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Abstract: In this paper, a novel distributed optical fiber temperature sensor based on Raman anti-
Stokes scattering light is proposed and experimentally demonstrated. The Raman anti-Stokes scatter-
ing light is sensitive to temperature parameters that are detected by the fiber under test conditions
(FUT), and this allowed the temperature demodulation algorithm to be obtained through the re-
lationship between the temperature and the power of the back-scattered Raman anti-Stokes light.
In addition, we propose a new temperature calibration method to ensure accurate temperature
measurement, which is greatly affected by the stability of a pulse laser. The experimental system is
constructed with an optical fiber length of approximately 3.5 km. The proposed system obtains a
24 dB dynamic range with a pulse width of 20 ns and temperature testing ranges of 30.0 °C to 80.0 °C.
The results demonstrate that the maximum temperature deviation range is —1.5 °C to +1.6 °C and
the root mean square (RMS) error of the whole temperature range is 0.3 °C, which means it has the
potential for practical engineering applications. More importantly, it avoids the walk-off effect that
must be corrected in commonly used temperature demodulation schemes adopting both Raman
Stokes light and anti-Stokes light. It also saves a signal channel, which is more suitable for the
integration of hybrid distributed optical fiber sensing systems for multi-parameter monitoring.

Keywords: optical fiber sensor; Raman scattering; temperature monitoring; multi-mode fiber

1. Introduction

Distributed optical fiber sensors have been used in practical engineering for tempera-
ture, strain, vibration, corrosion monitoring, and so on. Generally, it is based on the optical
time domain reflecting structure [1,2]. A light pulse is injected into the fiber under test
conditions (FUT), and this generates scattering light as it propagates along the FUT. The
scattering light in the fiber contains Rayleigh light, Brillouin light, and Raman light. By
extracting the different scattering lights, corresponding sensing parameters can be demod-
ulated [3-5]. In addition, the position where the light scattering happens relates to the
round-trip time from when the light pulse sends to the scattering light receives, so it is based
on the radar principle for locating a position where an event happens. This optical time
domain reflecting technology is called LiDAR (light detection and ranging) [6]. Amongst
these, Raman optical time domain reflectometry (OTDR) is widely used for temperature
measurement in power cable hot spot monitoring [7], partial discharge detection in voltage
transformers [8], the early warning of fire in oil or gas pipe lines [9-12], etc. As the Raman
scattering light is only sensitive to the temperature detected by the FUT, it is relatively
simple to demodulate the temperature information compared to the Rayleigh light or the
Brillouin light-based schemes, which are sensitive to both temperature and strain [13-15].
Although, in optical fiber, the power of Raman scattering is approximately 30 dB lower
than that of Rayleigh scattering and about 15 dB lower than that of Brillouin scattering, it
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can also be used in most application scenarios with a relatively short range (~20 km), such
as power cable lines, oil pipe lines, buildings, and warehouses for temperature monitoring
and fire early warning. Generally, the Raman OTDR adopts both the Raman Stokes light
and the anti-Stokes light for temperature demodulation. As the wavelength of the Raman
Stokes light is approximately 200 nm apart from the anti-Stokes light, the walk-off effect
is unavoidable. The walk-off effect is caused by the fact that different light wavelengths
correspond to different light speeds in the FUT, so the same time recorded corresponds
to different scattering positions along the FUT for the Raman Stokes light and anti-Stokes
light, respectively [16-18]. Therefore, it is necessary to correct the positional information
along the OTDR traces before using the temperature demodulation formula, or else, the
obtained temperature information may be completely wrong. In other words, the Raman
Stokes data and anti-Stokes data should correspond to the same light scattering position,
whereupon, by the temperature demodulation formula, feasible results can be obtained.

However, it is very difficult to correct the positional information from the obtained
OTDR trace data. That is because the data acquisition card (DAQ) only records times
with the same time interval (time point). The total number of time points indicates the
round-trip time. Furthermore, as the walk-off effect exists, the round-trip time for Raman
Stokes light and Raman anti-Stokes light is not the same, which means they have different
time point numbers. To correct the data points that contain the positional information
and light power value, the data fitting method must be adopted, but the fitted data are
not the true data. When temperature events happen at the fitted positions, the obtained
temperature information can be unreliable. In addition, to achieve long sensing distance
and avoid the walk-off effect, pulse coding methods [19-21] and corresponding data
demodulation algorithms [22,23] are adopted; however, this will increase the difficulty
of the pulse modulation module and the digital processing unit. Recently, hybrid optical
fiber sensing technology has become an important issue. It makes full use of the light
scattering spectra to obtain multiple sensing parameters [24-26], so the integration of
optical structure and optimization of signal channels should definitely be considered.
For this, the traditional Raman OTDR scheme by Raman Stokes and anti-Stokes double
channels are not suitable. Therefore, we proposed a novel scheme that only adopts the
Raman anti-Stokes light for distributed temperature demodulation. Actually, reference-free
distributed anti-Stokes Raman thermometry was also proposed, but it adopts a fiber loop for
temperature demodulation [27,28], which shortens the sensing distance to half the length of
the fiber loop, and it is also a two-signal channel-based demodulation method. To simplify
the system structure and the temperature demodulation algorithm, a new temperature
calibration method is proposed, and this new sensing system facilitates integration with
other systems based on the OTDR structure.

Notably, the traditional Raman OTDR scheme has obvious advantages. The tempera-
ture demodulation formula by Raman Stokes and the anti-Stokes trace data can overcome
the instability of the output power of the pulse laser and the fluctuation of the gain factor
in the two avalanche photo-detectors (APDs) because the ratio between the Raman Stokes
data and the Raman anti-Stokes data eliminates the above two problems. However, by
using the single-channel method using the Raman anti-Stokes data, the data should be
calibrated first. That is, at a fixed position or calibration zone, in the same temperature
condition (value), the Raman anti-Stokes data should be the same for any measurement.
If the output power of the pulse laser changes or the gain factor of the APD fluctuates
by multiplying a coefficient, the newly sampled data can be calibrated entirely in theory.
Hence, a temperature calibration zone is set in front of the FUT, and corresponding temper-
ature information and the Raman anti-stokes scattering values are recorded for reference.
Then, based on the relationship between temperature and Raman anti-Stokes scattering
power, the temperature demodulation formula is obtained. Compared with the traditional
double channel-based scheme, the proposed distributed optical fiber temperature sensing
system is much simpler in structure, and it also saves one signal channel, which benefits the
integration of hybrid distributed optical fiber sensors for multi-parameter monitoring with
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Rayleigh and Raman scattering spectra. More importantly, the proposed system avoids the
walk-off effect of the traditional scheme, so the data processing algorithm is much easier
and the temperature measurement results should be more reliable.

2. Principle of the Commonly Used Temperature Demodulation

When a light pulse propagates along the FUT, it interacts with the optical fiber material,
and Raman scattering light is generated. For Raman OTDR, the power of the Raman
scattering light received at the fiber front end can be expressed as follows (Formula (1)):

Ps(L,T) = PyKsv3Rs(T) exp[—(ag + as)L)] 1)

where Ps(L, T) is the power of the Raman Stokes light from position L; the temperature
value is T; P is a coefficient that linearly relates to the power of the light pulse and the
fiber capturing factor of the back-scattering light; vs is the frequency of the Raman Stokes
light; Rs(T) is the factor that indicates the relationship between temperature and light
power; and ar and a; are the fiber attenuation coefficients relating to the Rayleigh light
and Raman Stokes light, respectively. The Rs(T) is described in Formula (2), where & is
Plank’s constant; Av is the bandwidth of the Raman scattering spectrum (approximately
13.2 THz); and kg is the Boltzmann’s constant.

1
Rs(T) = 1 —exp(—hAv/kgT) @
Similarly, the Raman anti-Stokes light can be expressed as the Formula (3),
Py(L, T) = PoKavgRo(T) exp|—(ag + a4)L)] €)

where P, (L, T) is the power of the Raman anti-Stokes light from position L; the temperature
value is T; v, is the frequency of the Raman anti-Stokes light; and R,(T) is the factor that
indicates the relationship between temperature and Raman anti-Stokes light power. The
R,(T) is described in Formula (4).

1
~ exp(hAv/kgT) — 1

Ro(T) 4)

To demodulate the temperature T at each position L along the FUT, the power and
temperature information should be calibrated first, meaning the data corresponding to
Ps(L, Tp) and P, (L, Tp) should be obtained with temperature fixed at Ty. Moreover, Ps(L, Tp)
and P, (L, Ty) are described in Formulas (5) and (6).

Py(L, Ty) = PoKsviRs(Tp) exp|[—(ag + as)L)] (5)

Py(L, Ty) = PoKv2R,(Ty) exp[—(ar + az)L)] (6)

By using Formulas (1), (3), (5) and (6), the Formulas (7) and (8) can be obtained as the
following.

Pu L/T Ka ;1 hA

(L) = i) = () exp(— o) expl(os = o)L %
P, (L, T K, v} hA

(T L) = T = () exp(— o) expls — a1 ®)

The ratio between Formulas (7) and (8) is described in expression (9).

r(L,’TO) = EXP[*TB(f - To)] )
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Finally, by Formula (9), the temperature T at each position L along the FUT can be
demodulated as shown in expression (10).

11 Kpyr(LT)
T N TO hAv F(L, To)

| (10)

Hence, from the above description, it is known that the traditional temperature demod-
ulation method needs two data channels: the Raman Stokes data and the Raman anti-Stokes
data. However, as the wavelengths of the Raman Stoke light and the Raman anti-Stokes
light are approximately 200 nm apart, the walk-off effect is unavoidable. Therefore, the
positional information L in Formulas (7)—(10) is not the same because the Raman Stokes
signal and the Raman anti-Stokes signal collected directly by the DAQ are marked by the
same time intervals, and the speed of light multiplied by the time represents the position.
If the walk-off effect is not corrected before the temperature demodulation by the above
formula, the measured results may be wrong, especially at positions far from the fiber
front end. To completely overcome this problem, a new scheme that just adopts the Raman
anti-Stokes light is proposed.

3. The Optimized Raman anti-Stokes Light-Based Demodulation Method

As the output power of the pulse laser may not be stable, a calibration zone should
be set first. A fiber front end with a length of approximately 100 m was chosen, and
a thermometer was adopted to measure the temperature value for reference. Thus, the
calibration data P, (L., T;) can be described as Formula (11).

Pa(Le, Te) = PoKavgRa(T.) exp|—(ag + q)Lc)] (11)

where L, is a fixed position, for example, 80 m from the fiber front end, and T, is the
temperature value in real measurement. Moreover, by using the fiber attenuation coefficient
measured from the OTDR trace, the calibrated data can be obtained and saved as a reference,
which is described in Formula (12).

Po(L, Tc) = PoKavgRo(T.) exp|—(ag + aq)L)] (12)

However, in the next measurement, the Raman anti-Stokes signal obtained is marked
as PR(L, T). In the calibration zone, the temperature T, may change to be Ty, and the output
power of the pulse laser may change by a factor R, so the corresponding Raman anti-Stokes
signal at the calibrated position L. can be expressed by Formula (13).

PR(L., Ty) = RPyK ViR, (Ty) exp|[—(ag + ag)Lc)] (13)

Moreover, by Formulas (11) and (12), the factor R can be computed by expressions (14)

and (15).
Pa(Le,Te) _ 1Ra(Te) 1 ' exp(hAv/kgTy) —1
PR(L;, T1) RR(T1) R exp(hAv/kpT.)—1

(14)

_ exp(hAv/kgTy) =1 PX(L;, Th)
— exp(hAv/kpT.) —1  Py(Lc, Te)

(15)

In Formulas (3) and (12), the temperature T at each position L along the FUT can be
obtained. This process is shown in expressions (15) and (16).

PR(L,T)  R(T)  exp(hAv/kpT.)—1

(LT, RRQ(TC) =R exp(hAv/kpT) — 1 (16)
1 K PH L!TC
T= ﬁlm{[R- (exp(hAv/kpTe) —1)] - P,IR((L,Tg +1} (17)
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From expression (16), it can be seen that the new scheme completely avoids the
complex issue of walk-off effect correction in traditional double-channel-based methods.
What is more, it saves a data channel, which has benefits for the integration of hybrid
distributed optical fiber sensing systems.

4. Experiment and Results Discussion
4.1. Experimental Set-Up

The experimental set-up is shown in Figure 1. The pulse laser (PL) generates probe
pulse light with a pulse width of 20 ns, which is launched into the wavelength division
multiplexer (WDM). Through the output port of the WDM, the light pulse comes into the
FUT, which is a multi-mode fiber (MMF) of type OM1 62.5/125. The MMF is silica fiber with
a gradient index distribution; the fiber core’s group refractive index is approximately 1.496
at 1550 nm, and the refractive index of the cladding is approximately 1.472. The wavelength
of the PL source is 1550.12 nm. The peak power of the pulse light is approximately
33 dBm. The back-scattered Raman anti-Stokes light goes through the WDM, and it is
de-multiplexed in the 1450 nm channel. Following this, the Raman anti-Stokes light is
converted to an electric signal by the APD. The data acquisition card (DAQ) with a sampling
rate of 100 Msps collects and averages the corresponding voltage signal from the APD. The
OTDR trace was obtained with an average of 10,000 times and is shown in Figure 2. The
two peaks in Figure 2 correspond to the fiber front end and the fiber back end because a
strong reflection phenomenon occurs when the pulse light interacts with the fiber ends.
As the peaks represent the fiber’s front end and back end, respectively, they are generally
adopted to correct the walk-off effect in the traditional double-channel-based temperature
demodulation method for positional marking. The personal computer (PC) also controls
the PL and sets the parameters for the probe’s pulse, such as the pulse width and the peak
pulse power. The calibration zone is set within a range of approximately 100 m at the
fiber front end. The function of the calibration zone is to obtain reference data at a known
temperature T, (21.2 °C) for temperature demodulation along each position in the FUT. In
addition, it helps to correct the variance caused by changes to the output power of the PL
and the gain factor fluctuation of the APD.

In the experiment, a thermometer is used to record temperature information in the
calibration zone, so the data P,(L, T;) and PX(L., T;) in Formulas (11) and (13) can be
obtained, whereupon the correction coefficient R can be computed by Formula (15). In
Figure 1, a heating zone is set at the end of the FUT for measuring temperature within a
certain range. In the heating zone, a fiber section with a length of approximately 50 m is
wound into a bundle and soaked in hot water. Another thermometer is set in the heating
zone to record the water temperature. The temperature values recorded are then compared
with the values measured by the sensing system to estimate its performance. To analyze
the dynamic range (DR) of the Raman anti-Stokes temperature sensing system, the unit of
the signal power information (in volts) is converted to logarithmic units in dB, as shown
in Figure 3. It can be seen from Figure 3 that the DR is approximately 24 dB and the fiber
attenuation coefficient is 0.703 dB/km. The fiber attenuation coefficient corresponds to the
factor (ag + a,) in formula (11). It consists of two processes: the first is the attenuation of
the light pulse propagation, which corresponds to the Rayleigh light attenuation coefficient
« as the wavelength of the pulse light is the same with Rayleigh light; and the second is the
Raman anti-Stokes light back-propagation, which relates to the attenuation coefficient of
the Raman anti-Stokes light ;. In addition, an MMF with a larger fiber core can be adapted
to work with fiber scattering spectra-based distributed optical fiber sensing technology, and
the modal attenuation and mode coupling should be analyzed before its application [29].
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Light pulse Thermometer 1@ @ Thermometer 2
pL [\:‘"L’"l :@
. WDM - 1777 MMF: OM1 62.5/125 ‘'--==-- !
Calibration zone Heating zone
Trigger
PC | DAQ «— APD

Figure 1. Schematic diagram of the experimental set-up. PL: pulse laser; WDM: wavelength division
multiplexer; MMEF: multi-mode fiber; APD: avalanche photo-detector; DAQ: data acquisition card;
PC: personal computer.
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Figure 2. The OTDR trace of the Raman anti-Stokes light.
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Figure 3. The DR of the temperature measurement system.

For the proposed sensing system, the fiber range for temperature measurements in
theory is approximately 34.1 km, which is computed by the ratio between DR (24 dB) and
the fiber attenuation coefficient (0.703 dB/km). For a sensor, the distance covered by the
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measurement is a very important parameter. Generally, the parameter in distributed optical
fiber sensors is described by DR. Another important parameter is spatial resolution; for
example, a pulse light with a pulse width of 20 ns corresponds to a spatial resolution of
2 m [30]. As the power of Raman scattering is approximately 30 dB lower than that of
Rayleigh scattering, the DR cannot be very high, and in most cases, the measurement range is
lower than 30 km. The peak pulse power of the pulse light can be improved so that a higher
DR can be obtained, but the peak pulse power is limited by the nonlinear optical effects, such
as stimulated Brillouin scattering, stimulated Raman scattering, self-phase modulation, and
so on [31]. In addition, to improve the sensitivity of the APD, the DR can be enhanced, but
this increases the cost of the sensing system. Generally, the DR is improved by increasing the
average OTDR trace number; however, this extends the measurement time of the system [30].

The fiber attenuation coefficient is indicated by the slope of the trace between the two
peaks in Figure 2. This is an important parameter because, with it and the power value
Py(Lc, T;) at position L., reference data or a trace with the calibration temperature at T,
can be reconstructed by the linear attenuation characteristics (in dB) of the FUT, so that
P,(L, T;) in Formula (15) is obtained. Of course, for simplicity, the whole FUT can be set to
room temperature, which is also marked by T¢, and the data sampled by the DAQ in this
condition is P,(L, T;). Then, after putting the fiber heating zone into hot water, the PX(L, T)
in Formula (15) can be obtained by the DAQ in the next sampling program.

4.2. Results and Discussions

To conduct the temperature measurement experiment, we first placed the whole FUT
at room temperature (21.2 °C) to obtain the calibration trace data. Then the fiber section for
the heating zone was put into hot water, and the temperature, which ranged from 30.0 °C
to 80.0 °C, was tested. OTDR traces of the Raman anti-Stokes light are shown in Figure 4. It
was found that the OTDR traces corresponding to the fiber section at room temperature
are not coincident, which means that the output power of the PL or the gain factor of
the APD is instable. In particular, the OTDR trace with the temperature of the heating
zone at 30.0 °C is far below the others. We infer that the PL is the key problem because
it contains a directly modulated laser diode (LD) and an erbium-doped fiber amplifier
(EDFA) module, which makes it quite difficult to control the pulse shape and stabilize the
gain of the EDFA. Therefore, with the temperature measurement method that only adopts
the Raman anti-Stokes light, it is essential to correct the coefficient R in Formula (13).

035 T T T T T T T
———@21.2°C
@30.0°C
03§ ———@400C|
——— @50.0C
> ———— @60.0C 1
~ 0.25 @70.0C i
S ———@80.0C | | [*I
© I
5 heating zone :
>
S |
2 :
|
0.15 | Jl.
o
!
!
I
0.1 :__T
1 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5

Positions along the FUT /km
Figure 4. The OTDR traces of the Raman anti-Stokes light at different heating temperatures.

Next, the temperature measurement results along the whole FUT are computed, as
shown in Figure 5, where the room temperature in the experiment is nearly kept stable at
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21.2 °C. The temperature traces (except the heating zone) are almost coincident; however,
there is a fluctuation of approximately £1.0 °C, which is caused by the randomness of light
scattering and can be reduced by increasing the OTDR trace average number.
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Figure 5. The temperature measurement results along the whole FUT.

The details of the temperature measurement result in the heating zone are shown in
Figure 6. At the transition positions between the heating zone and non-heating zone, there
is a temperature peak that is caused by light scattering with simultaneous light pulses in
two different temperature zones. This disturbs the temperature-power relationship R,(T)
in Formula (4). The average values of temperature measurement are marked on the right
side in Figure 6. The maximum temperature deviation range is —1.5 °C to +1.6 °C, and the
root mean square (RMS) error within the whole temperature measurement range is 0.3 °C.
Considering the accuracy of the thermometer (approximately £0.5 °C), we believe that the
measurement results are reliable and the scheme proposed is feasible for practical use.
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Figure 6. The temperature measurement results in a heating zone.

In the experiment, the temperature measurement range adopted is just within 30.0
to 80.0 °C, which is relatively small for a practical temperature measurement application.
However, we think that it also possesses the performance for temperature measurement
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with large temperature ranges, such as —30.0 °C to 120.0 °C, because the basic principle
originates from temperature sensitivity Formulas (3), (4), (6) and (8) in the traditional
dual-channel-based scheme. Moreover, the newly proposed scheme based on Raman anti-
Stokes light shall possess the same temperature measurement range in theory. In our work,
the reliability of the temperature demodulation algorithm that simply adopts the data of
Raman anti-Stokes signals has been experimentally demonstrated, so we believe that the
temperature measurement range of the proposed sensing system should be the same as
the commonly used Raman Stokes and anti-Stokes light-based scheme. As the distributed
optical fiber temperature sensing scheme only adopts one channel for the Raman anti-
Stokes light signal sampling and processing, it brings two advantages. The first advantage
is that it can completely overcome the walk-off effect in traditional dual-channel-based
schemes. The second is that it has benefits for the integration of hybrid distributed optical
fiber sensing systems for multi-parameter monitoring using different light spectra, for
example, both Raman scattering light and Rayleigh scattering light [25].

5. Conclusions

A Raman anti-Stokes scattering light-based distributed optical fiber temperature sensor
is proposed and experimentally demonstrated. A calibration zone is set at the front end of
the sensing fiber, which helps to obtain and correct the Raman anti-Stokes power value and
temperature information. In addition, a calibration algorithm is proposed to correct the
power variance of the scattering light caused by the fluctuation of output power in the pulse
laser and the instability of the gain factor of the APD. Moreover, a reference about the power
and temperature information along the sensing fiber is obtained, and, according to the
derived temperature demodulation formula, the temperature value along the sensing fiber
can be computed. In the experiment, the new sensing system is constructed with a sensing
fiber length of approximately 3.5 km; a 24 dB dynamic range is achieved; temperature
testing in a range from 30.0 °C to 80.0 °C achieves a maximum temperature deviation range
of —1.5 °C to +1.6 °C; and the RMS error in the whole temperature range is 0.3 °C. The new
temperature sensor avoids the walk-off effect that must be corrected in commonly used
temperature demodulation schemes adopting both Raman Stokes light and anti-Stokes
light. Therefore, it saves a signal sampling channel and some photo-electric devices, such
as an APD, which has benefits for the integration of hybrid distributed optical fiber sensing
systems for multi-parameter monitoring by using different light spectra.
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