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Abstract

Optical temperature sensors gain interest from the community recently due to their immunity to electromagnetic interference and rugged-
ness against chemical and mechanical disturbances as opposed to the conventional temperature sensors such as thermocouples and re-
sistance temperature detectors. Optical temperature sensors come with many varieties and Sagnac interferometer is one of them. In this
work, an all-fiber temperature sensor is proposed and experimentally demonstrated. The proposed optical temperature utilizes Sagnac
interferometer as the temperature head. The underlying mechanism for this sensor is based on the temperature dependence of a polariza-
tion maintaining fiber (PMF) in the Sagnac interferometer. The PMF birefringence which is influenced by temperature affects the phase
difference of two incoming lights that enter the Sagnac interferometer and this contributes to the shifting of the transmission spectrum.
The input light for the sensor characterization is provided by a custom-made amplified spontaneous emission source which comprises of
a tunable laser source, a 980 nm laser diode pump, a wavelength division multiplexing coupler and a 10 m long erbium-doped fiber. Ex-
perimental results indicate that the temperature does affect the PMF characteristic. As the temperature increases from 30°C to 45°C, the
wavelength dip reduced from 1553.8 nm to 1536.78nm. This proposed optical temperature sensor has a sensitivity of-1.0345 nm/°C. The

development of this optical temperature sensor is promising especially for the measurement in the harsh environment.
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1. Introduction

Temperature monitoring is required in many applications such as
automated production plants and high performance processors.
Therefore, on-site temperature measurement is of significant im-
portance in order to ensure smooth operation of a system. Conven-
tional methods for temperature measurement utilize thermocou-
ples and resistance temperature detectors (RTDs). However, they
are prone to disturbances and this is especially true in hostile envi-
ronment that includes tunnels, nuclear reactors and aerospace
systems to name a few. In such systems, electromagnetic, chemi-
cal and mechanical disturbances come into play, causing the per-
formance of temperature measurement to be unsatisfactory. As
such, fiber optical sensors become a better alternative than ther-
mocouples and RTDs since optical fibers are immune to electro-
magnetic interference and more rugged against chemical and me-
chanical disturbances. Different configurations of optical sensors
for temperature measurement have been demonstrated such as
core-mismatch fiber structure [1], Fabry-Pérot interferometer
(FPI) [2], micro-cavity structure [3] and photonic crystal fiber
(PCF) [4]. In separate advances, techniques of multimode interfer-
ence [5] and surface plasmon resonance [6], [7] have also been
utilized for the development of optical temperature sensors.

In general, optical fiber sensor can be categorized intowave-length
modulated sensors, intensity modulated sensors and inter-
ferometric sensors. The wavelength modulated sensors that work
based on grating concept such as Fiber Bragg Grating (FBG) of-

fers a wide dynamic range with high sensitivity [8]-[10]. Howev-
er, this type of sensor is complex in its fabrication. On the other
hand, intensity modulated sensor has low fabrication complexity
due to its simplest configuration, but has drawback in its sensitivi-
ty performance and can be easily influenced by intensity fluctua-
tion of the laser source [11]-[13]. As for Mach-Zhender, Sagnac
and Fabry-Perot interferometric sensors, the sensors have compa-
rable sensitivity to wavelength modulated sensor with easier fabri-
cation process and more stable compared to intensity modulated
sensor [14]-[19].

In this work, a Sagnac interferometer is incorporated for the tem-
perature measurement. The Sagnac interferometer consists of a 3-
dB coupler, a polarization controller (PC) and a polarization main-
taining fiber (PMF) which acts as a temperature sensor head. As
the temperature of the PMF increases from 30 °C to 45 °C, the
wavelength dip shifts from 1553.8 nm to 1536.78nm. Based on a
linear fitting, the proposed optical temperature sensor has a sensi-
tivity of -1.0345 nm/°C.

2. Experimental Setup

Figure 1 shows the experimental setup of the Sagnac interferome-
ter based-optical temperature sensor. The Sagnac interferometer
consists of a 3-dB coupler, a PC and a 2.2 cm PMF which acts as a
temperature sensor head. The PMF is placed in a temperature
chamber (i.e Venticell 55) for experiencing different values of
temperature. The input light in this experiment is provided by a
custom-made amplified spontaneous emission (ASE) source
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which comprises of a tunable laser source (TLS), a 980 nm laser
diode pump, a WDM coupler and a 10 m erbium-doped fiber
(EDF). When the TLS is turned off and the laser diode is turned
on, that means only the 980 nm pump light propagates through the
EDF. Consequently, spontaneous emission dominates over stimu-
lated emission in the EDF due to the disappearance of signal light,
generating ASE noise at the output of the EDF as a result [20].
The spectrum of the output light sensor is captured by an optical
spectrum analyzer (OSA) to measure the wavelength shifting and
transmission for different temperature. The OSA has a resolution
of 0.02 nm. The real experimental setupof the Sagnac interferome-
ter based-optical temperature sensor is illustrated in Figure 2.

The mechanism for the Sagnac interferometer as temperature sen-
sor is illustrated in Figure 3. The explanation is as follows; the
input light of ASE is split into two propagating beams when it
passes a polarization-insensitive 3dB coupler. The two propagat-
ing beams travel in two paths; the first beam travels in the clock-
wise (CW) direction and the second beam travels in the counter
clockwise (CCW) direction. Both incident beams pass through the
PMF and PC before they recombine in the 3-dB coupler, forming
interference spectrum at the output of the Sagnac interferometer.
The transmission spectrum has periodic characteristic, which can
be expressed as [21]

T =(1—cosp)/2 1)

where, ¢ is the phase difference between the CW and CCW beam.
The phase difference, ¢, is in turn defined by

p=2mBLIA )

where, B is the PMF birefringence, L is the PMF length and 2 is
the input light wavelength. As the temperature of the PMF chang-
es, which can be varied through the temperature chamber, the
birefringence of the PMF is affected as well. This leads to the
change of the phase difference between the CW and CCW beam.

The new phase difference, gol, resulting from the birefringence
change, AB , is formulated as [22]

¢ =27(B+AB)L/ A 3)

Correspondingly, the change of the phase difference, A¢ , is de-
noted by

Ap=¢ —p=27ABLIA )

The equation (4) indicates that the PMF birefringence which is
influenced by temperature, affects the phase difference, thus con-
tributing to the shifting of the transmission spectrum. This tem-
perature sensitivity of the spectrum shifting is utilized as underly-
ing mechanism for optical temperature sensor.

In this work, the measurement is carried out by placing the tem-
perature sensing fiber in the Venticell 55 laboratory oven that has
working temperature ranging from +10 °C to 250 °C. The tempera-
ture sensor based on Sagnac interferometer is a non-contact tem-
perature sensor that operates on some form of radiative heat trans-
fer measurement. Heat radiated from oven heating element is de-
tected by the sensing fiber, hence influencing the phase difference
of the interferometer. Figure 4 shows the image of the Venticell 55
laboratory oven and Figure 5 illustrates the location of the sensing
fiber probe. The sensing fiber is located at the middle of the oven
by assuming the heat is uniformly distributed at that location.
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Fig. 1: Experimental setup of optical temperature sensor based on Sagnac
interferometer.
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Fig. 2: Real experimental setup of optical temperature sensor based on
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Fig. 3: Mechanism of Sagnac interferometer as superposition of clockwise
(CW) and counter-clockwise (CCW) light.
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Fig. 5: Sensing fiber location in Venticell 55 laboratory oven

3. Results and Discussion

The generation of the ASE signal as the input source for the tem-
perature sensor head is firstly investigated. The experimental setup
for the generation of the ASE signal is illustrated in Fig. 6. The
generation of ASE signal is possible when the laser diode is turned
on and no input signal is present. In this case, only pump light at
980 nm wavelength propagates into the EDF. Consequently, erbi-
um ions in the EDF are excited in the upper state and due to the
absence of the input signal, excited erbium ions fall down to the
lower state through spontaneous emission process. Spectrum of
the signal emitted from the spontaneous emission process span
over a wide range and for this reason, the ASE signal cover a C
band region from 1530 nm to 1565 nm. The spectrum of the ASE

signal is shown in Fig. 7.
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Fig. 6: Experimental setup of ASE generation.
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In the case where both signal and pump present in the EDF, the
device acts as an optical amplifier. Figure 8 shows the spectrum of
the input signal at the wavelength of 1564.5 nm. When both input
signal and pump propagate in the EDF, stimulated emission pro-
cess takes place. As the input signal passes through the EDF, it
forces the excited erbium ions to fall down to the lower level. Due
to energy conversion, new light is emitted and this will add up the
existing input light. As a result, the input light is amplified. The
spectrum of the amplified light illustrated in Figure 9 and it is

evident that the amplified light sits on top of the amplifier noise.
For this reason, optical amplifier adds up noise to the input signal.
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Fig. 8: Spectrum of input signal.
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Fig. 9: Spectrum of amplified signal.

The characteristic of the input ASE signal is then investigated
further. The spectrum of the ASE signal after the 10 m EDF is
observed through OSA as shown in Fig. 10. It is evident that as
the input current to the laser diode pump increases from 100 mA
to 500 mA, the intensity of the ASE signal increases correspond-
ingly. This is a consequence of a higher amount of excited erbium
ions when the input current increases. The larger number of exited
erbium ions prompts for a more dominance of spontaneous emis-
sion process in the EDF [23],[24]. As a result, the ASE intensity is
enhanced as more current is pumped into the 980 nm laser diode.
Another point to note in Fig. 2 is that the emission of the ASE
covers over the C-band region which falls from 1530 nm to 1565
nm. This suggests that the length of ASE of 10 m is optimized for
the amplification in the C-band region.
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Fig. 10: Behavior of ASE spectrum as pump current increases .
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The impact of temperature on the Sagnac interferometer or specif-
ically PMF, which acts as the sensorhead is then examined. Fig.
11 shows the behaviour of the transmission spectra with different
temperatures. Based on Fig. 11, there exists a wavelength dip for
each spectrum. The wavelength dip results from the interference
effect of the CW and CCW beams in the 3-dB coupler. As the
temperature changes from 30°C to 45 °C, the wavelength dip
shifts to the lower wavelength. The reason for this behaviour is
that a change of temperature induces a change of birefringence in
the PMF. As a result, the phase difference between the CW and
CCW beams changes accordingly, leading to a change of the
wavelength dip of the transmission spectrum. In essence, tempera-
ture parameter does affect the transmission spectra of Sagnac in-
terferometer.

—30C —31C —32C —33C ——35C
—36C —37C 38C —39C -40C a1c
-40 42c 43C 44c 4s5¢C

Intensity (dBm)

1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
Wavelength (nm)

Fig. 11: Transmission spectra of Sagnac interferometer.

The sensitivity of the optical temperature sensor is then explored.
Figure 12 shows the behavior of the wavelength dip as a function
of temperature. As the temperature changes from 30 °C to 45 °C,
the wavelength dip shifts from 1553.8 nm to 1536.78nm. Based on
Fig. 12, the wavelength dip has a linear relationship with the tem-
perature. The linear fitting has a R2 of 0.967 and the slope of -
1.0345 nm/°C which also represents the sensitivity of the optical
temperature sensor.
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Fig. 12: Wavelength dip as function of temperature.

4. Conclusion

In summary, an all-fiber temperature sensor has been proposed
and experimentally demonstrated. The configuration of the tem-
perature sensor is based on Sagnac interferometer which also acts
as the temperature sensor head. The input light for the sensor
characterization is provided by a custom-made amplified sponta-
neous emission source which comprises of a tunable laser source,
a 980 nm laser diode pump, a wavelength division multiplexing
coupler and a 10 m long erbium-doped fiber.Due to birefringence

change in the PMF, the wavelength dip reduces from 1553.8 nm to
1536.78nm as the temperature increases from 30 °C to 45 °C. The
proposed optical temperature sensor has a sensitivity of -1.0345
nm/°C. Compared to conventional temperature sensors, the devel-
opment of this optical temperature sensor is promising due to their
immunity to electromagnetic interference and ruggedness against
chemical and mechanical disturbances.
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