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1. Introduction

The need for temperature measurement exists in many applications such as in automated
consumer products, automated production plants and high performance processors. Recent
works have mainly focused on temperature sensors that satisfy user requirements for
specific applications, and the main considerations are performance, dimension and
reliability. In fact, traditional low-cost solutions, such as thermocouples and resistance
temperature detectors (RTDs), do not always yield satisfactory performance, e.g., when the
fluid temperature has to be measured in hostile environments, in the presence of
electromagnetic, chemical, and mechanical disturbances. Since signals from the
thermoelectric sensors are normally mixed with intrinsic noise and extrinsic interferences,
they may contain intolerable errors if not properly filtered. Therefore, this type of sensors is
inept for gauging temperature in microfluidic or nano-sized devices, in extreme marine
environments, and underground geological sites where long distance measurement with
precision is required. For such applications, fiber optical sensors offer a better alternative
since the optical signal does not suffer from interference by electromagnetic fields and can
be transmitted over extremely long distances without any significant loss [Yasin et al., 2010;
Li et al.,, 2010; Ahmad et al., 2009; Lim et al., 2009; Ahmad et al., 2009; You et al., 2005; Xu et
al., 2005]. Furthermore, they are relatively small in size, and compatible with other optical
fiber devices.

To date, various types of fiber optic temperature sensors have been reported in the
literatures and they are mostly based on fiber interferometric [Choi et al., 2008] and fiber
Bragg grating (FBG) [Han et al., 2004]. However, the first type of sensors are rather
expensive to produce and complicated to implement on-site [Golnabi, 2000]. Fiber Bragg
gratings are very efficient at temperature sensing and are easy to implement; however, they
always need additional techniques to discriminate the Bragg shifts by temperature and by
strain/compression and they also require expensive phase-masks. In this chapter, a
temperature sensor is demonstrated based on four different techniques; intensity modulated
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fiber optic displacement sensor (FODS), lifetime measurements, microfiber loop resonator
(MLR) and stimulated brillouin scattering. The first sensor is based on a rugged, low cost
and very efficient FODS utilizing a plastic optical fiber (POF)-based coupler as a probe and
a linear thermal expansion of aluminum. The second temperature sensor, which is based on
fluorescence decay time in Erbium-doped silica fiber has the advantage of incorporating a
time based encoding system, which is less sensitive to system losses such as those associated
with optical cables and connectors. The MLR is formed by coiling a microfiber, which was
obtained by heating and stretching a piece of standard silica single-mode fiber (SMF). The
MLR is embedded in a low refractive index material for use in temperature measurement.
The MLR-based temperature sensor has a low loss splicing with a standard SMF. Lastly, a
temperature sensor is demonstrated using an SBS effect, which requires measurement of
frequency shift. In the proposed sensor, a Brillouin pump is injected into one end of a ring
cavity resonator, in which a sensing fiber is located, and then the frequency shift between
the BP and the Brillouin fiber laser (BFL) output is measured using a heterodyne method.

2. FODS based temperature sensing

POFs have widespread uses in the transmission and processing of optical signals for optical
fiber communication system compatible with the Internet. POFs also have potential
applications in WDM systems, power splitters and couplers, amplifiers, sensors, scramblers,
integrated optical devices, frequency up-conversion, and etc. [Yasin et al., 2009; Yang et al.,
2011]. Recently, an intensity modulated FODSs have been demonstrated to be efficient for
many applications including sensor. They are relatively inexpensive, easy to fabricate and
suitable for deployment in harsh environments. In this section, a low cost temperature
sensor is demonstrated using POF-based coupler as a probe based on a linear thermal
expansion of aluminum. The temperature sensor is schematically shown in Fig. 1. The
sensor is essentially a FODS with a 3 dB multimode fiber coupler as a probe. A 594 nm He-
Ne beam is launched into port 1 of the coupler. Light travels to port 3 and is scattered when
it exits the fiber end. It is then reflected by the top surface of an aluminium rod with
dimensions of 0.5 cm diameter and 7 cm length. The port 3 probe is held in position about 1
mm perpendicular to the top surface of the aluminium rod so that the reflected light can be
easily launched back into the same port. The collected light is sent to port 2 by the 3dB
coupler and measured by a silicon photo-detector. The detector converts the light into
electrical signal, which is then processed by the lock-in amplifier and finally displayed and
stored onto the computer.

In the calibration stage, the static operating range of the probe is identified and this process
requires the probe to be mounted on a translational stage, which is rigidly attached to a
vibration free table. Firstly, the output from port 2 at zero point is measured, where the
aluminum rod and the probe are in close contact. Then the aluminum rod is moved away
from the probe in 50 pm steps and at each position, under vibrationless condition, the
output voltage is recorded. A graph of displacement (gap) against output voltage is drawn
and a linear range on the graph is identified. A position at the center of the linear range is
chosen and the gap between the probe and the top surface of the aluminum rod is fixed at
the chosen displacement point. Then an experiment is carried out where the aluminum is
fixed onto a hotplate for heating purpose. A thermocouple placed at the upper region of the
aluminum rod is used to display and monitor the temperature of the aluminum rod. The
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Fig. 1. Experimental setup for the proposed temperature sensor using a POF-based coupler

thermocouple has a resolution of 10C and a temperature range of -500C to 13000C. The heat
to the aluminum rod is controlled by varying the heat intensity produced by the hotplate
ranging from room temperature (250C) to 900C.

Fig. 2 show the efficiency of the FODS as a function of displacement obtained both
experimentally and theoretically without the temperature effect. The characteristic of the
proposed sensor can be compared with the case of coupling two similar collinear fibers
which are separated at the end-faces and with both axis aligned as discussed in [Yang et al.,
2011]. Given that the the distance between the parallel end-faces is called z, a and NA is the
radius and numerical aperture of the fiber respectively, the efficiency 1 for small values of
z/ais [Van Etten, 1991]

p=1-2_2 |aresin(na) - NaY1 - NA? | (1)

" amn(NA)?

for z/a <<1

The fiber receives the maximum light when the gap between the tip of fiber probe and the
reflected surface is zero, and thus the measured intensity of the reflected light is maxima
as shown in the figure. However, the measured intensity of the reflected light decreases
almost linearly as the distance or gap increases especially for close distance target.
Theoretically, the distance and the reflected power vary according to the inverse square
law and the ratio between the reflected power and the transmitted power is given by
[Kulkarini et al., 2006]
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where Pr, Pt, d, x, and O are the reflected power, transmitted power, core diameter, axial
displacement and fiber’s acceptance angle, respectively. The characteristic of the
displacement curve is summarized in Table 1 where the sensitivity is obtained at 0.0005
mV/pm and the slope shows a good linearity of more than 99% within the displacement
range of 1400 um. The displacement sensor is observed to be very stable with the
measurement error of less than 0.8%.
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Fig. 2. Efficiency as a function of displacement obtained both experimentally and
theoretically.

Parameter Value
Sensitivity 0.0005 mV/um
Linear Range 0 -1400 pm
Linearity More than 99%
Standard Deviation 0.01 mV (0.8%)
Resolution 19 pm

Table 1. The Performance of fiber optic displacement sensor using the aluminum rod.

Fig. 3 show the linear function of the output signal against the aluminum rod temperature
for two different runs. The two different runs were taken because repeatibility of results is a
crucial factor in the operation of any sensor system. In the experiment, the gap between the
aluminum rod and fiber tip of port 3 is fixed at 1 mm, which is within the linear range of the
displacement response without the temperature effect. The temperature of the aluminum
rod is then varied from 250C to 900C, resulting in an output signal ranging from 0.95 mV to
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1.20 mV. The output signal starts to significantly increase with increasing rod temperature at
420C, which henceforward forms a linear function until the rod temperature reaches 900C. It
is observed that the maximum difference between the two runs is about 0.04 mV, which is
small compared to the full range of 1.20 mV. The temperature sensor is observed to be very
stable with the measurement error of less than 0.8% which is obtained at 900C (see inset of
Fig. 3). The output voltage are recorded for 200 seconds and the standard deviation obtained
at 250C, 600C and 900C are 0.5%, 0.5% and 0.8% respectively. The performance of the
temperature sensor is summarized in Table 2 where the sensitivity of the linear function for
the first run is 0.0044 mV/0C with 98% linearity whereas the sensitivity of the linear
function for the second run is 0.0041 mV /0C with 96% linearity.
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Fig. 3. Linear relationship between the output voltage and aluminum rod temperature for
250C to 90°C. Inset shows the standard deviation values for output voltage versus rod
temperature at 25°C, 60°C and 900C.

Parameter Value (Run No. 1) Value (Run No. 2)
Sensitivity 0.0044 mV /°C 0.0041 mV /°C
Linear Range 42 -90 oC 42 -90 oC
Linearity More than 98% More than 96%
Standard Deviation +0.01 mV +0.01 mV
Resolution 24 °C 24 C

Table 2. The performance of the temperature sensor using FODS.

The temperature sensor has a higher sensitivity (0.0044 mV/0C) compared to the
displacement sensor (0.0005 mV/pm) even though the initial gap between the aluminum
rod and fiber tip of port 3 is fixed at 1T mm, which is within the linear range of the
displacement response without temperature effect. This is because as temperature increase,
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the reflectivity of aluminum will also increase [Guo et al., 2003], hence sensitivity increases
when increasing temperature is applied to the aluminum rod. The possible sources of error
in the sensor operation can be due to light source fluctuation, stray light and possible
mechanical vibrations. To reduce these effects a well-regulated power supply is used for the
594 nm He-Ne laser and this minimizes the fluctuation of source intensity. The sensor
fixture is also designed so that the stray light cannot interfere with the source light and room
light does not have any effect on the output voltage. To reduce the mechanical vibrations,
the experimental set-up is arranged on a vibration free table

3. Fiber optic temperature sensor based on lifetime measurement

Fluorescence-based sensors are widely used for measuring various parameters due to its
relatively independent of ambient conditions. This approach is widely used for temperature
sensor, which is normally based on the detection of fluorescence lifetimes in various rare-
earth-doped silica fibers [Zhang et al., 2009; Lopez et al., 2004; Seat et al., 2002; Baek et al.,
2006]. In principle, fluorescence is induced by pump power at a certain wavelength that is
suitable for the doped ions, and only a straightforward detection procedure is needed. An
additional advantage of such rare-earth-doped fiber sensors is that they are compatible with
a wide range of existing fiber-optic multiplexing schemes that can simultaneously detect
multiple physical parameters. The underlying principle behind the ability of the rare-earth
doped materials to be used as temperature sensors [McSherry et al., 2005] is their properties
of emission and absorption that are dependent on the temperature. This behavior is due to
the homogeneous broadening of the line width and the changing population of the energy
levels with temperature. In the earlier work, a remote temperature sensor has been
proposed using fluorescence intensity-ratio technique [Castrellon-Uribe, 2005]. In this
section, a temperature sensor is proposed based on fluorescence decay time in Erbium-
doped fiber (EDF).

Fig. 4 shows the schematic diagram of the proposed sensor set-up. The 980nm laser pump
beam is launched into a piece of 90 cm long Erbium-doped fiber (EDF) via a wavelength
division multiplexing (WDM) coupler. The EDF is placed in a vacuum oven which allows us
to vary the fiber temperature within 25 to 2000C interval. The fluorescence signal from the
forward pumped EDF is detected by a Ge photo-detector and processed with a digital
oscilloscope. The 980 nm pump beam is chopped so as to generate a square-wave
modulated signal with pulse width of 2.2ms, peak power of approximately 124mW and
frequency of 45Hz. When the erbium-doped fiber is pumped with the photon energy of 980
nm, the 4l11/, erbium level is excited and the 4l;3/> metastable level is quasi-instantaneously
populated due to the non-radiative transition. The population inversion between 4I;3/, and
4]11/2 level is responsible for the emission of fluorescence at around 1550 nm. When the EDF
is pumped at a fixed rate, the fluorescence variation including a lifetime change can reflect
corresponding temperature. The temperature dependent fluorescence lifetimes of the
spontaneous emission of the EDF is investigated and studied in this work.Fig. 5 shows the
output spectrum of the amplified spontaneous emission (ASE) of the forward pumped EDF
when the continuous wave pump power is fixed at 31 mW. The ASE spectrum peaks at 1529
nm with the average power of around -58 dBm. The temperature sensing mechanism in this
work is based on the temperature dependence of the Erbium fluorescent lifetime decay. The
Erbium fluorescence lifetime is measured using a modulated pump laser with power of
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Fig. 4. Experiment setup of fiber optic high temperature sensor.
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Fig. 5. Output spectrum of the generated ASE with 980nm pump power of 31mW.

approximately 2 mW and the results for temperature measurements of 85°C and 130°C are
shown in Figs. 6(a) and (b), respectively. Fitting the exponential curve produces lifetimes of
4.85 and 4.75 ms for temperatures of 85°C and 130°C accordingly. The fluorescence lifetime
data taken over the range of 25°C to 160°C are presented in Fig. 7. The graph shows the
existence of an inverse linear relationship between the Erbium lifetime and the temperature.
The fluorescence lifetime data shown in Fig. 7 are mean values of consecutive measurements
at corresponding stabilized temperature. The sensitivity of the sensor is obtained at 0.009
ms/°C with a linearity more than 94%. The lifetime reduction is attributed to the quenching of
the Erbium luminescence, which results in less efficient excitation. The quenching is mainly
due to a decrease in the absorption coefficient of Erbium ion as the temperature is increased.
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4. Microfiber loop resonator based temperature sensor

Optical ring resonators have attracted considerable attention owing to their simple
structure, compact size, and many applications in communication, optical signal processing
and optical devices [Amarnath et al., 2005; Harun et al., 2010]. Planar waveguide micro-ring
resonators have been well developed, but suffer from larger connection-losses with fibers
and higher cost. Recently, research on low-loss microfibers has opened up new
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opportunities for developing micro-photonic devices such as resonators [Jiang et al., 2006],
couplers [Tong et al., 2006], and sensors [Li & Tong, 2006]. As one of the basic functional
elements, microfiber resonators, in forms of loops, knots, or coils, have shown high intrinsic
optical quality and have exhibited promising applications such as filters and lasers [Jiang et
al., 2006]. Microfiber-based sensors are amongst the simplest of such devices, as they do not
require expensive and complex fabrication procedures. Recently, strain, high temperature
and refractive index sensing using tapered micro-structured optical fiber has been reported
[Nguyen et al., 2005; Minkovich et al., 2005; Villatoro et al., 2006]. However, the authors
used tapered micro-structured fiber which is expensive and difficult to work with in term of
getting low loss splicing with standard optical fiber.

A microfiber fabrication set-up is shown in Fig. 8. A coating removed standard SMF was
held by two fiber holders which were fixed on two translation stages. One stage is fixed and
another stage is a motorized stage that can be moved in one dimensional direction and the
speed of the motor can be controlled. The fiber ends were connected to an amplified
spontaneous emission (ASE) source and an optical spectrum analyzer (OSA). The microfiber
was fabricated by heating the fiber to its softening temperature, and then pulling the ends
apart to reduce the fiber’s diameter down to a around 1-3 mm. A high temperature and
stable micro-burner fueled by clean butane gas is used in the tapering. Mounted on the
movable stand, the micro-burner can be swung vertically to flame brush the tapered fiber.
The flame should be clean and the burning gas flow should be controlled carefully so that
the air convection does not break the fiber during the drawing process. During the tapering
process, we monitored both the inter-modal interference and the insertion loss of the fiber
using the ASE source in conjunction with the OSA. The flame is applied to the fiber in an
optimized angle to make sure the heat distribution is homogeneous.

Fiber
holder
Coating
removed
SMF
Wideband P OSA
Source
B
translation translation
stage stage
Oxy-
butane
burner

Fig. 8. Schematic diagram of the microfiber fabrication set-up.

The MLR is fabricated by coiling the microfiber onto itself using two surface attractions, van
der Waals force and electrostatic force, which keep the loop stable since the forces overcome
the elastic force to make the fiber straight. The fabricated MLR is laid on an earlier prepared
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glass plate with a thin and flat layer of low refractive index material to address the temporal
stability of the device as shown in Fig. 9. The thickness of the low refractive index material is
approximately 0.5mm which is thick enough to prevent leakage of optical power from the
microfiber to the glass plate. Some uncured resin is also applied on surrounding the MLR
before it is sandwiched by another glass plate with the same low refractive index resin layer
from the top. It is essentially important to ensure that minimum air bubbles and impurity
are trapped around the fiber area between the two plates. This is to prevent refractive index
non-uniformity in the surrounding of microfiber that may introduce loss to the system. The
uncured resin is solidified by the UV light exposure for 3 ~7 minutes and the optical
properties of the MLR are stabilized. The packaged MLR is located in an oven with
temperature control to investigate how the comb spectrum changes with the temperature.

Low refractive
mdex material

G:!Z/ss / //

Microﬁber loop
resonator (MLR)

(a) diagram

(b) Snapshot
Fig. 9. Packaging of the MLR (a) schematic diagram (b) snapshot
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A MLR has a comb transmission spectrum similar to that of a Fabry-Perot filter. The
resonant wavelength must satisfies A, = 2nRness/ m, where R is the radius of the ring, n.y is
the effective index of the ring, m is the resonant mode number. The resonant frequency
spacing, i.e. Free Spectral Range (FSR), is given by [Sumetsky et al., 2006];

C

- 3
Avpgp R Terf ( )

where c is the velocity of light in vacuum. The quality factor of a ring resonator can be
expressed as

Am

A/‘LFWHM

Q 4)

where AApwpv is the 3 dB bandwidth of the resonant peak. The lower the coupling
coefficient between the ring and straight waveguide, the higher the Q is. If the radius and
the coupling coefficient of the ring are chose properly, the desired resonant frequency
spacing and bandwidth of the resonant peak can be obtained. The measured comb
transmission spectrum of the MLR is shown in Fig. 10, which was obtained by using the
ASE source in conjunction with OSA. The resonant response of the MLR is obvious. The
extinction ratio is about 4.0 dB, and the FSR is 0.08 nm.
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Fig. 10. Transmission spectrum of the fabricated MLR
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The temperature response of the packaged MLR is then investigated. Fig. 11 shows the
transmission spectrum of another packaged MLR at various temperatures. As shown in this
figure, the spacing of the transmission comb spectrum is unchanged with the temperature.
However, we observed a linear dependence of the extinction ratio of the MLR on
temperature; higher temperature MLRs had a smaller extinction ratio. Fig. 12 shows an

'8-0 : T T : T T T T : T T T T :
——— 27deg — — 31deg === 40deg
-8.5 — - -49deg e 5(0deg
90 | 'J\| ~ P e {"‘~ - ,\
B AT WA A A\ RGN A 70 N R A VoS L S
o5 YV pii Ll RNy F WV N VA S S N BRI
& Loy f :(l.4 ALY vy TR LA
= /lI'T LS R 1N & IS YT
£ 100 |/ ﬁ ,"\"F i ‘} H‘.|Fr ,rh.\ 'ﬁ Jﬁ.'.\.g ,”u"“
B ey AV 1 3 | (TR .- :
#-10.5 l|'n'H '.'j‘l l‘:ﬁ\ ,I.'HL; |1 'J'.lr ',“| 1%“\ 'Hf ||r'~r- ljf“ “I r‘“.’.”‘y |
E ST (R e M EITTE SRTRY R U RTINS
IR ETVITS (R ST R SRS IR 1 VI (hS O
ST SV AT AW A AL Rk
T15 | urﬁ\ ! wH‘ufc“'\ \1" | r‘\ f ‘H "a'j"i ; L“.rji ,H W‘H Y1 If iy
PN Y A VAR A VA N AV A R R A VA
e A o Y 1/ | \/ \/
425 | | v / .
-13.0
1529.5 1529.7 1529.9 1530.1 1530.3 1530.5
Wavelength (nm)
Fig. 11.

Transmission spectra of the fabricated MLR obtained at various temperatures
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extinction ratio against the temperature. As seen, the slope of the extinction ratio reduction
against temperature was about 0.043dB/°C. The dependence of the extinction ratio on
temperature is due to the change in the material’s refractive index, which increase the loss at
higher temperature and thus reduces the extinction ratio. In the proposed sensor, the optical
path length is not much changed with the temperature and therefore, the comb spacing is
unchanged as shown in Fig. 11.

5. Stimulated Brillouin scattering based temperature sensor

Brillouin scattering is an effect caused by the nonlinearity of a medium, whereby an incident
pump photon can be converted into a scattered photon of slightly lower energy, usually
propagating in the backward direction, and a phonon. At high optical pump powers, the
Stimulated Brillouin scattering (SBS) is one of the most important nonlinear effects in fibers
and has a significant influence on the operation of optical transmission systems as well as
fiber sensors. Brillouin-based optical fiber sensors have been widely reported in recent years
owing to their possibilities to perform distributed strain and temperature sensing along an
optical fiber [Bao et al., 1993; Nikles et al., 1996, Culverhouse et al., 2008; Kee et al., 2002;
Rathod et al., 1994]. Several techniques have been proposed for effective sensing using either
spontaneous Brillouin scattering (SpBS) or stimulated Brillouin scattering (SBS) effects.
Brillouin reflectometers are the most widely exploited in Brillouin-based optical sensing due
to their simplicity. They are implemented by injecting a light beam into one of the sensing
fibers” ends and are not affected by nonlocal effect, thus appearing more suitable for long
range sensing applications. However, these type of sensors suffer from a small amplitude of
the signal due to the use of spontaneous Brillouin scattering.

The configuration of the proposed sensor is shown in Fig. 13. It consists of a Brillouin pump
(BP), an Erbium-doped fiber amplifier (EDFA), a ring cavity Brillouin gain block and a
frequency shift measurement setup. The gain block consists of a piece of sensing fiber and a
3 dB coupler, which the Brillouin gain oscillates in an anti-clockwise direction to generate a
BFL. The sensing fiber is located in an oven with temperature control and is shown in the
dashed square in Fig. 13. An external cavity tunable laser source (TLS) with a line-width of
approximately 20MHz is used as the BP. The BP light operating at 1555 nm is split into
reference and probe signals, by using a 10dB coupler. The probe signal from 10% part is
optically amplified by an EDFA to provide sufficient power for this study. This amplified
signal is launched into a piece of sensing fiber through an optical circulator, which is also
used to couple into the photodiode the backward propagating light from the ring cavity,
including a BFL operating at wavelength downshifted by 0.08 nm from the BP wavelength.
The output Brillouin signal is combined with the reference or BP signal by a 3 dB coupler
for Brillouin shift measurement using a heterodyne technique. The combined optical signal
is converted into an electrical signal by a phodiode which is connected to an RF spectrum
analyzer.

To compare the performance achieved by various sensing fibers, a standard single-mode
fiber (SMF), non-zero dispersion shifted fiber (NZ-DSF) and photonic crystal fiber (PCF) are
alternatively employed as a gain medium in the BFL. The lengths of SMF, NZ-DSF and PCF
are fixed at 25 km, 10 km and 100 m, respectively. The NZ-DSF has a core diameter of 4.2
pm and cut-off wavelength of 1150nm. The PCF has a triangular core with average diameter
of 2.1 + 0.3 pm and cladding diameter of 128 + 5 pm. The average air hole diameter of the
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Fig. 13. Experimental setup for the spontaneous Brillouin scattering measurements.

100%

fiber is 0.8 pm with 1.5 pm pitch. The PCF is made from pure silica with 17.4 wt% of Ge-
doped core region. The SMF and NZ-DSF have core diameters of 9 and 4.2 pm, respectively.
The sensing fiber is incorporated in a ring BFL configuration to reduce the required BP
power for the operation. The Brillouin threshold is relatively lower for the SBS.

Fig. 14 shows the backward propagating Brillouin spectrum obtained from the ring cavity
BFL, which is measured after the optical circulator by an OSA with resolution of 0.015 nm.
In this experiment, the sensing fiber is NZ-DSF and the temperature is varied from 250C to
800C. The Brillouin Stokes laser is generated from interactions between the optical mode
and acoustic modes in the fiber core. Thermally excited acoustic waves (acoustic phonons)
produce a periodic modulation of the refractive index. Brillouin scattering occurs when light
is diffracted backward on this moving grating, giving rise to frequency shifted Stokes and
anti-Stokes components. This process can be stimulated when the interferences of the laser
light and the Stokes wave reinforce the acoustic wave through electrostriction. Since the
scattered light undergoes a Doppler frequency shift, the Brillouin shift depends on the
acoustic velocity and is given by [Alahbabi et al., 2005]

Up = ©)

where V, is the acoustic velocity within the fiber, n is the refractive index and A is the
vacuum wavelength of the incident lightwave. As shown in Fig. 14, the Brillluin Stokes is
slightly shifted to a longer wavelength as the temperature is increased from 25°C to 80°C.
This is attributed to the refractive index of the sensing medium, which increases with the
temperature. Fig. 14 shows the Brillouin shift for the BFL with NZ-DSF, measured by the RF
spectrum analyzer at two different temperatures; 25°C and 80°C. As shown in the figure,
the Brillouin shift peak power shifted toward a higher frequency with increasing
temperature. For a sensing fiber of NZ-DSF, at room temperature of 25°C, a value for vp is
experimentally obtained at 10.7 GHz at 1550 nm wavelength region as shown in Fig. 15.

The strong attenuation of sound waves in silica determines the shape of the Brillouin gain
spectrum. Actually, the exponential decay of the acoustic waves results in a gain presenting
a Lorenzian spectral profile [Xiao-qgiang et al., 2009].
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Fig. 14. Stimulated Brillouin scattering monitored by OSA in minimum and maximum used
temperature.

(AUB/Z)2
" (v-vp) +(Av/2)?

8p(V) =g (6)

where AvB is the full-width at half maximum (FWHM). The Brillouin gain spectrum peaks
at the Brillouin frequency shift vp (or the frequency difference between the two beams), and
the peak value is given by the Brillouin gain coefficient

27rn7p122

gp(V) =80 = 7)

- c/iﬁ PoV,Avg

where pi; is the longitudinal elasto-optic coefficient, py is the density, A, is the pump
wavelength and c is the vacuum velocity of light [Heiman et al., 1979; Agrawal, 1989]. The
Brillouin linewidth for a spontaneous Brillouin scattering in a standard SMF is reported to
be approximately 30 MHz, which can be calculated using Eq. (7). In this work, the Brillouin
linewidth is observed to be around 15 MHz as shown in Fig. 13 due to the proposed sensor,
which is based on SBS effect. The Brillouin linewidth is also expected to slightly increases
with the temperature increase.

The temperature-dependence of the Brillouin gain shift is also investigated for various types
of sensing fibers and the result is shown in Fig. 16. The beat frequency is obtained at
approximately 10.85, 10.75 and 9.80 GHz with the sensing fibers of SMF, NZ-DSF and PCF,
respectively. It is also observed that the central frequency linearly increases with the
temperature over a wide temperature range. The slope coefficients of 0.77, 0.56 and 1.45
MHz/oC are obtained for BFLs using SMF, NZ-DSF and PCF, respectively. The error bars
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Fig. 15. The typical SBS beat frequency spectra at the minimum and maximum temperatures
using the NZ-DSF as the sensing fiber.
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Fig. 16. Brillouin frequency shift as functions of temperature.

are +3 MHz, corresponding to the BFS fluctuations when the temperature is fixed. All fiber
samples are only coated with a thin acrylate micro jacket, so that the coating influence is
expected to be kept below 0.1 MHz/ oC. This experiment indicates that the PCF with small
core is preferable for this application. As also shown in Fig. 16, the Brillouin shift for PCF is
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less than that of the other silica fibers. The reason is due to the Germania concentration in
the fiber core such that the inhomogeneous distribution within the core of the fiber is
responsible for multi peaks in Brillouin gain spectrum. The PCF used is composed of a
small-scale solid silica core comprising a Ge-doped center region with multiple air holes
arranged in a hexagonal lattice around the core which act as cladding. With the combination
of a large refractive index contrast between the silica core and the air-filled microstructure,
the PCF can confine the mode tightly in the core that results in a low effective mode area
and thereby produce a large nonlinear coefficient. This characteristic avoids the difficulty in
distributed fiber sensors that use long SMF and NZ-DSF which contributes to uncertainty in
the sensing results. Although the threshold is reduced by the increased length necessary to
provide the SBS, it creates other problems like reduced coefficient for sensing temperature.

6. Conclucions

Four different approaches for temperature sensing have been demonstrated; intensity
modulated FODS, lifetime measurements, MLR-based and SBS-based sensors. The first
sensor uses a fiber-optic displacement sensor based on a multimode POF coupler to measure
temperature ranging from 420C to 90°C. The displacement curve has a sensitivity of 0.0005
mV/um and a linearity of more than 99% within a measurement range between 0 to 1400
um. By placing the aluminum rod within the linear range, the measured output signal is
observed to be a linear function of the aluminum rod temperature with a sensitivity of
0.0044 mV/°C for temperature detection with a linearity of more than 98% and a resolution
of 2.4 oC. The second sensor is based on a lifetime measurement of 90 cm long of EDF, which
is diode-pumped by a modulated 980 nm laser. The sensitivity of the sensor is obtained at
0.009 ms/°C with a linearity of more than 94%. This temperature sensor is shown to be
effective and useful for its high resolution and precision. The third sensor is based on MLR,
which is fabricated from a microfiber, which is derived using a flame heating method. The
MLR is constructed by coiling the microfiber to form a loop resonator device. The device is
embedded into low refractive index polymer for robustness. The spacing of the transmission
comb spectrum of the MLR is observed to be unchanged with the temperature. However,
the extinction ratio of the spectrum is observed to be linearly decreasing with the
temperature. The slope of the extinction ratio reduction against temperature was about
0.043dB/°C. The dependence of the extinction ratio on temperature is due to the change in
the material’s refractive index. The temperature-dependence of the Brillouin frequency shift
is demonstrated in various types of fiber in the last approach. The beat frequency between
the SBS and pump signals is measured using the heterodyne method. The central Brillouin
beat frequency increases linearly with increasing temperature with temperature coefficients
of 0.77, 0.56 and 1.45MHz/0C. The phenomena are demonstrated for 25 km long SMF, 10 km
long NZ-DSF and 100 m PCF, respectively.
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