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Abstract: Distributed temperature sensing has been achieved by spatially resolved mea-
surement of the probe time delay resulted from stimulated-Brillouin-scattering slow light. The
temperature of a particular fiber section can be monitored by setting an appropriate relative
delay between the pump and probe pulses. By controlling the relative delay, we have
achieved distributed profiling of the temperature along the whole sensing fiber. This scheme
provides an alternative way for distributed temperature sensing with the potential of real-time
temperature monitoring. A relatively high-temperature resolution of 0.7 °C is obtained.

Index Terms: Distributed temperature sensing, stimulated Brillouin scattering, slow light.

1. Introduction

Fiber sensors have been widely used in structural health monitoring to determine changes in
temperature, strain, and pressure. The sensors offer the advantages of small size, immunity to
electromagnetic interference, and survivability under harsh environments. Among different types of
sensors, Brillouin distributed fiber sensors have attracted considerable attention [1]-{11]. The amount
of Brillouin frequency shift is related to the acoustic velocity and the fiber refractive index, which are
dependent on both the temperature and the strain. Based on this principle, Brillouin sensors have
been demonstrated using the Brillouin optical time-domain reflectometer (BOTDR) configuration [1].
In addition, owing to the temperature and strain dependence of the frequency shift, the Brillouin gain
or loss is also temperature and strain dependent, giving rise to Brillouin gain/loss based sensing
configurations such as Brillouin optical time-domain analysis (BOTDA) [2]-[6] and Brillouin optical
frequency-domain analysis (BOFDA) [7], [8]. The technique of Brillouin optical correlation-domain
analysis (BOCDA) [9]-{11] has been used for Brillouin sensors to achieve centimetric resolution.
These conventional Brillouin sensors are promising for long distance sensing while offering a high
resolution.
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Abstract: We demonstrate a reflective fiber-optic sensor with a core-diameter-mismatched
fiber section and cladding-mode recoupling in a tilted fiber Bragg grating (TFBG). High-order
cladding modes are efficiently excited by either a multimode fiber or a thin-core fiber section
and recoupled back to the core mode by the TFBG. A special reflection spectrum with
recoupling of cladding mode is then obtained to exploit the applications of evanescent
waves in an optical fiber. Experimental results of the sensor to measure the external
refractive index are presented.

Index Terms: Fiber optics, fiber Bragg grating (FBG), fiber-optic sensor, refractive index
sensor.

1. Introduction

Optical fiber gratings have become a key technology in fiber-optic devices and applications,
particularly with development of fiber-grating-fabrication techniques [1], [2]. Based on a coherent
scattering mechanism, the fiber gratings can be used as in-fiber reflector or filter for fiber-optic
communications and sensors. It is well known that fiber Bragg gratings (FBGs) introduce a contra-
directional coupling of the fundamental mode, whereas the long-period gratings (LPGs) introduce a
codirectional coupling from the fundamental mode to cladding modes [2], [3]. Recently, some
special-mode couplings in, e.g., paired LPGs or FBGs [4]-[7] or LPG and FBG hybrid structures [8],
[9], have attracted a lot of research attention because of their unique spectral properties for
designing novel photonic devices and sensors [10], [11].

One of the mode-coupling interactions of interest is the cladding-mode-assisted recoupling,
which is particularly suitable for constituting in-fiber interferometers or exploiting the evanescent
wave of cladding mode. For example, a compact in-fiber Mach—Zehnder interferometer can be
fabricated if one makes two identical 3-dB LPGs in the same fiber [5]. If use a FBG and LPG hybrid
structure [9], one can make a reflective fiber devices with recoupling of cladding mode. Compared
with transmissive fiber-optic devices, the reflective one is desirable for making a single-point
sensor, e.g., in vivo bioprobe.
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We propose and experimentally demonstrate a novel real-time interrogation technique for a fiber Bragg
grating (FBG) sensing system that is based on a frequency-shifted asymmetric Sagnac interferometer. FBG
sensors are connected to the Sagnac loop by an optical coupler, and an acousto-optic modulator (AOM) is
asymmetrically placed in the Sagnac loop. By linearly sweeping the driving frequency of the AOM, the en-
vironmental variation around each FBG sensor can be determined by measuring the spectrum of the inter-
ference signals of the two counterpropagating light beams reflected by the corresponding FBG. The system
has the advantages of low cost and real-time sensing. © 2008 Optical Society of America

OCIS codes: 060.2370, 060.3735, 060.5060.

Fiber Bragg gratings (FBGs) play an important role
in fiber-optic sensors [1-3]. FBG-based sensing tech-
nology is developing rapidly, and the fabrication cost
of gratings can be expected to drop significantly. Thus
the cost of the FBG-based distributed sensing system
is mainly on the demodulation unit (for multiplexing)
rather than the sensor array. The major multiplexing
techniques for FBG sensors are the wavelength-
division-multiplexing (WDM) technique [2,3], the
time-division-multiplexing (TDM) technique [4], the
low-coherence multiplexing technique [5], and the
frequency-domain multiplexing technique [6]. Those
techniques either require high performance devices
or cannot operate in real time. In this Letter, we pro-
pose a real-time interrogation technique for an FBG
sensors array based on a frequency-shifted asymmet-
ric Sagnac interferometer with an acousto-optic
modulator (AOM) placed asymmetrically in the Sag-
nac loop. To the best of our knowledge, this is the first
time an AOM has been utilized for interrogation. The
FBG sensors array is connected to the Sagnac loop by
an optical coupler. Light signals of different frequen-
cies experience different phase delays after passing
through the same fiber. These phase differences de-
pend on the locations of the sensing FBGs and can be
measured with the help of interference. This way
wavelength-sensitive devices are not required, and it
suffices with a photo drive (PD) and data acquisition
qid (DAQ) of low speed. The low cost and real-time
performance make the present technique practical
for applications.

Figure 1 shows the experimental setup of the FBG
interrogation system. Broadband light from a super-
luminescent LED is transmitted to an optical circu-
lator and then filtered by a reference FBG. The re-
flected narrowband light is injected into a Sagnac
interferometer via a 2X2 symmetric fiber coupler
and split equally into two parts; one part goes clock-
wise (CW) through the fiber loop, and the other goes
through the same loop counterclockwise (CCW). The

0146-9592/08/212485-3/$15.00

CW light passes through a single-mode fiber with a
length of L, and is transmitted into a one-
dimensional FBG sensing array via a 1 X2 fiber cou-
pler. Five FBGs that have the same reflection spectra
as the reference one but much lower reflectivity are
connected in serial to form a sensing array. When the
environment around the ith FBG in the sensing ar-
ray varies, its Bragg wavelength changes and the
mismatch of the reflection spectra between the ith
FBG and the reference one occurs. Thus the optical
power reflected by the ith FBG decreases. The light
beam reflected by the corresponding sensing FBG
goes through the 1X 2 fiber coupler, and part of the
light beam continues propagating CW and is trans-
mitted into the AOM via a single-mode fiber with a
length of L, (L.<L,). The light undergoes a fre-
quency upshift after passing through the AOM and

°
g
Reflectivity

T oo

1548 1549 1550 1551
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Fig. 1. Schematic diagram of the present FBG interroga-
tion system based on a Sagnac interferometer. The inset
shows the reflection spectra of the reference FBG and five
sensing FBGs. BBS, broadband source; OC, optical circula-
tor; IMG, index-matching glue; ISO, optical isolator; AOM,
acoustio-optical modulator; PD, photodetector; DAQ, data-
acquisition card; FFT, fast Fourier transform.

© 2008 Optical Society of America
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Low Coherent Optical Frequency Domain
Reflectometry Interrogates Fiber
Bragg Grating Sensors

Bin Zhou, Chunsheng Yan, Zuguang Guan, and Sailing He, Senior Member, IEEE

Abstract—A novel fiber optical reflectometry is proposed for
long distance measurements and sensing applications. The re-
flectrometric information is included in the phase difference of
two interfering light beams reflected at the same scattering point
on the fiber under test (FUT). The reflection position and local
information can be determined by modulating the frequency
difference and analyzing the reflecting signal in frequency do-
main. Theoretical analysis and experimental demonstration are
presented. Two adjacent reflection points 50 km away from the
reflectometry with a gap of 11 meters between each other is
distinguished. It is estimated that the operating range could be
over 500 km theoretically by employing a light source with 0.3 nm
bandwidth. This novel reflectometry is applied as a fiber Bragg
grating interrogation solution as an example.

Index Terms—Acoustooptic modulation, fiber Bragg grating
(FBG), low coherent optical frequency domain reflectometry,
multiplexing, Sagnac interferometer.

1. INTRODUCTION

EFLECTOMETRIES have been developed since 1970s
R and used successfully in e.g., localization of optical-fiber
cable fault [1]. Current reflectometric techniques mainly include
optical time domain reflectometry (OTDR) [2], optical low co-
herence reflectometry (OLCR) [3], and optical frequency do-
main reflectometry (OFDR) [4]-[8], in which OFDR is the most
popular one due to its high spatial resolution (sub-millimeter)
[7] and good sensitivity. OFDRs can be of incoherent (I-OFDR)
[4] or coherent (C-OFDR) type [5]-[8]. In I-OFDR, the light in-
tensity is modulated by a sinusoidal waveform and the position
of the reflecting point can be calculated by the phase delay of the
waveform. While in a C-OFDR, a local reference is employed to
interfere with light from the remote reflection point on the FUT,
producing a beat frequency proportional to the optical path
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Fig. 1. Comparison between the proposed LC-OFDR and a conventional
OFDR. (a) Schematic diagram of the LC-OFDR. LC-source: low coherent
source; ISO: optical isolator; PD: photodetector; DAQ: data acquisition card;
FFT: fast Fourier transform; AOM: acoustic optical modulator; R, R>, R3 are
associated with the three reflection points on the FUT. (b) Schematic diagram
of a conventional C-OFDR [6]. Ry o: local oscillator.

length difference (OPD) between the local and remote light (see
Fig. 1(b) below). The main advantage of C-OFDR over [-OFDR
is its excellent spatial resolution and ultra high sensitivity (down
to —110 dB) due to the coherent detection principle [6].
However, the measuring distance of C-OFDR is limited by
the coherent length of the light source. Even if a laser with
a single longitudinal mode is employed, the spatial measuring
range is always around several kilometers [5] or less [6], [7],
and very seldom reaches 100 km [8]. To break through the bot-
tleneck, we develop a new type OFDR: low coherent optical
frequency domain reflectometry (LC-OFDR) based on a non-
reciprocal Sagnac interferometer with an acousto-optic modu-
lator (AOM) placed asymmetrically in the Sagnac loop. Unlike
C-OFDR, in LC-OFDR the beat signal is generated between the
two reflection light beams from a reflecting point on the FUT
(that is why we use the terminology of “low-coherent”). The
phase difference between these two light beams is a product of

0733-8724/$26.00 © 2010 IEEE
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and experimental demonstration are presented. Two adjacent reflection points 50 km away from the reflectometry
with a gap of 11 meters between each other is distinguished. It is estimated that the operating range could be over
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We propose and experimentally demonstrate a method for temperature sensing using stimulated Brillouin scattering
(SBS)-based slow light. The approach relies on temperature dependence of the Brillouin frequency shift in a fiber,
hence the time delay of an input probe pulse. By measuring the delay, temperature sensing can be realized. We
achieve temperature measurement in a 100 m single-mode fiber (SMF) using a cw pump. The main tempera-
ture-sensing range is ~18 °C from the room temperature, limited by the SBS gain bandwidth. To apply the technique
for measurement of a shorter fiber segment, a pulsed pump is used to introduce SBS slow light. Temperature sensing
is achieved in a 2 m SMF with a main sensing range of around ~25 °C. The scheme is easily implemented, exhibits a
relatively high temperature sensitivity with a resolution better than 1.0 °C, and is potentially applicable for distrib-

uted sensing. © 2011 Optical Society of America
OCIS codes: 060.2370, 290.5900, 060.4370.

A fiber-optic sensor is an excellent candidate for the
monitoring of temperature and strain over long dis-
tances. In particular, Brillouin fiber sensors have at-
tracted much interest in the past two decades [1-3]. An
example is optical sensing with the Brillouin optical time
domain reflectometer (BOTDR) [1]. In addition, since
the Brillouin gain/loss is temperature dependent, fiber
sensors based on Brillouin optical time-domain analysis
(BOTDA) [2] and Brillouin optical frequency-domain
analysis (BOFDA) [3] have been demonstrated. These
conventional fiber sensors provide advantages of high-
resolution, long-distance sensing, and a large sensing
range.

Apart from fiber sensing, stimulated Brillouin scatter-
ing (SBS) can be used to realize slow light in an optical
fiber [4-7]. Slow light has attracted considerable interest
owing to its various applications, such as optical buffer-
ing, variable time delay, and optical signal processing.
Since the Stokes shift and thus the SBS slow light is tem-
perature dependent, temperature sensing can be realized
by measuring the time delay. In this Letter, we demon-
strate such a fiber-sensing scheme by measuring the
delay of the probe pulse. Compared to BOTDR [1] and
BOTDA [2], our scheme offers more straightforward im-
plementation using an oscilloscope for the detection; in
addition, the response is fast and the configuration is sim-
ple in comparison to BOFDA [3]. As the oscilloscope in
our work has a temporal resolution of ~1 ps, a precise
measurement can be obtained, resulting in a relatively
high temperature sensitivity. More importantly, the
scheme has the potential for use in distributed sensing.

Figure 1 illustrates our sensing scheme. A pump laser
is divided into two branches. The upper branch serves as
the pump for SBS slow light, and the lower branch is used
as the pump for a Brillouin fiber laser, as described in our
previous work [6]. The Brillouin laser produces an output
at the Stokes downshift frequency of the optical fiber
used in the cavity. The output acts as probe pulses in

0146-9592/11/030427-03$15.00/0

SBS slow light. The slow-light medium is a fiber under
test and is of the same type of fiber used in the Brillouin
laser. Hence, if the two fibers are at the same tempera-
ture, the probe frequency will be automatically aligned to
the Stokes downshift frequency of the fiber under test.
When the pump light is scattered by acoustic waves gen-
erated through electrostriction in the fiber, the probe is
amplified and delayed by the slow-light effect. The time
delay induced by SBS slow light is given by [8]

1-¢&
(14622

)
At = At, x =9 —(gpLP”) (1)

(1+6%)2 \IpAes

where g, is the Brillouin gain coefficient, L is the fiber
length, P, is the pump power, I'5/27 is the gain band-
width, A is the fiber effective mode area, AQ is the fre-
quency detuning of the probe from the Stokes downshift
frequency of the fiber under test, and 6 = AQ/(I'5/2) is
its normalized value, At,, = g,LP,/(I'pAg) is the max-
imum time delay. When At,, is fixed, the delay will be
determined only by the temperature-dependent param-
eter §, expressed as

Fiber under test

Pump Probe
Acoustic wave
Pump
laser
Brillouin fiber
laser
Fig. 1. (Color online) Schematic illustration of SBS

slow-light-based temperature sensing scheme.

© 2011 Optical Society of America
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Quasi-Distributed Absorption Sensing System Based
on a Coherent Multiplexing Technique

Zu-Guang Guan, Bin Zhou, Guorong Liu, and Sailing He, Senior Member, IEEE

Abstract—A  coherence multiplexing scheme for quasi-
distributed absorption sensors is introduced. The sensing units are
designed with different optical path lengths, and the signals from
the inline sensing array can be demultiplexed by a path-scanning
Michelson interferometer. Intracavity absorbance in each unit
can be deduced from the corresponding signal and the signals of
the previous sensing units.

Index Terms—Absorbance measurement, coherence multi-
plexing technique, quasi-distributed absorption sensing system.

I. INTRODUCTION

HEMICAL or environmental sensing plays a very impor-
Ctant role in today’s society for, e.g., preventing pollution
and controlling industrial processes. In these applications,
advanced techniques for characterizing species or measuring
concentrations of chemical or gas mixtures are critical and
have been developed for decades. For instance, the absorption
sensing technique based on an open path cell has attracted a lot
of attention due to its high selectivity and sensitivity [1]-[5]. In
order to realize some remote and multipoint sensing applica-
tions, absorption sensors are usually required to be distributed
in a fiber-optic sensing network. In most systems that have
been reported [2]-[5], the sensing units are arranged in parallel
and each unit works in the transmission mode [2]-[4]. If the
network contains many sensing units, these systems require
numerous light splitting devices, such as switchers or couplers.
Based on the coherence addressing and frequency modula-
tion continuous-wave (FMCW) method, a frequency domain
multiplexing technique using absorption sensors of carefully
designed cell lengths was proposed in [5]. The sensing units in
this system are connected in serials and, thus, greatly reduce
the complexity and cost of the sensing network.

In this letter, we propose for the first time, a quasi-distributed
absorption sensing system based on a coherence multiplexing
technique. As shown in Fig. 1, multiple absorption sensing units
with different optical path lengths are connected in serials and
their sensing signals are obtained (and well-separated) by scan-
ning one arm of the Michelson interferometer (MI). Compared
with the FMCW method [5], our system does not require any

Manuscript received November 17, 2006; revised January 16, 2007. This
work was supported in part by the Zhejiang Provincial Government (under
Grant 2004C31G2010019) and in part by the Hangzhou Municipal Government
(under Grant 20051321B14).
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Fig. 1. Schematic diagram of the proposed quasi-distributed absorption
sensing system based on a coherence multiplexing technique.

frequency (wavelength) modulation and, therefore, is more suit-
able for, e.g., narrowband absorption sensing.

II. PRINCIPLES AND ANALYSIS

The coherence multiplexing technique has been widely ap-
plied in sensing network formed by interferometer-type sensors
[6]-[9]. In our system, each sensing unit can be considered as
an intracavity-absorption Fabry—Pérot interferometer, as shown
in the inset of Fig. 1. The time delay between the lights reflected
by the first and second fiber connectors in the ith sensing unit
can be compensated by that of a path-scanning MI, and the cor-
responding interferogram will appear around a position of zero
delay (in total). It can be mathematically expressed as

Li(ra) = I + 1® 4 2/ TV I coslw - Ar(ry)]
X exp[—AT(7a)/27Tcon] (1)

where Ifl) and IL-(2) are the intensities of the reflective lights
and T is the coherent time (inversely proportional to the
linewidth) of the light source which is assumed to have a
Lorentzian line shape [10]. The after-compensating delay is
given by A7(74) = 2(74+ 7cr — 7i), where ¢ and 7,4 are de-
lays of the compensated fiber and the tunable optical delay line
(TODL), respectively. From (1), one can see that the amplitude
of the oscillating term decreases with exp[—AT(74)/27con)
due to the finite source linewidth. Therefore, the interferograms
corresponding to different sensing units can be obtained and
well separated by scanning 7, as long as the difference between
7; and 7,41 is designed to be larger than 7cop.

Assuming the sensing network consists of [V sensing units,
the maximal amplitude of the oscillating term (interference in-

1041-1135/$25.00 © 2007 IEEE
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An optical sensing system for the concentration of CH, based on FBG

ZHOU Bin'?, LIU Guo-rong' , GUAN Zu-guang'* * , HE Sai-ling’'
(1. Centre for Optical and Electromagnetic Research, State Key Laboratory for Modern Optical Instrumentation,
Zhejiang University, Hangzhou 310058, China; 2. Institute of Optics,Zhejiang University, Hangzhou 310058 ,Chi-
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Abstract: Based on a special catalyst and fiber Bragg gratings (FBGs) ,an optical sensing system is proposed to measure the
concentration of CHy. The temperature around the catalyst rises rapidly as the CHy concentration increases, which can be
detected by an FBG-type sensor through monitoring the wavelength shift of the reflection spectrum. By employing a well-
matched FBG as a reference, the wavelength shift of the sensing FBG can be transformed effectively into the variation in the
measured optical intensity. An experiment is demonstrated to show the good performances of our system,such as the high

resolution and good stability to the environmental temperature.
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is proposed to measure the concentration of CH4. The temperature around the catalyst
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Methane concentration monitoring system based on a pair of
FBGs

Bin Zhou (1), Zuguang Guan
1: Centre for Optical and Electromagnetic Research, Zhejiang University, East Buliding No.5,
Zijingang campus, Zhejiang University, Hangzhou 310058, China. zhoubin@coer.zju.edu.cn

Abstract In this paper, we propose a simple fiber-optic sensing system to
measure the concentration of the methane based on a special catalyst and fiber
Bragg gratings (FBGs). The temperature around the catalyst rises rapidly as the
concentration of methane increases, and hence can be detected by an FBG-type
sensor through monitoring the wavelength shift of the reflection spectrum. By
employing a well-matched FBG as a reference, the wavelength shift of the sensing
FBG can be transformed effectively into the variation in the measured optical
intensity. An experiment is demonstrated to show the good performances of our
system, such as the high resolution and good stability to the environmental

temperature.

Introduction

Methane is a greenhouse gas and it is also
explosive when the concentration is over
5%. It is important to monitoring the
methane-concentration under the coal mine
or around the nature-gas pipe in real time.
Based on the Beer-Lambert Ilaw, the
absorption sensing technique with an open
path cell is widely applied to measure the
concentration of a specific gas[1][2]. In order
to improve the sensitivity, an open cell with a
long length (tens of centimeters) is often
required. In this kind of structure, the light
path is difficult to adjust and its stability is
influenced by the wvariation of the
environmental temperature.

In this work, we propose a simple fiber-optic
sensor to measure the concentration of the
methane in the air. Since the reflection
spectrum of a FBG shifts towards a longer
wavelength as the temperature around
increases, the concentration of the methane
in the air can be detected by monitoring the
spectrum of the FBG which is close to a
special catalyst[3]. In order to reduce the
system cost and the crosstalk induced by
the variation of the environmental
temperature, we employ a reference FBG to
interrogate the sensing signal from the
sensing FBG with an edge-detection
technology. As the methane concentration
in the environment increases, the
temperature around the special catalyst

296

rises rapidly, and therefore the spectrum of
a fiber Bragg grating (FBG) attached to the
catalyst shifts towards a longer wavelength.
By employing another FBG (far away from
the catalyst) as a reference (filter), the
wavelength shift of the sensing FBG can be
transformed effectively into the variation in
the measured optical intensity. The
experimental results show that the
resolution of our system is pretty high (a
minimal value of 64ppm can be detected)
and crosstalk induced by the environmental
temperature is quite low (The variation of
the output voltage is less than 0.52 mV as
the temperature in gas cell changes from 30
C to 60°C.). Compared with the absorption
method, our system has higher stability,
space-resolution and compact size.

Principles and analysis

FBG is a periodic perturbation of the
refractive index in the fiber core. This
wavelength position is proportional to the
temperature around the FBG[4][5] and the
relationship can be expressed as following,

0
6—A+A .

=2y —

LYAT
or |

D)
where "¢ is the effective refractive index of
the fiber core, and A is the period of the
FBG. Based on this principle, FBG can be
used as a temperature sensor.

Authorized licensed use limited to: Zhejiang University. Downloaded on December 10, 2008 at 21:01 from IEEE Xplore. Restrictions apply.
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In this paper, we propose a simple fiber-optic sensing system to measure the concentration of
the methane based on a special catalyst and fiber Bragg gratings (FBGs). The temperature
around the catalyst rises rapidly as the concentration of methane increases, and hence can be
detected by an FBG-type sensor through monitoring the wavelength shift of the reflection
spectrum. By employing a well-matched FBG as a reference, the wavelength shift of the sensing
FBG can be transformed effectively into the variation in the measured optical intensity. An
experiment is demonstrated to show the good performances of our system, such as the high
resolution and good stability to the environmental temperature.
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Abstract: A novel multiplexing technology was proposed for fiber Bragg grating (FBG) sensors.
This technology is based on a frequency-shifted asymmetric Sagnac interferometer

incorporating an acousto-optic modulator (AOM).
OCIS codes: 280.4788, 060.3735.

1. Introduction

Owing to the dielectric nature, small size, low weight and multiplexing capability [1,2], Fiber Bragg grating
(FBG) plays an important role in fiber-optic sensor. FBG based sensing technology is developing rapidly and the
fabrication cost of gratings is dropping significantly. Thus the costs of the FBG based sensing system is more
contributed by the demodulation unit rather than the sensors array itself.

The major multiplexing techniques for FBG sensors presented to date are the WDM technique [2], the TDM
technique [3], the low-coherence multiplexing technique [4] and the frequency domain multiplexing technique
[5]. Those techniques require wavelength sensitive devices, a high speed receiver or a tunable optical delay line.
In contrast, we propose a real time multiplexing technique for FBG sensors array based on a frequency-shifted
asymmetric Sagnac interferometer with an AOM placed asymmetrically. The FBG array is connected to the
Sagnac loop by an optical coupler. Light signals of different frequencies experience different phase delays after
passing through the same fiber. This phase difference carrying the information of the location of the sensing
FBG’s and can be measured with the help of interference. So the wavelength-sensitive devices are not required.
And it’s enough for photon detector (PD) and data acquisition card (DAQ) with low speed. The low cost and real
time performance makes this technique practical in science and industry applications.

2. Principle

The schematic of the system is shown in Fig. 1. Broadband light from SLED is filtered by a reference FBG and
injected into a Sagnac interferometer via a 3-dB optical coupler and then is split into two parts equally: one part
goes clockwise (CW) through the fiber loop while the other goes through the same loop counter clockwise
(CCW). The frequencies of both parts are up-shifted by the same amount when they come back to the fiber
coupler. A one demension FBG sensors array is connected to the Sagnac loop by a 1x2 fiber coupler. Those
FBGs are of the same reflection spectra as the reference one and the reflectivity are much lower. When the

temperature of the i"™ FBG in the sensors array increases, its Bragg wavelength is shifted and the mismatch of
the reflection spectra between the i"™ FBG and the reference one happens. Hence the optical power reflected by
thei™ FBG is diminished.

s 159 1m0 s
‘Warvelength (nem)

Fig. 1: Schematic diagram of the FBG interrogation system based on a Sagnac interferometer where BBS is broadband source; OC is
optical circulator; IMG is index matching glue; 1SO is optical isolator; AOM is acoustic optical modulator; PD is photodetector; DAQ
is data acquisition card; and FFT is fast Fourier transform. The inset is the reflection spectra of the reference FBG and five sensing
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Abstract: A novel method for temperature sensing is demonstrated by exploiting stimulated Brillouin
scattering based slow light. The approach relies on temperature dependence of the Brillouin frequency shift in
a fiber, and the consequent time delay of a probe pulse. Temperature sensing is achieved in a 100m SMF with
high sensitivity.

OCIS codes: (290.5830) Scattering, Brillouin; (280.4788) Optical sensing and sensors

Stimulated Brillouin scattering (SBS) is related to the material properties and physical parameters of optical
fibers. The amount of frequency downshift is proportional to the acoustic velocity, which is dependent on the
temperature and strain. The temperature dependence of the downshift frequency has been used to achieve distributed
temperature sensing in an optical fiber [1-3]. Apart from fiber sensors, SBS can also be used to realize slow light in
an optical fiber [4-6]. The key advantage of using a fiber to achieve slow light lies in its compatibility with existing
fiber systems. Due to temperature dependence of the Brillouin frequency shift, the time delay obtained in slow light
is also temperature dependent. Hence, temperature sensing can be realized using SBS slow light. In this paper, we
demonstrate such a fiber sensing scheme using a low-bandwidth oscilloscope to measure the time delay of the probe

pulse.
SMF 100 m under test
( ) H o 1063
(a) (b) du/dT=1.07 MHz/°C
------- 5 ol
Generator N
PC T 5
CW Pump ; Trigger S,
faser or PC g qose
1550 nm @
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" 1057}
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Fig. 1 (a) Experimental setup of temperature sensing scheme. PC: polarization controller; SMF: single mode fiber; VOA: variable optical
attenuator; BPF: band pass filter; EOM: electro-optic modulator. (b) Measured Brillouin frequency shift versus temperature.

Fig. 1 (a) shows the experimental setup of our temperature sensing scheme. The CW pump laser operates at 1550
nm. It is split into two branches by a 3 dB coupler. An EDFA is used in the lower branch to amplify the CW light
that serves as the pump for a Brillouin fiber laser constructed with 40m single mode fiber (SMF). The band pass
filter is used to reduce the ASE noise. The output of the Brillouin fiber laser is intensity-modulated by an EOM to
produce a probe pulse of 50 ns width. The probe pulse then propagates through 100 m SMF where SBS slow light is
introduced by the counter-propagating CW pump light in the upper branch. The SMF is of the same type of fiber
used in the Brillouin fiber laser in the lower branch [6]. The delayed probe pulse is then detected by a photodetector
and observed on an oscilloscope. To make sure that there is only one probe pulse propagating along the 100m fiber
at any moment, the repetition period is set to be 2ps. The 100 m fiber is first maintained at room temperature (23°C)
and the temperature is subsequently varied during the experiment.

978-1-4244-7112-6/10/$26.00 ©2010 IEEE 479
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A novel method for temperature sensing is demonstrated by exploiting stimulated
Brillouin scattering based slow light. The approach relies on temperature dependence of
the Brillouin frequency shift in a fiber, and the consequent time delay of a probe pulse.
Temperature sensing is achieved in a 100m SMF with high sensitivity. ©2010 IEEE.
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A Coal Mine Security Monitoring
System Based on Multiplexed Fibre Bragg Grating Sensors
and Coherence-Multiplexing Technique

Tianhao Xia, Bin Zhou, Weisheng Liu, Zuguang Guan
Centre for Optical and Electromagnetic Research, State Key Laboratory for Modem Optical Instrumentation, Zhejiang University,
Hangzhou 310058, China

xiatianhao@coer.zju.edu.cn

Abstract: An FBG sensing system for coal mine security monitoring is proposed in this paper. It works
over a Spatial-division-multiplexing/coherence-multiplexing network to realize quasi-distributed sensing.
Methane concentration, strain, and temperature are measured in the experiment.

OCIS code: (060,3735) Fibre optics and optical communications; (280,4788) Remote sensing and sensors

1. Introduction

Frequently-happened coal-mine accident is a very important problem for China to solve in near future. In
accidents, thousands of miners die or hurt, due to unawareness of the abnormal Methane concentration,
temperature or strain under coal-mines. These will be avoided if a monitor system can be developed to measure
multi-parameters at many locations under the mine in real-time [1].

FBGs have been widely utilized recently in fibre-optic distributed sensing system [2]. Optical low-coherence
reflectometry (OLCR) is a technique can distinguish multiplexed signals from many interferometric sensors [3].
Such a technique has been used to interrogate sensors based on FBG pairs (FBGP) in our previous work [4]. In
this work, we continually employ an OLCR to interrogate signals from three types of FBGP sensors
(temperature, strain and methane concentration) at many sensing locations. The total number of sensors is
increased by using an optical switch.

2. Principle

Fig.1 shows the schematic diagram of our system. The sensing point contains two identical FBGs. One is a
sensor, the other is a reference. These two FBGs form a fibre Fabry-Perot interferometer (FPI), and Optical path
difference (OPD) between the light reflected by these two FBGs is two times of the product of the effective
refractive index of the fibre and the interval distance of them. An OLCR (Figl, inside the dotted-line square) is
utilised, it is actually a scanning Michelson interferometer (MI). The OPD between the two arms of the MI can
be changed by scanning the optical delay line (ODL) inserted in one arm of the MI. An SLED with very short
coherence length is used as a light source. When the OPD between the two light reflected by the two FBG in the
FPI is exactly compensated by that induced in the MI, the interference will appear at the photodiode.

FBG pair
Reference Sensing

FBG FBG
SLED Isolator Circulator /

> Optical R (|
® —> switch \

()

Polarization controller Mismatch

Fiber loop mirror

Optical
- Delay line

Photodiode

Wavelength
PC | DAQ 1

Fig.1. Schematic diagram of the proposed Spatial-division-multiplexing/coherence-multiplexing system for FBGP sensors. The part inside
the dotted line square is the OLCR.
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An FBG sensing system for coal mine security monitoring is proposed in this paper. It
works over a Spatial-division-multiplexing/coherence-multiplexing network to realize
quasi-distributed sensing. Methane concentration, strain, and temperature are measured
in the experiment. © 2008 OSA / AOE 2008.
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A Novel Fiber Length Measurement Technology
Based on an Asymmetric Interferometer
Incorporating an Electron-Optic Modulator

Bobo Gu, Bin Zhou*
Centre for Optical and Electromagnetic Research, Joint Research Centre of Optical Communications of Zhejiang University,

Hangzhou 310058, China;
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Abstract: A novel single-model fiber length measurement technology based on asymmetric Sagnac
interferometer combining an electron-optic modulator (EOM) is proposed. A high resolution and large
dynamic range performance is investigated theoretically and experimentally.

OCIS code: (120.3180) Interferometry; (060.2300) Fiber measurements.

Introduction
For fiber optical communication and fiber optical sensing research, measuring fiber length precisely and feasibly
become is very important. To realize this purpose, optical time domain reflectometer [1] (OTDR), optical
frequency domain reflectometer [2, 3] (OFDR) and optical coherent domain reflectometer [4, 5] (OCDR) are
proposed individually and developed well. However, those techniques suffer from either a small dynamic range
or a low spatial resolution in practical applications. Recently, a fiber length measurement technology based on a
frequency-shifted asymmetric Sagnac interferometer has been presented [6]. By sweeping the driving frequency
of the acousto-optic modulator (AOM) asymmetrically placed in the Sagnac loop, the unbalanced light path
(length of the fiber under test) can be measured by recording and Fourier transforming the corresponding
variation of the phase delay existing between the two counter-propagating light beams. In the Fourier
transformation, the spatial resolution of this kind of measuring method is limited by the frequency-scanning
range (several MHz) of the AOM.

To overcome this disadvantage, we employ an electro-optic modulator (EOM) instead of AOM to measure
the fiber length. Since the lineal frequency scanning range can be easily larger than several tens of GHz, we
believe spatial resolution in the measurement can be improved a lot.

Principle

The schematic diagram of the proposed fiber length measurement system is shown in Fig. 1. After passing
through an isolator, the light from the laser source is equally splitted into two parts by a 3-dB coupler. One half
(Sy) goes clockwise and the other half (S;) goes counter-clockwise. They will interfere with each other when
meeting at the 3-dB coupler again. This is so-called Sagnac effect. In this work, an EOM is inserted in the
Sagnac loop asymmetrically, i.e. S; and S, pass through different path lengths before arriving the EOM, which
can induce a frequency shift on these two parts of light.

Test Pol.

S fiber Controller

Isolator

3-dB
coupler

S2 Reference Pol.

Signal
fiber Controller| generator

Fig.1. Schematic diagram of the novel fiber length measurement technology

The EOM modulation angular frequency is Q and the incident laser has an angular frequency . After
setting the appropriate parameters of the modulation signal, the output field of the laser can be expressed as [7]:

E(t)=-J 1(0’%)005[(50-9)@— J l(agjcos[(cw—(z)t] (1)

Where a is the normalized driving voltage, J; is first-order Bessel function .Hence, the electric field of S; and
S, after passing through the Sagnac loop is:
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Coherence Multiplexing of Absorption Sensors
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Abstract—The coherence multiplexing of absorption sensors is
realized based on a path-scanning Michelson interferometer
(MI). The sensing units are designed with different optical path
lengths, and the signals from the inline sensing array can be
demultiplexed by a path-scanning MI. Intra-cavity absorbance
in each unit can be deduced from the corresponding signal and
the signals of the previous sensing units.

I.  INTRODUCTION

Chemical or environmental sensing plays a very
important role in today’s society. In applications e.g.
preventing pollution and controlling industrial process,
advanced techniques for characterizing species or measuring
concentrations of chemical or gas mixtures are critical and
have been developed for decades. For instance, the
absorption sensing technique based on an open path cell has
attracted lots of attention due to its high selectivity and
sensitivity [1-5]. In order to realize some remote and
multipoint sensing applications, absorption sensors are
usually required to be distributed in a fiber-optic sensing
network. In most systems that have been reported [2-5], the
sensing units are arranged in parallel and each unit works in
the transmission mode [2-4]. If the network contains many
sensing units, these systems require numerous light splitting
devices, such as switchers or couplers. Based on the
coherence addressing and frequency modulation continuous
wave (FMCW) method, a frequency domain multiplexing
technique using absorption sensors of carefully designed cell
lengths was proposed in [5]. The sensing units in this system
are connected in serials and thus greatly reduce the
complexity and cost of the sensing network.

In this letter, we propose for the first time, a quasi-
distributed absorption sensing system based on a coherence
multiplexing technique. As shown in Fig. 1, multiple
absorption sensing units with different optical path lengths
are connected in serials and their sensing signals are obtained
(and well-separated) by scanning one arm of the Michelson
interferometer (MI). Compared with the FMCW method [5],
our system doesn’t require any frequency (wavelength)
modulation and therefore is more suitable for e.g. narrow
band absorption sensing.

This research is funded in part by Zhejiang provincial government
(under grant No. 2004C31G2010019) and in part by Hangzhou municipal
government (under grant No. 20051321B14).

1-4244-1262-5/07/$25.00 ©2007 IEEE
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Fig. 1. (a) Schematic diagram of the proposed quasi-distributed absorption
sensing system based on a path-scanning MI; (b) the schematic diagram of
the path-scanning MI; (c) the i-th absorption sensing unit. FC: fiber
connector; GL: Grin lens; PC: polarization controller; TODL: tunable
optical delay line; CF: compensated fiber; DAQ: data acquisition.

II.  PRINCIPLES AND ANALYSES

Coherence multiplexing technique has been widely
applied in sensing network formed by interferometer-type
sensors [6~9]. By arranging the geometry of each sensor
(usually an interferometer), the optical path differences
(OPDs) induced by different remote sensing interferometers
are in different ranges so that the multiplexed signals can be
demulitpexed by a local scanning interferometer. In our
system, each sensing unit can be considered as an
intracavity-absorption Fabry-Perot interferometer, as shown
in Fig. 1 (¢). The time delay 27, between the lights reflected

by the first and second fiber connectors in the i-th sensing
unit can be compensated by that of a path-scanning MI (see
Fig. 2 (b)), and the corresponding interferogram will appear
around a position of zero delay (in total). It can be
mathematically expressed as

1) =1"+1? +2,/I" 1P cos[w- At(z,)]

X eXp[_AT(Td)/zz-coh] s (1)

where [ i(l) and [ 1(2) are the intensities of the reflective lights

and 7_, is the coherent time (inversely proportional to the
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The coherence multiplexing of absorption sensors is realized based on a path-scanning
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scanning M. Intra-cavity absorbance in each unit can be deduced from the
corresponding signal and the signals of the previous sensing units. © 2007 IEEE.

10

Sensors

Absorption - Coherent light - Michelson interferometers - Multiplexing - Scanning
Absorbance - Coherence multiplexing - Inlines - Optical path lengths - Sensing units

931.2 Physical Properties of Gases, Liquids and Solids - 802.3 Chemical Operations -
801 Chemistry - 741.3 Optical Devices and Systems - 941.3 Optical Instruments -
741.1 Light/Optics - 718 Telephone Systems and Related Technologies; Line
Communications - 717 Optical Communication - 716 Telecommunication; Radar, Radio
and Television - 732.2 Control Instrumentation

10.1109/ICSENS.2007.4388461
Compendex

Compilation and indexing terms, © 2011 Elsevier Inc.

© 2011 Elsevier Inc. All rights reserved.

2011/4/11



Optics Communications 284 (2011) 2808-2811

journal homepage: www.elsevier.com/locate/optcom

Contents lists available at ScienceDirect

Optics Communications

Effects of doping concentrations on the regeneration of Bragg gratings in hydrogen

loaded optical fibers

Jing-Jing Zhu *¢, A. Ping Zhang **, Bin Zhou ?, Feng Tu, Jiang-Tao Guo °, Wei-Jun Tong ",

Sailing He ¢, Wei Xue ©

@ Centre for Optical and Electromagnetic Research, State Key Laboratory of Modern Optical Instrumentation, Zhejiang University, Hangzhou 310058, PR China
b State Key Laboratory of Optical Fiber and Cable Manufacture Technology, Yangtze Optical Fiber and Cable Co., Ltd, Wuhan 430073, PR China

€ School of Optoelectronics, Beijing Institute of Technology, Beijing 100081, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 22 November 2010

Received in revised form 21 January 2011
Accepted 25 January 2011

Available online 25 February 2011

Keywords:

Fiber Bragg gratings
Fiber materials
High-temperature sensor

The fabrication and optimization of regenerated Bragg gratings (RBGs) in hydrogen loaded single mode
optical fibers (SMF) are presented. In addition to standard Ge-doped SMF, two kinds of B-Ge codoped SMFs
with different doping concentrations are prepared using plasma-activated chemical vapor deposition (PCVD)
technique to fabricate RBGs. The effects of doping concentrations on the dynamics of grating regeneration and
the thermal stability of RBGs are experimentally investigated. The reflectivity of RBGs with length of 10 mm
was enhanced from 20% to 40% through the optimization of doping concentrations. All fabricated RBGs can
sustain in high temperature up to 1000 °C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With the development of fiber photosensitivity and grating
fabrication technology, fiber Bragg gratings (FBGs) have become
powerful sensors due to their unique advantages, e.g. compactness,
high sensitivity, multiplexing and self-reference capabilities [1-3]. In
recent years, thermal stability enhanced FBGs attracted a lot of attention
because of their promising applications as high-temperature sensors
[4-17]. The proposed highly thermal stable gratings include type-II
gratings formed with single excimer pulses [6,7] or femtosecond laser
pulses [8,9], and the regenerated Bragg gratings (RBGs) (i.e. gratings
regenerated by using an annealing process after the erasure of the seed
gratings) [10-16]. Compared with type-II gratings, RBGs are more
attractive because they are essentially formed from the Type-I “seed”
gratings by using conventional grating fabrication process and have
superior thermal stability sustainable in high temperature more than
1000 °C.

RBGs were first reported by Fokine et al. in the fluorine doped
optical fibers [10,11]. Those RBGs were assumed to be formed through
the diffusion of hydrogen fluoride, which were thus called as chemical
composition gratings (CCGs). Thereafter RBGs were formed in a
conventional Ge-doped fiber without doping of fluorine [12]. It was
shown that fluorine is not necessary and the diffusion of hydroxyl
group through the reaction and formation of molecular water could

* Corresponding author. Tel.: +86 138 68059843; fax: +86 571 88206513.
E-mail address: zhangap@zju.edu.cn (A.P. Zhang).

0030-4018/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.o0ptcom.2011.01.074

produce a grating as periodic modulation of oxygen. Recently RBGs
were also demonstrated in Er>"- or boron-codoped germanosilicate
optical fibers and highly photosensitive germanium doped fibers [13-
16]. It was reported that RBGs formed in Er>* codoped optical fibers
can sustain high temperature up to 800 °C without reduction of
reflection [13]. Canning et al. demonstrated that RBGs formed in
Boron codoped optical fibers can sustain temperature more than
1000 °C without significant grating degradation [14-16]. They
proposed that glass structural transformation rather than the diffusive
interpretation is an efficient alternative approach for the formation of
RBGs because of the relaxation of high internal pressures in the high-
temperature process.

In the present paper, three different kinds of fibers are used for
evaluation of the effects of composition concentrations on the
regeneration dynamics and stability of RBGs. In addition to the standard
single-mode fiber from Corning Ltd. (United States), two B-Ge codoped
optical fibers with different concentrations are prepared using plasma-
activated chemical vapor deposition (PCVD) technique at Yangtze
Optical Fibre and Cable Co. Ltd. (China). Hydrogen loading process is
applied before the fabrication of seed FBGs using 248 nm laser pulses.
The experimental results will show that the composition concentrations
have significant effects on the regeneration temperature, stability and
final reflectivity of the formed RBGs.

2. Experiments

Two B-Ge codoped fibers were prepared by using plasma-activated
chemical vapor deposition (PCVD) technique, whose compositions are
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