convolved with the 2 cm resolution window given by the
gauge length. This results in a triangular shape for the measured temperature profile
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the fibre. Phase is used as a measurand for simplicity, as it
is the variable that most easily allows the system to be
compared with other reported ®OTDR sensors. Note that
since temperature/strain perturbations result in a phase
change accumulated per metre, the obtained tempera-
ture/strain error will depend on the (digitally selected)
gauge length even if the same optical parameters are used.
First, the noise is measured in all unperturbed positions of
the fibre, presenting a median standard deviation of
0.09 rad (corresponding to ~490 ne or 55 mK for a 2 cm
gauge length—see Eqs. S22 and ref. '°) and an average
amplitude spectral density (ASD) noise floor of 0.02
rad/v/Hz. A comparison of the (time domain) noise of an
unperturbed point with the signal on the hotspot is pre-
sented in Fig. 4a (the DC components of both signals are
removed for better visualization). The same comparison is
made in the frequency domain (Fig. 4b). Since the signals
from the hotspot and from the unperturbed point are
affected by white noise with a similar noise floor, the ASD
plot shows that the sensor does not present aliasing for
the applied perturbations. Finally, the measurements of
the developed scheme are compared with those of a
calibrated traditional ®OTDR sensor for a hotspot of
10m (see Supplementary Material, Section S5). This
experiment demonstrates (a) the accuracy/reliability of
the developed scheme and (b) its capability of measuring
perturbations ranging from a few cm to tens of metres (i.e.
hundreds of times larger than the spatial resolution, with
hundreds of radians in accumulated phase shift) with the
same optical setup, as expected.

Range expansion

The operation range of the proposed sensing scheme is
limited due to the need to avoid aliasing in detection. For
a given optical bandwidth (set by the spatial resolution),
extending the distance range implies increasing the
number of probe comb lines to reduce the optical spacing
between them (f;). Since the downconverted comb must
lie within an RF region that extends from dc to half the
optical line spacing (first-Nyquist zone), generating more
lines requires adjusting the frequency offset between the
combs to a sufficiently low value (to guarantee Nof< f,/2).
Because the frequency offset cannot be indefinitely
reduced (without dramatically slowing down the mea-
surement process), we cannot increase the density of the
comb lines at will. This fact eventually imposes a practical
limitation on the length of the FUT. However, it is pos-
sible to achieve km-length ranges by implementing a
dual-frequency-comb system working in a quasi-integer-
ratio mode (which hereafter we will abbreviate as QIR-
DFC system)®'. Some aspects of this technique are
detailed in Section S3 of the Supplementary material. In
our sensor based on the QIR-DFC scheme, the features of
the probe comb (optical bandwidth BW and line spacing f;)
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are determined by the targeted sensing performance,
while the LO comb has a similar bandwidth, but its line
spacing is a multiple of the probe line spacing plus a
frequency offset (M - f. + df). In the time-domain picture,
the operation principle of the proposed QIR-DFC system
can be understood as a process in which a slow-
repetition-rate comb is employed to interrogate the
FUT, while a comb that is M times faster acts as the LO.
This second comb can be visualized as a set of slower
interleaved combs; thus, the dual-comb system works
with M-fold multiplexed channels, leading to the acqui-
sition of M offset interferograms simultaneously®’. Then,
by demultiplexing this signal, it is possible to perform
dual-comb measurements using a probe with a very small
spacing without sacrificing the system speed. In the fre-
quency domain, the interference of the backscattered
comb with the LO produces an RF spectrum composed of
groups of lines (Nyquist zones) located around kf,
(k=0,1,2,...); thus, a downconverted version of the
modulated probe can be reconstructed from the first M
Nyquist zones (see Fig. S1). Thanks to the versatility of
our method to generate OFCs, the entire LO comb can be
shifted by an amount Jf with respect to the probe. In that
case, the condition to avoid aliasing in detection becomes
8f <M - f*/(2 - BW)??, implying an increase by a factor M
with respect to the usual condition required by conven-
tional dual-comb spectroscopy”. As in the simple time-
expansion mode, we control the spectral phase of the
combs to ensure that a high average power is sent to
the FUT. To illustrate the range expansion provided by
the QIR mode, we carry out strain sensing using an FUT
with a length of 1003 metres. The setup employed in this
experiment is slightly different from that used in the
previous section and described in the Supplementary
material (Fig. S2). The probe comb in this case is made up
of 25,000 lines with a line spacing f,= 100 kHz, which
provides a targeted sensing length of 1km and a spatial
resolution of 4 cm. The LO comb is composed of 500 lines
covering the same bandwidth (2.5 GHz); thus, the integer
factor M = 50. The difference df (which fixes the acoustic
sampling) is 40 Hz. In this experiment, we launch an
average power of 0.56 dBm into the test fibre, while the
peak power reaches 15.12 dBm, a value still below the
threshold above which modulation instability occurs.
Before the photo-detection stage, the probe average
power measured at one output of the optical coupler is
—17.4 dBm, while the peak power is ~1 dBm. The LO, in
turn, has an average and a peak power similar to those
employed in the setup for temperature sensing. The
photo-detected signal goes through a low-pass filter with
a cut-off frequency of 6 MHz. Examples of measured
traces can be observed in Figure S3, which shows an
estimated SNR of 9.3dB and good repeatability. The
mechanical perturbation is applied to the FUT over
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Az=4cm at z=952.5m. This section is stressed under
the effect of a shaker, driven by a sinusoidal signal with a
frequency of 5Hz. By applying the QIR reconstruction
algorithm (see Section S3 in the Supplementary material),
the strain Ae induced by the shaker is measured (Eq. S23
and ref. '°), as summarized in Fig. 5. A dynamic stress
map of the perturbed area is shown in Fig. 5a. The
maximum strain variation is 14 ue, and the sensitivity of
our system is 350 ne, which corresponds to a standard
phase deviation of 0.13 rad. Figure 5b shows a longitudinal
stress profile acquired at a particular instant of time
(6.2255). The frequency analysis of a vertical profile
located at 952.53 m over an acquisition time of 10s is
plotted in Fig. 5c. Two peaks can be observed in the
Fourier transform amplitude of that profile at 5 and 15 Hz
(first and third harmonic, respectively). The peak at 15 Hz
is attributed to the nonlinearity of the actuator. This result
confirms the capability of our QIR-DFC scheme to per-
form dynamic sensing measurements over 1 km.

Discussion

In summary, we have developed an entirely new concept
for arbitrarily expanding the temporal trace in coherent
@OOTDR sensing systems. We have improved by orders of
magnitude the number of sensing points (25,000) and the
ranging distance (1km) when compared to the results
experimentally demonstrated for quasi-distributed sen-
sing in ref. *®, This time expansion is similar to that
achieved by linear optical sampling (LOS) techniques®*,
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In standard LOS, a periodic test signal (usually featuring a
high-repetition rate) is sampled by a train of short pulses
with longer periods, which acts as a gate function. Due to
the repetition-rate difference, the sampling of the test
signal by consecutive short pulses requires many gating
periods. Thus, relatively slow detectors and low-
bandwidth electronics enable the measurement of high-
repetition-rate signals. A dual-comb system that generates
trains of optical pulses can be utilized to implement
coherent linear optical sampling with high time expansion
(CF = 104)23. However, if applied to ®OTDR, this scheme
would suffer from the limitations of the SNR derived from
the use of optical pulses. This is the reason why shaping
the temporal profile of the signals (through control of the
spectral phases of the combs) massively improves the SNR
while maintaining the linear optical sampling time
expansion.

Our time-expanded approach overcomes one of the
long-standing trade-offs existing in ®OTDR systems,
namely, the one existing between the spatial resolution
and detection bandwidth, allowing the achievement of
centimetre resolution with MHz RF bandwidths. How-
ever, to position the technology, its performance is com-
pared here (see Table 1) with that of state-of-the-art
distributed sensors that can operate in a similar spatial
resolution range (i.e. centimetres) and acoustic sampling
range (tens of hertz), namely, different types of coded
OOTDR and dynamic optical frequency-domain reflec-
tometry (OFDR). Traditional single-shot ®OTDR is

-
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Fig. 5 Strain sensing using the QIR-DFC technique over a 1 km fibre. a Dynamic stress map around the perturbed area. b Stress profile
experimentally obtained at a particular instant of time. As in the case of the results obtained for temperature sensing, the observed distribution is the
result of convolving the applied stress distribution by a rectangular resolution window, leading to a roughly triangular-shaped profile. ¢ Amplitude of
the Fourier transform of a vertical profile in a located at 952.53 m
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scale®®*3 (see Table 1). However, in all these cases, the
laser was required to linearly sweep over tens of nano-
metres, with specific controls and detection stages aimed
at guaranteeing it. In a somewhat intermediate config-
uration between the two sets of techniques, phase-
sensitive OFDR with an externally modulated probe
(8 GHz spectral content) demonstrated 12 cm resolution
over 950m and 6.25kHz acoustic sampling but still
required ~1 GHz (and two photodetectors) for detection.
The sensor presented a standard deviation of ~0.1 rad
(corresponding to ~100 ne) after fading suppression. This
result implies a performance closer to the one demon-
strated here but with a much higher detection band-
width**, The two experimental demonstrations developed
in this work showed spatial resolutions <4 cm, acoustic
samplings up to 40 Hz and a range up to 1km. In both
experiments, the amplitude spectral density noise floor
was ~0.02 rad/ v/Hz. One of the most salient features of
the developed technique is that the detection bandwidth is
reduced by orders of magnitude in comparison with the
probe bandwidth (a few GHz in our demonstrations,
corresponding to the spatial resolutions achieved) while
still showing a pure time-domain readout. On the other
hand, the main sacrifice of the technology is achievable
acoustic sampling, which is also reduced by orders of
magnitude in comparison with a typical time-domain
system. Nevertheless, for a large number of applications
(e.g. structure health monitoring in the aerospace, marine
or automotive sectors*’, diagnostics in industrial manu-
facturing applications*®, and borehole monitoring in
seismology and reservoir surveillance*’), the acoustic
sampling demonstrated here (40 Hz) may provide real-
time information. Overall, compared to other schemes
(see Table 1), the time-expanded system presented here
offers much less measurement complexity than that of
comparable @OTDR/OFDR systems (only one low-
bandwidth photoreceiver is needed) while still present-
ing comparatively high spatial resolution and acceptable
acoustic sampling for most applications. Note that the
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configuration presented in this paper does not avoid the
usual problem of fading in phase-OTDR configurations’.
However, the time-expansion method is definitely com-
patible with many of the fading suppression strategies
already presented in the literature, such as multi-
wavelength*® or multi-carrier probing®”. On the other
hand, although laboratory arbitrary waveform generators
(AWGs) with a high analog bandwidth are expensive
instruments, industrialized arbitrary waveform generation
can be developed, at a relatively low cost and even at
gigahertz speeds, by using field-programmable gate arrays
(FPGAs) and digital-to-analog conversion®’. Therefore,
with suitable engineering of the comb signal generation
stage, the potential cost of the system could be con-
siderably reduced in applications not requiring particu-
larly high acoustic samplings.

Materials and methods

The setup implemented for the time-expanded ®OTDR
sensor is shown in Fig. 6. Here, we provide details of the
system employed for temperature sensing using combs
with similar line spacings. We include a description of the
sensor based on the QIR-DFC scheme in Section S3 of the
Supplementary material. As can be observed in Fig. 6, the
light source is a continuous-wave laser (CWL) with an
ultranarrow linewidth (NKT Koheras Basik X15, line-
width <0.1 kHz). This laser seeds two comb generators,
each composed of an intensity Mach-Zehnder modulator
(MZM, Photline-MX-LN-10 for the probe and Oclaro
SD20 for the LO) driven by an AWG (2-channel M8195A
Keysight, with a 25 GHz analog bandwidth, a 65 GSPS
maximum output sample rate, a memory depth of 1.6
GSamples per channel and an 8 bit vertical resolution).
The process to generate a flat-topped frequency comb by
electro-optic modulation is briefly explained in the Sup-
plementary material (Section S2). Basically, tailored RF
signals are first computationally designed and subse-
quently generated with a single AWG. These signals are
real-valued; thus, their spectrum is composed of two
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Fig. 6 Experimental setup for time-expanded ®OTDR. OC: optical coupler. Osc.: oscilloscope. The remaining acronyms are explained in the text.
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symmetric complex-conjugated sidebands centred at f=0
Hz*’. After the modulation stage, the optical signals are
boosted by erbium-doped fibre amplifiers (EDFAs, AOC
MEDFA-17-0.5-FC). The probe comb is subsequently
filtered by a dense wavelength division multiplexer
(DWDM) to reduce the amplified spontaneous emission
introduced by the EDFAs. The resulting signal is launched
into 154 m of standard G.652 optical fibre. The back-
scattered signal from this FUT is collected by an optical
circulator and then amplified by another EDFA. To
ensure a correct downconversion upon detection, one
sideband of each comb is suppressed by means of optical
tuneable bandpass filters (TBPFs, Yenista XTM-50). The
TBPFs also filter out part of the amplified spontaneous
emission introduced by the EDFAs. The interference
between both combs is detected with the aid of a balanced
photodetector with a bandwidth of 100 MHz (BPD,
Thorlabs PDB 410 C). The generated electrical signal is
externally bandlimited by a low-pass filter with a cut-off
frequency of 2.5 MHz and digitized by an oscilloscope (8-
bit 13 GHz model Agilent DSO91304A). Since the RF
spectrum within the first-Nyquist zone extends over
200 kHz, an acquisition card with a much lower speed
may be used instead. Several polarization controllers
(PCs) are included in the setup to maximize the inter-
ference signal.

To perform temperature sensing, the structure of the
employed FUT has two metallic wires embedded into the
fibre cabling. These wires run parallel to the optical fibre,
all along the distance. By flowing an electrical current
through the wires, Joule heating can induce a temperature
change in the fibre (see Fig. 6). To create localized heating
in this case, access to the wires is created with a separation
of ~2 cm, and a current is flown through the 2 cm section.
The current is modulated to create periodic heating-
cooling cycles once a stable temperature is reached. Since
the wire section is basically homogeneous along the dis-
tance, the resistance per unit length can be assumed to be
constant. Thus, for a given current flow, the power dis-
sipation (and hence the temperature) can also be assumed
to be constant along the distance over which the current
is flown. The temperature modulation induced in the fibre
as a function of the current is calibrated using chirped-
pulse phase-sensitive reflectometry’” (see Section S5 in
the Supplementary Material).
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