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including wideband spectrum demodulation of the sensing signals and real-time fault monitoring of
fiber links are presented. Moreover, several typical applications of the FOSN are also discussed, such
as the fiber optic gas sensing network, fiber optic acoustic sensing network, and strain/dynamic strain
sensing network.

Keywords: Fiber optic sensor network; fiber optic sensor laser; intelligent management; fiber optic gas sensing;
fiber optic acoustic sensing; fiber optics strain sensing

Citation: Deming LIU, Qizhen SUN, Ping LU, Li XIA, and Chaotan SIMA, “Research Progress in the Key Device and Technology for
Fiber Optic Sensor Network,” Photonic Sensors, 2016, 6(1): 1-25.

1. Introduction the bloom of optical fiber sensors and the tidal wave
of Internet of Things (IOT), the fiber optic sensing

Due to the distinct advantages of light weight, network is becoming an inevitable tendency for the
small size, high sensitivity, immunity to sensing industry [1]. Especially for the application
electromagnetic interference, and ease to network, areas requiring multipoint and large area
fiber optic sensors have been intensively studied for measurement, such as structural health monitoring
measuring  numerous  parameters  including and geophysical surveying, the fiber optic sensing
temperature, strain, refractive index, vibration, networks are ideal solutions. For a typical fiber optic

displacement, etc. in the past 40 years. Along with sensing network, the fiber sensors can be
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multiplexed by specific schemes, including time
division multiplexing (TDM), wavelength division
(WDM),
multiplexing (FDM), coherent division multiplexing
(CDM), and space division multiplexing (SDM)
[2-6]. Recently, following the development trend of

multiplexing frequency  division

the large capacity, long distance, and high resolution
of the fiber optic sensing network, the hybrid of
above multiplexing schemes are intensively studied.
By exploring high-performance light sources and
demodulation modules, the information of each
sensor unit can be interrogated, enabling the
corresponding sensing parameters to be detected.

Stable and compact light sources, with wide
bandwidth, multiple and seclective operating
wavelengths, ultra-short pulse width, high output
power, or other special properties, are essential for
the fiber optic sensing network to support specific
multiplexing schemes. As a promising candidate of
specialized light sources, fiber lasers have attracted
considerable attention due to their overwhelming
advantages of compatibility toward fiber, flexibility
in wavelength control, high beam quality, low
pump-power requirements, and reliability in harsh
environment [7].

In addition, the

especially the survivability of the fiber optic sensor

intelligent management
network, is also important. For example, the fiber
optic sensor networks usually work in harsh
environment with large temperature difference, high
pressure, strong magnetic field, etc. Thus, the fiber
fracture could happen occasionally [8], while it may
cost much time and manpower to locate the fiber
breakpoint in the sensor network with the large
coverage area and complex structure [9]. Therefore,
automatic and precision fiber fault locating
techniques should be developed.

In this paper, we review the efforts to advance
the fields of fiber optic sensing networks. (1) Firstly,
a brief description of various multiplexing schemes
provides some insight into the advantages and

remaining challenges of them. Then, we expect to
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build up a highly adaptive fiber optic sensor network
(FOSN)  with
parameters/functions/mechanisms integration, by
hybrid WDM/TDM  multiplexing
techniques and matrix topology architecture similar

large  capacity and multi-

employing

to the fiber communication passive optical network
(PON). Consequently, on account of a selected
hybrid TDM/WDM/FDM scheme, a novel sensing
network with linear typology along a single fiber is
established, mainly focusing on ultra-large capacity,
and high
performance. (2) Secondly, as the most important
device of the FOSN, several kinds of fiber laser,

including the wideband multi-wavelength fiber laser

long distance, resolution sensing

operating at C band, switchable and tunable 2 um
multi-wavelength fiber lasers, ultra-fast mode-
locked fiber laser, and optical wideband chaos
source, are explored to meet the requirements of the
FOSN. (3) Thirdly, intelligent
techniques of the FOSN,

bandwidth, high resolution, and high speed optical

management

including the wide

spectrum demodulation, as well as the real-time and

precisely fault monitoring of fiber link are
performed. (4) Finally, several typical applications
of the FOSN are discussed, including the fiber optic
gas sensing network, fiber optic acoustic sensing
network, and quasi-distributed static/dynamic strain
sensing network.

2. Networking technology of the fiber
optic sensors

Accompanied by the development of fiber optic
communication technologies, fiber optic sensing
technologies are greatly improved. At present, the
reported FOSN techniques are mainly focused on
the various sensor multiplexing schemes, including
WDM, TDM, SDM, FDM, and CDM, or the

combinations of them.
2.1 Single division multiplexing schemes

TDM is the simplest and earliest reported
multiplexing scheme, in which the fiber sensors in
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the sensing link are usually arranged by the
cascaded way with a delay line inserted between two
adjacent fiber sensors to separate them in time
domain. Differed by the time delay to receive the
sensing signal, different fiber sensors can be
distinguished and located. Many researchers have
been focused on increasing the capacity and the
spatial resolution of the TDM scheme. For instance,
the capacity of the fiber Bragg grating (FBG) based
TDM scheme has increased from tens to hundreds
points in the past decades [10-12]. Recently, Q. Z.
Sun and C. Y. Hu separately reported the TDM
ultra-weak FBGs and

demonstrated an FOSN along a single fiber with

technique based on
over 1000 sensors [13, 14]. However, limited by the
topological structure and time slot based locating
method, the spatial resolution of the TDM scheme is
still limited.

The WDM scheme has been very mature in the
wavelength encoded fiber sensors. Optical fiber
sensors always occupy a particular bandwidth of the
light spectrum. By using a broadband light source
and allocating different bandwidths to the fiber
sensors, different fiber sensors can be distinguished
through the wavelengths of sensing signals. For the
FBG sensor network, the capacity of the WDM
sensing network is usually limited to only several
dozen, decided by the wavelength range of the light
source and bandwidth allocated to each FBG [15,
16].

The most important and typical technique of
FDM is the frequency modulation continuous wave
technique (FMCW), which is also called the optical
frequency domain reflector (OFDR). By employing
the narrow linewidth light source and high speed
acquisition setup, the OFDR can realize a very high
spatial resolution and large capacity. Kazumasa
Takada reported a high spatial resolution of 850 um
with a fiber optic frequency encoder in 1992 [17].
Brooks A. Chiders achieved a test with 3000 FBGs
distributed on four 8-meter fibers. However, the
system cost is relatively high, and the application in

the long-distance detection is limited [18].
The CDM
interferometric fiber sensors like the Mach-Zehnder

technology  multiplexes the

interferometer, Michelson interferometer, and the
Fabry-Perot (FP) interferometer. This technique was
first proposed by Brooks in 1985 [19]. However, it
requires a compensating interferometer for each
sensor to realize demodulation, which cannot satisfy
the requirement for large capacity applications.

Besides, sensors on different fibers can be
multiplexed through the optical switch and optical
coupler in the SDM scheme. Y. J. Rao came up with
a spatially multiplexed fiber sensing system and
realized 32 FBGs multiplexed [20]. The topological
structure for SDM is quite complex, and the speed is
limited by the optical switch.

2.2 Hybrid schemes of different multiplexing
formats

From the above discussion, single multiplexing
schemes cannot satisfy the great demand of large
capacity and high spatial resolution. Combination of
different multiplexing schemes together is an
effective way to improve the performances of the
FOSN [21, 22]. Here we mainly discuss two hybrid
multiplexing schemes for flexible or ultra-large

capacity sensor units accessing to the sensor network.

2.21 Hybrid sensor passive optic network
(HSPON) with flexible access [23, 24]

Most of us are familiar with the topology of fiber
to the X (FTTX), which consists of the optical line
terminal (OLT), the optical distribution network
(ODN), and the active optical network units (ONU).
The downstream is broadcasted from OLT to every
ONU, while the wupstream is directionally
transmitted from certain ONU to OLT. According to
this configuration, we proposed the architecture of
fiber optic sensor PON (SPON), as displayed in Fig.
1. The SPON is also composed of three main parts,
including OLT, ODN, and optic sensor units (OSU).
different with the
communication PON. Firstly, the transmission data

However, it is optical



from OLT are always analog and is broadcasted to
every OSU from ODN. Secondly, the OSU is always
passive due to the characteristics of the optical
sensor. Hence, in order to make the SPON work
effectively, the OSU should be of self-feedback, i.e.
it can reflect the modulated signal which carries the
sensing information to the OLT through the ODN,
and then the modulated signal can be demodulated
at OLT to achieve the sensing parameters. In this
OSUs
multi-structures, and also multi-points, provided that

network, the can be multi-functions,
the OLT can provide appropriate light source and
signal demodulation processing. Therefore, the
SPON is of large capacity, good adaptability, high
extendibility, and great flexibility as the fiber

communication PON [23].
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Fig. 1 Schematic diagram of the SPON architecture [23].

Figure 2 presents a typical hybrid TDM/WDM
multiplexing SPON (HSPON). The TDM is realized
by employing fiber delay lines of different lengths in
different links, and the WDM is achieved by the
WDM device connected to every OSU. The OLT
generates high-power and wideband pulse light,
which is transmitted to each OSU through the
TDM/WDM distribution network, and then receives
the sensing optical signal from OSUs. Assuming that
the number of the wavelength channels is m, the
number of time-domain channels is », and the total
number of the sensing units is m>n. m is determined
by the spectrum bandwidth of super luminescent
diode (SLD), and the channel interval of WDM and
etc., while n is limited by the power of the light
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source and the optical link loss. According to the
performance of the commercial devices, the capacity
of the HSPON can reach 8X32=256 [24]. In this
configuration, OSU can be interferometer based
vibration sensor, optical spectrum absorption based
gas sensor, and Faraday effect based -circulator
sensor, etc. Therefore, the HSPON can be widely
utilized in many application fields such as
multi-zone monitoring, multi-parameter detection,

and multi-function monitoring [23].

Fig. 2 Schematic diagram of the configuration of the
HSPON [24].

2.2.2 Fiber optic microstructure based hybrid
WDM/FDM/TDM sensor network with ultra-high
capacity access

We further proposed a fiber optic microstructure
based hybrid WDM/FDM/TDM sensor network for
further expanding the capacity and improving the
practicality. ~ The  structure  and  spectral
characteristics of the microstructure are presented as
Figs.3(a) and 3(b), respectively [25]. Actually, it is
an FP interferometer composed of two closely
FBGs with

ultra-weak reflectivity. Then, the typical spectrum of

spaced and identical ultra-short

the microstructure is a low reflective Bragg
reflection spectrum modulated with certain resonant
periods which is defined as the frequency of the
microstructure. It is obvious that the microstructures
encoded with different

can be wavelengths,

frequencies, and time, which are realized by

choosing different central wavelengths of FBGs,
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different spatial distances between the FBGs pairs,
and delay fiber with a certain length. The measurand
affected on the microstructure can be demodulated
from the wavelength shift of the spectrum. Hence, it
has a great potential for large capacity multiplexing
by using hybrid WDM/FDM/TDM along a single
fiber. As shown in Fig. 3, the microstructures are
divided into several time groups through the delay

fiber. In every time group, the microstructures are
hybrid WDM and FDM. Defining the multiplexing
numbers of the WDM, FDM, and TDM as M, N, and
0, respectively, the total network capacity should be
M*N*Q, which could be significantly enhanced

compared with other multiplexing schemes.
Delay fiber

TDM

i (5] 5] 1
]

Fig. 3 Schematic diagram of the hybrid WDM/FDM/TDM
fiber sensor network [inset: (a) configuration and (b) reflective
spectrum of the microstructure].

Assuming that the scanning bandwidth of the
system is set as 80nm from 1510nm to 1590nm, the
working bandwidth budget of the sensors is optimized

Input

Loop mirmr'l/’ A
ﬂ
—
A,
L, ‘_j

.00p mirror 2

[ Yooz
\ 0C 21

L I

ocC
OcC 12
B‘lpi.l.t

(b)

to 2.5nm. Hence, the number of WDM (M) will be
more than 32. Meanwhile, and there is a trade-off
between the TDM and FDM channels, due that more
microstructures with FDM in one time group means
higher total reflectivity of the group and then will
limit the TDM number. Therefore, the optimized
capacity of hybrid TDM and FDM, i.e. N*Q, could
1000 when the reflectivity of the
microstructures is 0.04% [13]. Consequently, the

reach to

total capacity of the three-dimensional hybrid
multiplexing FOSN could be greatly improved to an
ultra-large amount of 32000.

3. Specialized light sources for FOSN

3.1 Multi-wavelength fiber lasers operating at C
band

Multi-wavelength fiber lasers possess versatile
applications in dense WDM systems for expanding
the capacity of the sensing network, as well as
the
multichannel all-fiber filters play crucial roles in the

developing remote sensing. Appropriate
implementation of multi-wavelength lasing. So far, a
lot of all-fiber filters, such as equivalent Lyot
birefringent fiber filters [26], fiber Sagnac loop
mirrors [27], Mach-Zehnder interferometers [28],
Fabry-Pérot filters [29], cascaded long-period fiber
gratings [30], and chirped or sampled fiber gratings
[31], have been selected as intra-cavity comb filters
to successfully achieve stable multi-wavelength

lasing oscillations at room temperature.

=0
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]

Fig. 4 Characteristics of the MFP: (a) configuration diagram, (b) equivalent model, and (c) comb reflection spectrum [35].



Recently, several kinds of micro/nanofiber
(MNF) based fiber lasers have been demonstrated
for the miniaturization of fiber-optic components or
devices [32-34]. Especially, the microfiber Fabry-
Pérot (MFP) filter acting as a comb filter paves
another way to implement multi-wavelength lasing.
Figures 4(a) and 4(b) show the configuration
of the MFP,
respectively, where the coupling regions can be

diagram and equivalent model

regarded as optical couplers (OCs) owing to the
evanescent coupling between adjacent microfibers.
Benefiting from the all fiber and compact size of the
Sagnac loop mirror structure, the MFP presents
excellent comb filtering spectrum as depicted in Fig.
4(c), with high extinction ratio of about 15 dB,
narrow 3 dB linewidth of each channel of only 55pm,
and the channel flatness better than 2dB within the
broad bandwidth from 1510nm to1590nm [35].
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Fig. 5 Characteristics of the MFP based fiber laser:
(a) schematic of the multi-wavelength fiber laser [inset:
micrograph of the microfiber and (b) typical multi-wavelength
lasing output [35, 36].

The corresponding multi-wavelength fiber laser
is schematically depicted in Fig. 5(a), where the
MFP is served as the multi-wavelength selector and
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highly non-linear fiber (HNLF) is utilized to
suppress the mode competition induced by the
erbium doped fiber (EDF).
wavelength lasing output is illustrated in Fig. 5(b).

A typical multi-

Up to 42 simultaneously lasing wavelengths with a
wavelength spacing of 0.18 nm are obtained. The
3dB linewidth of each channel is about 25pm, and
the side-mode suppression ratio (SMSR) is more
than 35dB [35]. Further, by moving the translation
stages to mechanically adjust the cavity length of the
MEFP,
channels-numbers of the multi-wavelength laser can

the wavelength-spacing as well as the

be continuously tuned [36].
3.2 Switchable and tunable multi-wavelength
fiber lasers operating at the 2 pm region

Recently, interest of operating wavelength
among fiber lasers has been transferred from C band
and L band to the 2 um region, for the reason that
infrared fiber lasers demonstrate intriguing advantages
in atmospheric transmission, hydrocarbon gas
sensing, laser lidar, and eye safety [37, 38].
Additionally,

wavelength fiber lasers mainly employ overlap

switchable and tunable multi-

cavities or polarization hole burning (PHB) to
control or adjust the properties of wavelength and
therefore to achieve wavelength switching.
According to the two basic theories, various
methods have been proposed and reported, such as
cascaded FBGs [39], highly birefringent (Hi-Bi)
fiber loop mirrors [40], Sagnac loop mirror [41],
fiber Bragg gratings (FBGs) written in Hi-Bi fibers
[42, 43], and acoustic waves [44]. In the following,
of switchable and tunable

multi-wavelength fiber laser operating at the 2 um

two typical kinds

region, which adopt the above methods in the
Tm-Ho co-doped fiber (THCDFL), are
introduced.

laser

3.2.1 Design of the Sagnac loop as the comb
filter [45]

Figure 6 illustrates the simple configuration of
multi-wavelength lasing based on the Sagnac comb
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filter and Tm-Ho co-doped fiber (THCDF) coiling
round the plates of three-loop polarization controller
(PC), where the comb filter is a Sagnac loop mirror
composed of a piece of polarization maintaining
fiber (PMF) and a 3 dB coupler. The polarization
hole burning can be obtained without polarization
maintaining-Tm-Ho co-doped fiber (PM-THCDF)
and avoids the splice loss between the PM-THCDF
and single mode fiber. The comb filter which
consists of PMF and PC is effective to suppress the
wavelength competition at temperature.
Tunable of different
positions can be achieved by simply adjusting PC.

room

multi-wavelength lasing

1570nm
pump 1550/2000nm _'_\'I‘[)I-' coiling round the
¥ WDM #plates of three-loop PC
— 3 () A
| e e . | output
L= — e o l
A PC A ; PC ,% Y
) e = o\
PMF" i e
‘ - 3dB = |
J \_ coupler

Fig. 6 Schematic of the proposed multi-wavelength THCDF
laser based on the Sagnac comb filter [45].
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Fig. 7 Spectra of the multi-wavelength lasers with PMF [45].

Figure 7 presents the spectrum of the
multi-wavelength lasers with PMF. It can be seen
that stable seven wavelengths with the smallest
wavelength spacing of 0.65 nm are obtained. The
shortest and longest wavelengths are 1868.4nm and
1872.7nm, respectively. The SMSR is about 35dB
with the maximum peak power of -53 dBm at

around 1871.2nm. The number of the wavelength

and the channel spacing can be tuned by adjusting
the angle of PC, for changing the birefringence and
phase difference in the Sagnac loop.

3.2.2 Design of the parallel cavities based on 3x3
coupler [46]

The configuration of the switchable and tunable
dual-wavelength fiber laser at the 2 pm region is
schematically shown in Fig. 8. The laser topology is
based on the parallel connection of FBGs using a
3x3 coupler which acts as two individual cavities, so
that the dual wavelengths are tunable and switchable
by adjusting the central wavelength of FBGs and the
cavity losses.
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Fig. 8 Configuration of the switchable and tunable
dual-wavelength fiber laser around 2 pm [46].

The dual wavelengths enjoy the same gain
medium by the parallel connection of FBGs.
Introducing lower losses for one wavelength will
cost some gain for another wavelength, and thus, the
output laser can be switched from one wavelength
lasing to another or dual-wavelength lasing together
by adjusting the variable attenuator (VA) and pump
power. Figure 9 shows the laser operating in
switching mode.

The dual-wavelength of this laser is dependent
on the central wavelengths of the FBGs. Changing
the central wavelengths of the FBGs by strain or
temperature will tune the wavelength of output laser.
Figure 10 shows the tunability of the laser by strain
tuning the FBG1 and FBG2 individually. Tuning
ranges of 6.5nm (1890.6nm — 1897.1nm) and 4nm
(1919.4nm — 1923.4nm) are obtained, respectively.



The period and the reflectivity of FBGs will be
changed when tuning the central wavelengths of the
FBGs by strain.
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Fig. 9 Output spectra when laser operates in the switching

mode [46].

1890.6 nm 18971 1mn

Power (dBm)

1880 1890 1900 1910 1920 1930
Wavelength (nm)
(@)
1919.4 im
[\iri1923.4nm
I

Power (dBm)

1900 1910 1920 1930
Wavelength (nm)
(b

Fig. 10 Output spectrum of the dual-wavelength fiber laser
when strain tuning the (a) FBG1 and (b) FBG2 [46].
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3.3 Ultra-fast mode-locked fiber lasers

Mode-locked fiber laser has the potential for a
spectrally bright pulsed broadband source that can
be used for interrogating in the fiber sensor network.
The light source is made from relatively low-cost
fiber-pigtailed off-the-shelf components and does
not require an optical modulator to achieve
ultra-short light pulses [47]. Thus far, single-
wavelength ultrafast fiber lasers have been

investigated  theoretically and  demonstrated
experimentally [48-52].

Multi-wavelength mode-locked fiber lasers have
also been widely explored by using actively and
passively mode-locked mechanisms in different
wavelength regimes (1 um, 1.5 um, and 2 pm)
[53-57]. Compared with the actively mode-locked
fiber lasers, passively mode-locking fiber lasers are
technically easy to operate and compact in structure
as well as has low jitter in performance. Recently,
mode-locked fiber lasers have attracted a great deal
of interest due to their compact size and high
flexibility for both pulse width and repetition rate.
Therefore, this kind of fiber lasers possesses a
flexible application in the TDM-based sensing
network. Especially, the ultrashort pulse width

contributes to the improvement in the spatial

resolution.
Output port 1480 nm pump
10% tap 180 WDM
Hybrid module
| Transmitted §
L SESA EDF
PC

Fig. 11 Schematic of the passively mode-locked fiber laser
[58].
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Fig. 12 Characteristics of the passively mode-locked fiber laser:
(a) optical spectrum of the 2nd-order harmonic mode-locked

DSs [inset: the corresponding autocorrelation trace] and
(b) corresponding oscilloscope trace [inset: the RF spectrum] [58].

High repetition rate dissipative soliton (DS)
pulses are generated in the normal-dispersion
erbium-doped fiber lasers mode-locked by a
transmitted semiconductor saturable absorber
(SESA), as schematically depicted in Fig. 11. The
wavelength division multiplexer/isolator/tap hybrid
module (WDM/isolator/tap hybrid module) plays a
crucial role in shortening the cavity length for
achieving a high fundamental repetition rate. As a
result, through tuning the pump power and
appropriately adjusting the intra-cavity polarization
state, 2nd-order harmonic mode-locked DS pulses
are obtained as illustrated in Fig. 12. The rectangular
optical spectrum of these DS pulses is shown in Fig.
12(a) with a 3-dB bandwidth of 7.5 nm, and the
autocorrelation trace depicted in the inset declares a
pulse width of 4.9 ps if a Gaussian pulse shape is

assumed. Thus, the time-bandwidth product is 4.6,

indicating that these DS pulses are strongly chirped.
Figure 12(b) and its inset show the oscilloscope
trace and radio frequency (RF) spectrum,
respectively. The harmonic repetition rate is fixed at
258 MHz, and two pulses coexist in a cavity
round-trip interval of 7.7 ns, which agree well with
the cavity length. The average output power of
fundamental mode-locking is around 6.6 mW with
the pulse energy of 25.5 plJ. The strongly chirped
could be

femtosecond pulses through chirp compensation,

pulses potentially compressed to
which provides a possibility for achieving ultrashort

pulsed light source with high repetition rate [58].
3.4 Optical broadband chaos

Optical chaos has been widely applied to fiber
fault monitoring [59-61] and fiber sensing [62-66].
The study of optical chaos has lasted for nearly half
a century. By introducing an optical feedback into a
semi-conductor laser, the laser output is no longer
stable, but it shows the property of small random
fluctuation in intensity, wavelength, and phase, i.c.
chaotic state. With the noise-like property, the
correlation of optical chaos has the characteristic of
Dirac function, making it extremely suitable for
applications in fiber fault locating. Moreover, as the
amplitude of the correlation is determined by the
intensity of the optical chaos, intensity demodulation
in fiber sensing networks can also be achieved at the
same time.

The experimental setup of an optical broadband
chaos is shown in Fig.13. A semiconductor optical
amplifier (SOA) ring structure with an isolator (ISO)
acts as the chaotic light source. The SOA has the
parameters of central wavelength (1500nm), optical
bandwidth (74nm), saturation output power (14mW),
and the small signal gain (13dB). The 80:20 optical
coupler (OC1) provides 20% feedback and 80%
output. The polarization controller (PC) is used to
adjust the polarization of the light into the SOA, and
the erbium doped fiber amplifier (EDFA) can
enhance the power of output chaos. A 99:1 optical
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coupler (OC2) provides 1% transmission light as the
reference signal and 99% transmission light as the
detected signal. The circulator assures that the return
signal can be detected. Two photon detectors (PDs)
with 1 GHz bandwidth are used in the correlation
detection [61, 65].

ISO

Optical broadbhand
chaos light source

EDFA

0OSC
222 PD Probe
s/, T

Circulator

Optical chaos
output

Fig. 13 Schematic diagram of the proposed optical
broadband chaos [65].
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Fig. 14 Characteristics of the broadband chaotic source:
(a) the optical spectrum and (b) the autocorrelation curve [inset:
the time series] [65].

An optical spectrum analyzer (Yokogawa
AQ6370C) and a radio frequency (RF) spectrum
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analyzer (Agilent 40GHz E4447A) are used to
observe the chaotic output light. A real-time
oscilloscope (OSC) with 12.5 GHz bandwidth and
50 GSa/s sampling rate is used to record the
reference signal and reflected signal. At last, the data
recorded in the OSC are processed by the cross
correlation method. The characteristics of our
proposed optical broadband chaos are demonstrated
in Fig. 14(a) with a high quality of autocorrelation
curve in Fig. 14(b) (inset: the time series).

4. Intelligent management for FOSN

4.1 Demodulation techniques for FOSN

The demodulation technique is critical for the
fiber sensing network to extract the sensing

parameters. As the optical spectrum includes
comprehensive information such as the wavelength,
intensity, and repetition period, the wide bandwidth,
high resolution, and high speed optical spectrum
scanning are the most important. The most common
way to demodulate the spectrum is based on the
charge coupled device (CCD) or tunable FP filter.
The CCD module has a relatively high acquisition
speed up to 3.5kHz and is suitable for a low light
detection. But the physical resolution is limited by
the diffraction part to only 20 pm and the integration
time limits the speed of the demodulation [67, 68].
The tunable FP filter can be configured flexibly and
achieve a high resolution up to 1pm. However, the
FP filter is easy to be affected by temperature
fluctuation [69, 70]. Another ultra-high resolution
demodulation scheme is the coherence spectrum
analysis [71], while the total processing time for the
narrow wavelength band will be as long as tens of
seconds, which is not suitable for dynamic sensing.
In the following, we will present a flexible, wide
bandwidth, high and high
demodulation scheme for the hybrid multiplexed
FOSN.

Figure 15 depicts the composition of the

resolution, speed

demodulation module. Light from the broadband
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light source is modulated into pulse by the acoustic
optical modulator (AOM) and then transmits to the
sensing fiber through the circulator. The light pulse
reflected from the microstructure is first amplified
by the EDFA, then passes through the tunable FP
filter, and finally detected by the high speed
avalanche photodiode (APD) detector with the rise
time of only 300 ps [72, 73]. To guarantee the
synchronization of the AOM, the tunable FP filter,
and the analog-to-digital (AD) data acquisition, all
of them are driven by the same field programmable
gate array (FPGA) card [73].
triangular signal composed of multiple steps is
utilized to control the tunable FP filter, which could
ensure stable transformation of the driving signal.

A symmetrical

As a result, the light intensity of different time
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wavelength, can be obtained. For accurate

demodulation, a tunable laser is employed to

calibrate the function of the driving signal-

wavelength curve in advance. In addition, a
compensating weak FBG isolated from the strain is
adopted to eliminate the spectral drift of the FP filter
induced by the environment temperature variation
through the real-time wavelength calibration, which
high stable

demodulation. Based on the above demodulation

is beneficial for accurate and
principle, there is trade-off between the scanning
bandwidth and the wavelength resolution, due that
the ratio of the bandwidth to the resolution equals to
the number of the sampling points. Therefore,
the be

flexibly controlled according to the application

demodulation  performance  could

groups corresponding to certain driving signals, i.e. requirement.
_ Compensating
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Fig. 15 Schematic diagram of the demodulation module for the hybrid fiber sensor network.

An NI Data acquisition platform is utilized to
build the demodulation module. Taking the hybrid
WDM/FDM/TDM fiber sensor network discussed in
Section 2.2.2 as an example, the demodulation
performance is investigated. Figure 16(a) presents
the wavelength tracing results of a tunable laser
from 1511 nm to 1585 nm, which demonstrates that
the scanning bandwidth of the demodulation module
is beyond 75nm. To test the wavelength resolution,
we heat the sensing microstructure from 24.2 'C to

24.3 °C, and then it is clear that the peak wavelength
changes from 1540.151 nm to 1540.152nm as shown
in Fig. 16(b), which proves that the wavelength
resolution is higher than 1pm. Figure 16(c) displays
the driving signal of the FP filter with each step
taking 0.5 ps. For the occasion of the 20 nm
bandwidth and 5 pm resolution, the sample points
could be decreased to 4000. Then, each sweeping
cycle will take only 2 ms, corresponding to a high

sweeping speed of 500 Hz. In general, a flexible
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demodulation platform with the maximum
bandwidth over 75 nm, high wavelength resolution
up to 1 pm, and fast sweeping speed of 500 Hz can
be realized for hybrid multiplexed FOSN.
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Fig. 16 Demonstration of the demodulation performances:
(a) wavelength scanning of a tunable laser, (b) recovered
spectrum for 1pm wavelength shift, and (c) fast driving signal of
the FP filter.

4.2 Fault monitoring of the fiber transmission
link in FOSN

The survivability of the FOSN in harsh
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environment can not be ignored in practical

applications, where the most important for

intelligent management is the real-time fault
monitoring and locating in the fiber transmission
link of the FOSN. Specifically, the detection of
faults in fiber links at different wavelengths is
urgently required to guarantee the reliable operation
of the WDM FOSN. Conventional optical time
domain reflectometry (OTDR) has difficulty in
diagnosing the faults in a WDM-PON due to its
fixed wavelength probe light [74]. Although a
wavelength tunable sequence OTDR has been
recently reported, without an expensive highspeed
sequence generator and a wideband modulator, its
resolution is still limited to tens of meters [75].

In order to locate simultaneously and precisely
the faults among all fiber links in an FOSN, we
provide a simple solution based on optical wideband
chaos. Take a large capacity FOSN with hybrid
TDM and WDM as the example. The schematic
diagram of the large capacity quasi-distributed
sensing network is shown in Fig.17. Chirped fiber
gratings (CFBG)  based
demodulation is implemented by the programmed

Bragg intensity
optical band pass filter (OBPF, Waveshaper, and
FINISAR), which slices optical broadband chaos
into multi-wavelength channels in consistent with
the CFBG sensors [76].

A cross-correlation algorithm is applied to the
chaotic reference signal and probe signal to
interrogate the measurand sensing and the precise
locating of each sensor. Meanwhile, the fiber
breakpoint location can be also achieved through
processing the reference signal and the Fresnel
reflection signal of the fiber fault based on the same
principle [61]. A proof-of-concept experiment is
conducted with six CFBG sensors (S11, S12, S13,
S21, S23, and S32) deployed in three sensing fiber
lines. Three wavelength channels are filtered by the
OBPF in consistent with the CFBG sensors, and an
additional channel (testing channel) of 2.4-nm

(300-GHz) bandwidth is reserved to provide
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sufficient optical power for fiber fault monitoring, as
depicted in Fig. 18 [76].
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Fig. 17 Schematic diagram of the large capacity quasi-
distributed sensing network [76].
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Fig. 18 Optical spectrum of the multichannel chaos,
including three wavelength channels and a testing channel [76].

When strain is applied to a certain CFBG, the
amplitude of the corresponding correlation peak will
decrease due to a decrease in the reflection intensity.
When a breakpoint occurs in the sensing network, an

extra correlation peak will appear in the correlation
spectrum, and its position indicates the location of
the breaking point. Figure 19 presents the
experimental results of simultaneously three fault
points in different sensing lines, respectively.
Through the peak searching algorithm, precise
locating of the breakpoints can be pinpointed with a

spatial resolution of 2.8 cm [76].
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Fig. 19 Experimental results of the real-time fiber fault
monitoring [76].

5. Fiber optic gas sensing structures
and networks

Fiber optic gas sensors have intrinsic benefits
over conventional dielectric and semiconductor
sensors, as they are immune to electromagnetic
interference, safe in dangerous or hazardous
environments, and furthermore facilitate remote and
distributed

investigated for optical gas sensing. For instance,

sensing. Numerous techniques are
techniques based on spectrum absorbing including
non-dispersive infrared (NDIR), tunable diode laser
(TDLS),
spectroscopy (CRDS) as well as photo-acoustic

spectroscopy cavity ring-down
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detection (PAS) have been demonstrated [77]. In this
section, research progress on special fiber optic
structures designed for gas sensing, realizations of
optical gas sensing systems by combination the fiber
optic sensors and optical networks, and typical
practical applications and demonstrations of fiber
optic gas sensing networks are reviewed.

5.1 Engineered fiber optic gas sensing structures

Novel fiber structures such as surface processed
fibers with sensitivity enhancement, fiber gratings,
and photonic crystal fibers can be employed as gas
sensors due to the evanescent field of the core mode.
For gas absorption measurement, the evanescent
field has to be extended to penetrate the external
environment to provide interaction between the

guided light and the external gas [78].
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Fig. 20 Scheme diagrams of (a) tapered fiber, (b) etched
fiber, and (c) side-polished fiber [78].

Specific fiber surface processing techniques

have been adopted, including tapered fiber, etched

fiber, and side-polished fiber, as illustrated in Fig.20.

These different types of sensor elements are used in
fiber-cavity ring-down spectroscopy for gas sensing
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[78].

Micro/mano fiber (MNF) with the sub-
wavelength diameter is also a good candidate for gas
sensing. By using a graphene coated micro fiber, an
all-fiber ammonia gas sensor can be realized, as
shown in Fig. 21. The microfiber is bilaterally
stretched from a standard single mode fiber (SMF)
by employing the flame heating and taper-drawing
technology. Graphene is coated on the microfiber by
pump light induced deposition, which improves gas
sensitivity through its significant high specific
surface area to attract gas molecules and thus
achieve a resolution of 0.74 ppm in the ammonia gas
detection [79].

Sample MNF CGgteaad
Cladding \. .
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Fig. 21 Structure of graphene coated micro/nano fiber served
as the ammonia gas sensor.
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Fig. 22 Scheme diagrams of (a) LPG and (b) TFBG [78].

Fiber gratings have similar advantages along
with the surface processed fiber sensor in stability
and establishing fiber networks. Evanescent waves
of cladding modes of the fiber grating interact with
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the surrounding medium, which leads to the change
in the resonant wavelength. Most used fiber gratings
are long period grating (LPG) and tilted FBG
(TFBG) [78, 80], as presented in Fig.22.

The holes in the photonic crystal fiber (PCF) can
also be utilized as convenient repositories for gases.
A significant overlap between the physical location
of the holes and the guided modes leads to strong
interaction between the two and allows great
potential for gas sensing. The PCF is extremely
potential for being a long path length, and low
volume gas cell, which can bring big benefit in
enhancing sensitivity from the Bear-Lambert law.
Nevertheless, one of the main challenges of using
these PCF gas cells is the effort to fill the PCF with
the target gas [81]. Techniques to improve the
sample filling time include increasing the pressure
difference across the fiber and increasing the cell
diameter or introducing holes to allow gas flow or
diffusion along the waveguide’s length [82], as

20kV X700

08 30 SEI

®)

Fig. 23 PBGF images for gas detection: (a) side-view and
(b) cross-section of a micro channel fabricated on the hollow
core PBGFs (HC-PBGFs) [81].

illustrated in Fig.23. For example, Parry’s group has
reported a methane sensor with 500 ppm detection
limit by using a 10 um core photonic band-gap fiber
(PBGF) operated at 1.650 um [83].

5.2 All fiber optic gas sensing networks

In many occasions, the multipoint gas sensing
network is desired to obtain a large-scale gas
distribution and reduce the cost per sensing point.
This can be realized by the combination of fiber
and fiber
technologies. In order to accurately and effectively

optic  sensors optic networking
detect the multipoint data, versatile multiplexing
techniques have been developed, such as spatial
SDM [84], TDM [85], frequency division multiple
(FDMA) [86],
continuous wave (FMCW) [87], synthesis of optical
coherence function (SOCF) [88], and WDM [89].

These techniques own unique features. For example,

access frequency modulated

For FWCW, the laser source needs intensity
modulation, and the complex system requires the
voltage controlled oscillator and RF mixer. For
SOCF, only one sensor can be measured each time,
and the location resolution is limited by the coherent
length of the laser [88].

Recently, based on TDLS and TDM techniques,
commercial products named OptoSniff® as fiber
optic gas sensing networks are presented by the
OptoSci Ltd [90]. The overview of the system is
schematically shown in Fig.24, including the central
control unit (CCU), fiber optic network composed of
power splitters and optical multicore cables, and
all-optical gas sensing cells. Due to the benefits of
optical fiber networks and passive devices, it offers
continuous, multipoint methane/natural gas leak detection
and monitoring, from hundreds of sensing points
(240 points) over a long distance (20km). These products
have been applied in British landfills and Japanese
Tokyo gas service tunnels, monitoring methane and
carbon dioxide, lasting for over 2 years. This is a
typical case and major breakthrough for the practical
applications of all-fiber optic gas sensing networks.
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Fig. 24 Schematic diagram of the OptoSniff® multipoint fiber optic gas sensing system [90].

6. Fiber optic acoustic sensors for the
sensing network

Acoustic sensors have been studied extensively
for decades and play an important role in the modern
society. The acoustic wave has a wide frequency
spectrum range that extends from infrasound (<20
Hz) up to ultrasound (in the GHz-band), and
different frequency bands have different sensing
applications [91]. For the unique advantages of large
bandwidth,  high

electromagnetic interference, remote detection, and

sensitivity, immunity to
multiplexing capability, fiber optic acoustic sensors
can break the limitations of traditional electric
acoustic sensors [92]. Currently, numerous fiber
optic acoustic sensors have been researched, of
which the configurations are based on fiber optic
interferometers such as Mach-Zehnder, Michelson,
Sagnac, Fabry-Pérot, or FBGs [93], and also some
special structures such as fiber lasers [94], couplers
[95], and tapers [96].

The low-frequency acoustic wave detection is of
great significance because of its wide applications in

the fields of early warning of natural disasters such
as earthquakes [97]. However, little work has been
done on the research of the optical acoustic sensor
for the low-frequency acoustic detection. In order to
offer the
sensitivity, good low-frequency response, and easy

fiber acoustic sensors with higher
networking, we have designed several kinds of fiber
acoustic sensors, such as intensity modulated
with the fiber

coupler, wavelength modulated acoustic sensor

Sensors single-mode/multimode

based on dual FBGs, and beat-frequency modulated
sensor based on multi-longitudinal mode fiber laser.

6.1 Intensity modulated acoustic sensors [98]

Intensity modulated acoustic sensors can detect
the acoustic signal by the changes in the optical
intensity directly without the high cost and complex
demodulation system, which can be easily used in
the FOSN through TDM and SDM. One typical
scheme is based on the non-standard fused single-
mode/multimode fiber coupler and aluminum foil.
For a fused 2x2 single-mode fiber coupler, the
coupling ratio (CR) of two output ports is dependent
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on the distance (d) between centers of two optical
fibers as shown in Fig.25 [98]. When the acoustic
pressure is applied on the foil, the deformation of
foil will cause the d change of the fused coupler as
shown in Fig.26. Hence, the acoustic vibration can
be measured by detecting the insertion loss of the
non-standard fused coupler. Figure 25 implies that
the “coupling cycle” shortens with a decreasing in d
(from right to left of the horizontal axis), so as the
number of coupling cycle increases, the sensitivity
of the multi-cycle fused coupler based sensors can
be improved. This assumption is experimentally
conformed with result of 0.18 mW/Pa (1 cycle),
0.65mW/Pa (3 cycles), and 1.71 mW/Pa (5 cycles),
respectively.

0 L I L 1
01 015 0.2 025 0.3 0.35
d{mm)

Fig. 25 Simulation of the relationship between CR and d
during the fused process [98].
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Fig. 26 Sensing mechanism of the fused coupler based
acoustic sensor [98].

Moreover, the multimode fused coupler based
sensor also has been studied which shows a
sensitivity of 2.63 mW/Pa, with the operation
frequency range from 20Hz to 20kHz and average

SNR about 20dB.

6.2 Wavelength modulated acoustic sensors [99]

Wavelength modulated acoustic sensors are

suitable for WDM. An acoustic sensor based on dual
FBGs and a titanium film is proposed and
experimentally demonstrated, where the sensing
head is manufactured by longitudinally sticking one
end of each FBG to the titanium film as illustrated in
Fig.27 [99]. One of the two FBGs is employed for
transmitting light, and the other is employed for
reflecting. The dual FBGs are not only working as
the signal transmission line but also as the sensing
component. Due to the wavelength shift of the FBGs
induced by the external acoustic vibration, the
corresponding periodic fluctuation in power can be
observed on the optical oscilloscope. The optical
fiber sensor shows a relatively flat frequency
response in the range from 100Hz to 1kHz with the
average signal-to-noise ratio (SNR) above 22dB. In
addition, the maximum sound pressure sensitivity of
the proposed sensor is found to be 90 uyW/Pa within
a sound pressure range 100.3dB - 118.5dB. The
sensing system presents good stability and reliability,
and has the advantage of direct self-demodulation.
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Fig.27 Schematic diagram of the acoustic sensor based on
the dual FBGs and a titanium film [99].

6.3 Beat-frequency modulated acoustic sensors
[100]

The passively mode-locked technique which
employs carbon nanotubes (CNT) is a widely used
method for mode locking and frequency
stabilization. The unique frequency stability can be
also used for the acoustic pressure measurement
[100]. The polymer membrane is employed beneath
the pre-strained Er” doped fiber (EDF) to convert the

sound pressure disturbance into axial strain, alter the
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cavity length, and induce shift of the longitudinal
modes beat as displayed in Fig. 28. Hence, the
acoustic pressure measurement can be carried out
by detecting the shift of beat frequency. The
sound

strain and

sensor shows comparable
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kHz/pe  and
147.2 Hz/Pa, respectively. The sensor can be an

pressure  sensitivity of 0.5
alternative to measure acoustic pressure with good
stability, as well as a valuable candidate for the
FOSN.

Translation
stage

T o Optical
Outlet reflector

Fig. 28 Schematic diagram of the passively mode-locked multi-longitudinal mode fiber laser sensor [100].

7. Fiber optic static/dynamic strain
sensing network

Fiber sensor networks have been widely used in
health monitoring of civil and mechanical structures
due to their advantages over electrical sensing
devices, such as electric insulation and immunity to
Meanwhile, the
research and application of optical chaos have

electromagnetic  interference.
attracted more and more attention of researchers
recently. In the following, we mainly introduce an
FBG sensor network for static/dynamic strain
sensing. By adopting the optical wideband chaos
described in Section 3.4 as the light source, the
location of sensing FBGs can be distinguished by
the different peak positions along the correlation
spectrum, which means that the identical FBGs can
be adopted in the quasi-distributed sensing network,
which will increase the network multiplexing
capabilities [65].

The WDM based multi-point
sensing setup is constructed with a 100-GHz-spaced
WDM device with 2 channels (CH33 and CH34)

static strain

and the corresponding sensing grating at each
branch, as shown in Fig.29. The WDM device acts
as a band pass filter. The reflection spectrum of the
corresponding sensing grating is chosen to match the
transmission spectrum of WDM. In the initial, the
reflection intensity will get almost 100% reflection
after the combined filtering from the WDM and the
grating, if we ignore the insertion loss of WDM.
When the strain is applied, the wavelength of the
grating will shift towards the longer wavelength.
Thus, the wavelength spacing between the WDM
and the sensing grating will lead to a decrease in the
reflection intensity. As we know, when the intensity
of optical chaotic reflection changes, the amplitude
of peak in the correlation spectrum will also change
after the cross correlation calculation. In this way,
strain is demodulated from the amplitude of the
correlation peaks. In addition, the position of
correlation peaks suggests the location of the
gratings, thus strain sensing and locating can be
achieved at the same time. The correlation spectrum
with and without strain applied is shown in Figs.
30(a) and 30(b) [65].
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Fig. 29 Schematic of the static strain sensing setup [65].
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Fig. 30 Correlation spectra of (a) free of strain and (b) strain
applied [65].

The dynamic sensing setup is shown in Fig.31
[65]. The dynamic sensing unit is a section of
no-core fiber (NCF) with the length of 29.2 mm,
which is spliced to the lead-in SMF and lead-out
SMF. NCF is a special fiber which has the same
diameter of 125 um as SMF, but only contains solid
cladding and coating made of pure fused silica
materials and polymer materials, respectively. The
tiny bending of NCF leads to an increase in
transmission loss induced by the leaking modes.
When NCF vibrates, the light intensity will be
modulated by the vibration [101].
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Fig. 31 Schematic of the dynamic strain sensing setup [65].

The locating of sensing point can be
accomplished easily from the position of the
correlation peaks, similar to that of the static sensing
application. For the demodulation of the vibration
signal, the reflected signal and the reference signal
can be divided into segments in time serial, and the
corresponding segments are processed with cross
correlation calculation. The correlation peak
amplitude of each segment is determined by the
reflection light intensity at different recording time
slots, which fluctuates with the vibration. Thus, each
correlation peak can be seen as a sampling point of
vibration. By splicing the correlation curves in time
order, we get the fluctuation curve of light intensity

from the envelope of correlation peaks, as shown in

Fig. 32. Then by conducting the Fourier
transformation, the vibration signal can be
demodulated [65].

Further, this system possesses a possibility of
multi-point sensing along one fiber line. Different
points can be distinguished by different positions of
correlation peaks. The vibration frequency at each
point can be detected by the amplitude variation of
the corresponding correlation peak. The wideband
chaos also can guarantee the usage of multiple
multiplexing methods such as TDM and WDM
together in the FOSN and can be extended to many
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other sensing parameters, e.g. temperature,
refractive index, acceleration, and liquid level, as
long as the intensity of chaotic reflection can be

modulated by these sensing parameters [65].
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Fig. 32 Vibration demodulation scheme: (a) sampling
multiple correlation peak profile and (b) envelope of multiple
correlation peaks and direct current (DC) components [65].

8. Conclusions

So far, many efforts to improve the performance
of the FOSN have been proposed and realized.
Benefiting from the high efficient utilization of the
signal resources, the topology architecture of the
SPON and hybrid multiplexing based FOSN have
shown the advantages of large capacity, flexible
access, and integrated management. Further, special
fiber lasers as well as the optical chaos have
demonstrated the superiorities of high adaptability,
good integration, and low cost to meet the
requirements of the FOSN. Also, the flexible optical
spectrum demodulation

technique for sensing

signals, as well as the precisely fault monitoring
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technique for the fiber link have been provided to
enhance the sensing performance and survivability
of the FOSN. Based on the above key technologies
and devices, the FOSN exhibits good adaptiveness
for practical application fields such as gas sensing,
acoustic sensing, and strain/dynamic strain sensing.
The study on the key device and technology of the
FOSN will provide the fundamental support and
future outlook for fiber sensing.
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