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It has been more than 40 years since the first demonstrations
of a new class of optical sensor enabled by long lengths of low
loss optical fibers. These included acoustic sensors, gyroscopes, and
distributed temperature and strain sensing as well as various fiber
coupled transducers that extended fiber sensitivity to other applica-
tions such as measurement of pressure and magnetic fields. Only a
decade later, during the 1980s the first proposals to use fiber Bragg
gratings (FBGs) as strain and temperature sensors within lengths
of fiber were made.” In the years following these innovations, this
first generation of optical fiber technologies was commercialized
and is now found throughout many industries, including aerospace,
defense, security, civil engineering, and the oil and gas industry.
Today, optical fiber sensors comprise a $1 billion global market.

As this first generation of optical fiber sensors has reached
maturity, more recent developments in photonics have resulted in
the possibility of a new generation of distributed optical fiber sen-
sors. Critical to these advances is the ability to measure phase and
coherent properties of light scattered through long lengths of opti-
cal fibers. As with the previous generation of distributed sensors,
developments in optical fiber telecommunications has helped enable
the next generation of sensors. Key innovations have been the
development of improved distributed interrogation techniques such
as Optical Frequency Domain Reflectometry (OFDR) and coher-
ent Optical Time Domain Reflectometry (OTDR) suitable for Dis-
tributed Acoustic vibration Sensing (DAS). Over the past two
decades, the improvements in these techniques have been combined
with innovations in sensor fibers such as twisted multicore fiber and
fiber with continuously enhanced scattering over kilometer lengths.
The combination of these technologies has led to sensing modali-
ties that go beyond the earlier sensor types. These include optical
fiber shape sensing and precise, phase sensitive distributed acoustic
sensing over many kilometers.

A common thread in these methods is the enormous volume of
data that can be collected from continuous distributed fiber sensors.
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This has led to the demand for new algorithms to convert this data
into useful sensing signals. In analogy with the extensive use of deep
learning and artificial intelligence methods used with various imag-
ing technologies, these new sensors will drive the development of
new algorithms from the data science community. More generally,
the use of next generation sensor interrogators and enhanced optical
fiber sensors has led to the possibility of accumulating vast, real-time
databases of acoustic and other measurands throughout fiber net-
works and within industrial and medical settings that use optical
fiber. These developments promise significant impact on applica-
tions such as the design of future smart cities and a global “internet
of things” (IoT), which will bring even more widespread use of dis-
tributed fiber sensing.” * As part of this trend there is increased
interest in the merging of multiple sensor inputs, or multisensor
fusion, using machine learning and other data science techniques,
to provide meaningful data for prediction and control within com-
plex systems.” ~ Such sensor fusion algorithms will also benefit from
the wealth of data offered by distributed optical fiber sensors.

Two distributed sensing applications stand out in this context.
The first is optical fiber shape sensing, which acts over meters of
fiber, and the second is distributed acoustic sensing (DAS), which
acts over many kilometers of fiber. Both methods rely on elastic opti-
cal backscattering signals, and in both methods significant improve-
ments have been made possible with enhanced sensing fibers and
interrogators.

In optical fiber shape sensing the goal is to reconstruct the
entire shape of an optical fiber using only the optical signals
backscattered from light propagating in the fiber cores. Shape
reconstruction has great potential in many applications, including
medical, industrial, and structural health monitoring. Since the fiber
is passive, biocompatible, and immune to electromagnetic interfer-
ence, it has great utility for many medical applications. The trend
toward high precision robotic surgical procedures is a key driver
for shape sensing. Fiber shape sensing promises to revolutionize
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medical instrument use because of its ability to track the precise loca-
tion of medical instruments inserted into the body during nonin-
vasive surgery, """ and sensor fusion algorithms that combine fiber
sensors and traditional ultrasound inputs using data science tech-
niques such as convolutional neural networks are being discussed."”
Moreover, with the increased interest in medical applications that
have multimodal functionality, adding instrument shape to the set
of measurements will allow guidance, position, force measurement,
and even the measurement of fine scale texture.

While conventional discrete fiber Bragg grating arrays have
been applied to this demanding task, such arrays have limited spa-
tial resolution and are typically limited to a small number (10-20)
of sensing points determined by wavelength division multiplexing
within the telecom C and L bands. As a result, the older generation
of FBG arrays are limited to sensing of bend and force over rela-
tively short lengths of fiber, and there has been demand for a new
generation of fibers suitable for shape sensing.

Rigorous, full shape reconstruction requires knowledge of the
local bend and twist along the fiber with high resolution.'”'*'® The
local state of bend and twist of an optical fiber can be obtained from
measurements of the axial strain across the fiber cross section. As a
result, shape sensing requires the use of multicore optical fiber. Mea-
surements of axial strain must be made in four or more fiber cores
along the entire length of the fiber. Moreover, the outer cores of the
optical fiber must twist around the center core in order for the fiber
to be sufficiently sensitive to local twist. The typical spatial resolu-
tion required for shape reconstruction is less than 1 mm. For typical
lengths of optical fiber of 1 m or more, a single core has more than
1000 points, far beyond the capabilities of traditional FBG sensing
arrays.

The interrogation technique that allows for such high density
sensing is very different from traditional intensity based spectral
interrogation used with Bragg grating arrays where only discrete
points can be measured. To obtain nearly continuous high resolu-
tion measurements along the fiber cores, the interrogators use swept
wavelength interferometry (SWI), also known as optical frequency
domain reflectometry (OFDR). This method is similar to that used in
optical coherence tomography imaging. However, because the light
is guided in a fiber core, it is possible to make precise, high reso-
lution measurements over lengths in excess of 10 m. Telecom band
tunable laser technology has been adapted to fulfill the requirement

OFDR
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of a narrow linewidth, precisely tunable source. Significant develop-
ment over the past two decades has given rise to OFDR devices that
have spatial resolution down to 10 ym along an optical fiber core
(see for instance the LUNA, Inc. OBR). While such measurements
may be applied directly to Rayleigh backscattering, greatly improved
system performance can be achieved if a continuous weak grating is
inscribed along the length of the fiber core.' In effect, the OFDR
technique converts a continuous grating into an array of sensors
with a sensor length set by the OFDR bandwidth. Figure 1 shows a
schematic image of the resulting twisted multicore optical fiber. Also
shown is an illustration of the shape reconstruction of an optical
fiber twisted around a post.

For sensing systems operating over kilometer lengths, Dis-
tributed Acoustic Sensing (DAS) is showing significant promise and
has also undergone a significant degree of development over the past
20 years."”'" In DAS, the entire optical fiber, sometimes as long as
40 km, can turn into an acoustic sensor or extended microphone.
As with OFDR, recently developed techniques can efficiently record
phase sensitive measurements of backscattered light. Instead of the
frequency domain, DAS performs phase sensitive measurements in
the time domain. Such OTDR measurements are well known from
fiber telecom systems and are used to measure fiber attenuation
and the locations of discrete losses in the fiber. In coherent OTDR,
the pulses are modulated and carved from a very stable, low phase
noise, low linewidth laser, typically with linewidths less than 100
kHz. Successive pulses are compared with either optical or digi-
tal methods to obtain the evolution of optical phase or pathlength
along the fiber as a function of time. Differential measurements
between pairs of pulses can then give a snapshot of any acous-
tic disturbance along the entire optical fiber. With modern inter-
rogators, such DAS systems have been made sufficiently sensitive
to measure automobile and foot traffic, trains, and other distur-
bances near the optical fiber. Recent measurements have shown that
an entire optical fiber telecommunications network can be trans-
formed into a wide area sensor of any disturbance near the telecom
fibers."” In other applications, it has been shown that such systems
can measure seismic disturbances. Such applications can have a sig-
nificant impact on discovery and management of oil and gas reser-
voirs as well as the maintenance of wells and pipes that service these
assets.”’ DAS has even been shown to be sensitive enough to measure
earthquakes.”'

FIG. 1. Fiber shape sensing: Distributed
sensing of more than 4000 points per

| meter of fiber. (a) Specially designed
|80 twisted multicore fiber with continuous
[70 weak gratings in all cores that allow
["e0 for rapid high precision shape sensing.
["s0 (b) Demonstration of shape reconstruc-
Fa0 tion of a fiber (yellow) wrapped around
I 30 a post (left) using OFDR interrogation.
F 2 The reconstructed shape is shown on the
P right.
o TTT~ 0
15105
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Much like OFDR applications, DAS applications benefit greatly
from an increase in optical signal to noise ratio. As with shape sens-
ing, it is possible to treat optical fibers with ultraweak exposures to
increase the backscattering signal substantially. The resulting sig-
nal to noise in the acoustic domain can be increased by more than
an order of magnitude.”” Such enhanced scatter fibers have the
potential to open new areas of sensing. The possibility of monitoring
structural health of buildings, pipelines, rail links, and other criti-
cal linear assets promises to be a critical component of future smart
cities. Moreover, the increased signal to noise of these next gener-
ation acoustic sensing fibers promises to greatly decrease the cost
of the optical interrogation methods used in DAS as well as allow
wide field sensing that may be transformative in seismic sensing and
monitoring of earthquakes.

At the same time that distributed sensing technologies like DAS
and shape sensing become more mature, there has been increas-
ing interest in the application of advanced tools of data science in
photonics, particularly for imaging.”” These trends hold promise for
a host of new applications in distributed sensing as well.”* ** Dis-
tributed sensing can generate enormous volumes of real time data.
The number of sensing points in a single strand of distributed sen-
sor fiber can exceed 1000, and readout speeds for the entire system
can exceed 1 kHz. Reducing this data to meaningful sensor outputs
requires many layers of analysis. Detector outputs must be con-
verted into phase and then to strain variations in time and space.
The use of enhanced fibers makes this analysis significantly more
tractable. However, as such systems become more complex at var-
ious levels of analysis, data processing approaches that use deep
learning techniques promise to bring still greater efficiency. Prac-
tical applications will require the reduction of gigabytes of data per
second into recognizable events such as gas leaks, car traffic, struc-
tural health, shape change of surgical devices, security intrusions,
and even signs of impending earthquakes. The full potential of dis-
tributed fiber sensing will be realized when a new set of machine
learning and data fusion techniques are successfully applied to these
new data. This interdisciplinary challenge will bring together the
fields of photonics and data science in new ways to solve real world
problems.

Enhanced distributed sensing systems will play a key role in
sensing of linear assets and medical systems throughout many appli-
cations and industries. The emerging research on the use of data sci-
ence in sensing promises a new generation of sensors that will enable
systems from robotic surgery to smart cities and the internet of
things. As the photonics research community embraces approaches
such as machine learning and artificial intelligence to analyze com-
plex optical data, a new set of tools for distributed fiber optic sensing
will emerge. APL Photonics is a cross-disciplinary journal that is
ideally suited to researchers publishing in this area of research.
The editorial team is excited about receiving your contributions to
the fast growing body of work on the fusion of data science and
photonics.
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