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Abstract.  We have demonstrated an ultralong (up to 85 km in 
length) all-fibre Raman temperature sensor which utilises SMF-28 
standard single-mode telecom fibre and a 1.63-mm probe signal 
source. The probe signal from the laser diode is amplified by a 
Raman fibre amplifier. The temperature along a 85-km-long fibre 
line has been measured with an accuracy of 8 °C and spatial resolu-
tion of 800 m or better.

Keywords: distributed temperature sensor, Raman scattering, 
fibre-optic link.

1. Introduction

Fibre-optic sensing systems are the subject of intense research 
and are used in diverse applications: coal, petroleum and gas 
production; structural health monitoring; aircraft engineer-
ing; etc. Fibre-optic sensors allow one to measure many 
parameters of media: temperature, pressure, strain, magnetic 
field and others [1, 2]. An important point is that the sensing 
element of such devices can be located far away (up to several 
tens of kilometres from the control and interrogation unit), 
with no need to connect it to power supply lines, and only the 
optical signal propagating in a fibre-optic link is used for 
measurements. Even though this area of technology is rela-
tively young, the fibre-optic sensor market is one of the most 
rapidly growing in the world, and in some fields such sensors 
have almost completely replaced their classic electrical ana-
logues. The key advantages of the fibre-optic sensors are their 
small size, reliability, long-term operation stability, stability 
to electromagnetic interference and chemical inertness.

In this paper, we present a distributed temperature sensor 
that utilises Raman scattering in optical fibre. Analysis of the 
dynamics of the intensity of the Stokes and anti-Stokes 
Raman signals makes it possible to calculate the temperature 
profile along the entire fibre. As a rule, a laser diode or fibre 
laser emitting at a wavelength near 1.55 mm is used as a probe 

pulse source for distributed Raman sensors. If necessary, its 
output is amplified by erbium fibre amplifiers to required 
peak powers [3]. The above wavelength is convenient for 
researchers because it lies within the transmission window of 
optical fibre and is a sort of standard for telecommunication 
systems. Optical components for this spectral range – both 
active (laser diodes, modulators, erbium fibre amplifiers and 
others) and passive (isolators, circulators, fibre couplers and 
others) – are commercially available and relatively cheap.

One factor limiting the performance of fibre-optic sensors 
is stimulated Raman scattering, which makes it impossible to 
raise the probe signal power and, hence, the power of useful 
scattered light to above a certain threshold. The vast majority 
of commercial distributed sensor systems utilise multimode 
fibre, which has a lower power density and, accordingly, a 
higher SRS threshold owing to the large diameter of its core 
[4]. This offers the possibility of substantially increasing the 
source power and improving the main parameters of the mea-
suring system. At the same time, the use of multimode fibre 
has a number of drawbacks in comparison with single-mode 
fibre: it has substantially higher losses (~0.5 dB km–1 in mul-
timode fibre against ~0.2 dB km–1 in single-mode fibre), 
which limits the maximum link length. In addition, modal dis-
persion increases the probe pulse duration and degrades the 
spatial resolution of the sensor. Because of this, the maximum 
length of multimode fibre-based temperature sensors usually 
does not exceed 8 km, with typical temperature and spatial 
resolutions of 1 °C and 2 m, respectively [5]. If single-mode 
fibre is used as a sensing element, the measuring fibre line can 
be as long as 16 km [6]. The existing sensor interrogation tech-
niques (cyclic and simplex coding and others) allow the maxi-
mum fibre line length to be increased further, up to 55 km [7].

In this paper, we demonstrate the possibility of increasing 
the maximum length (to 85 km) of an all-fibre distributed 
temperature sensor by using probe light at wavelengths above 
1.6 mm. The choice of such operating wavelengths is suggested 
by several factors, which prove to be critical for the ability to 
produce an ultralong temperature sensor. First, the relatively 
weak anti-Stokes Raman signal then lies in the 1.5-mm trans-
mission window, where losses are lower than at 1.4 mm. 
Second, the Stokes signal will then lie around 1.7 mm, where 
losses are considerably higher and, hence, the SRS threshold 
is also higher, which offers the possibility of raising the probe 
light power and, therefore, the intensity of the anti-Stokes 
Raman signal.

2. Theory and measurement principle

Raman scattering is an inelastic process accompanied by a 
marked change in the frequency of the light being scattered: if 
a source emits monochromatic light, the scattered light spec-
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trum contains, in addition to elastic (Rayleigh) scattering at 
(unshifted) frequency n0, lines whose number and position are 
closely related to the molecular structure of the substance. 
The transition of a molecule from the ground state to an 
excited one produces a Raman line at a lower frequency: vs = 
v0 – Dv (Stokes signal). Similarly, the transition of a molecule 
from an excited state to the ground state increases the fre-
quency of the scattered light by Dv: va = v0 + Dv (anti-Stokes 
signal).

In silica fibre, the Raman signals are separated from the 
centre frequency by approximately 440 cm–1 [8]. Excited state 
population depends on the temperature of the substance and, 
hence, the anti-Stokes intensity is also temperature-depen-
dent. The power of the scattered light at time t = 2Ln/c (where 
n is the refractive index and c is the speed of light) at point z = 
L is represented by the following expressions for the Stokes, 
anti-Stokes and Rayleigh signals [9, 10]:

( ) exp ( ) ( )P T P K S L R Ts s ss ps0 0
4n a a t= - +6 @ ,	 (1)

( ) exp ( ) ( )P T P K S L R Ta a aa pa0 0
4n a a t= - +6 @ ,	 (2)

( 2 )( ) expP T P K S LR R R p0 0
4n a t= - ,	 (3)

where P0 is the probe pulse power; Ka, Ks and KR are the anti-
Stokes, Stokes and Rayleigh scattering coefficients; S is the 
backscatter factor in the fibre; T is the absolute temperature; 
tp is the probe pulse duration; a0, aa and as are the linear 
probe, anti-Stokes and Stokes signal losses; and Rs(T) and 
Ra(T) are temperature-dependent coefficients related to the 
populations of the lower and upper levels. The populations of 
the levels are described by the Boltzmann distribution:

( ) exp /R T h k T1s B
1nD= - - -] g6 @ ,	 (4)

( ) 1( ) exp /R T h k Ta B
1nD= - -6 @ ,	 (5)

where kB is the Boltzmann constant and h is the Planck con-
stant.

Thus, measuring the anti-Stokes power Pa in the fibre and 
normalising it to the Stokes (Ps) or Rayleigh (PR) scattering 
power in order to exclude non-temperature effects (such as 
bending or fusion splice losses), we can calculate the tempera-
ture using one of the following relations:
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In real temperature measurement experiments, the tem-
perature cannot be accurately calculated by formulas (6) and 
(7) because of a variety of factors, such as different shapes of 
the spectral filter for different components and different spec-
tral responses of photodiodes, and the instrument should be 
precalibrated [11]. For this purpose, a part of the fibre, so 
called dummy fibre, is placed in a thermostat at a known tem-
perature T0, one measures Pa(T0)/Ps(T0) [or Pa(T0)/PR], and 
the results are used to correct the constants in (6) and (7).

3. Experimental

As a probe source, we used a commercially available 1628-nm 
NEC laser diode with a maximum peak power of 125 mW. To 
amplify its output, we made a Raman amplifier based on a 
10-km length of OFS NZ DSF dispersion-shifted fibre, which 
was pumped by a fibre laser at a wavelength of 1530 nm 
(Fig. 1). The pump laser had an erbium fibre ring cavity and 
its output was amplified by an Er – Yb fibre amplifier. The 
maximum output power at lpump = 1530 nm after the ampli-
fier was 1.7 W. The laser diode signal at a wavelength of 
1628  nm and pump light (1530 nm) were coupled into the 
Raman amplifier using a WDM coupler. At a pump power of 
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Figure 1.  Schematic of the Raman amplification of a 1628-nm probe 
signal: ( 1 ) erbium fibre laser (1530 nm); ( 2 ) multimode pump laser di-
ode (976 nm; power, 8 W); ( 3 ) pump combiner; ( 4 ) Er/Yb-codoped fi-
bre; ( 5 ) pulsed laser diode (1628 nm); ( 6 ) WDM 1530/1630 nm; ( 7 ) 
Raman amplifier based on a 10-km length of NZ DSF single-mode 
fibre.
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Figure 2.  (a) Output power of the amplified signal (1628 nm) as a func-
tion of 1530-nm pump power and (b) the corresponding probe signal 
spectrum at the Raman amplifier output.
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810 mW, the probe signal was amplified to a peak power of 
370 mW. Further amplification was limited by the interpulse 
SRS threshold. Figure 2 shows the probe laser output spec-
trum and the signal power as a function of pump power.

Figure 3 shows a schematic of the Raman measurements. 
Laser pulses with a repetition rate of 100 Hz and duration 
tp = 8 ms are launched into a 85-km fibre line (Fujikura SMF-28) 
consisting of three fibre spools, 50, 30 and 5 km in length, 
spliced in series. The 5-km-long fibre spool, placed in a ther-
mostat at the end of the line, is heated to about 60 °C. Passing 
through a spectral filter, the Raman backscatter signal is 
divided into Rayleigh and anti-Stokes signals and directed to 
two photodiodes with a bandwidth of 10 MHz. The analogue 
signal from the photodiodes arrives at an ADC and then at a 
computer, where the signals are analysed and the temperature 
is calculated by formula (7).

As a spectral filter, we used commercially available thin-
film wavelength division multiplexers, FWDMs, for the L/C 
telecom range (their transmission spectrum is presented in 
Fig. 4). To maximise the signal filtering efficiency, three cou-
plers were connected in series, so that the backscatter signal 

was divided by the filter into two channels (1.5 and 1.6 mm) 
and detected by avalanche photodiodes.

4. Results and discussion

Figure 5a shows reflectograms of the Rayleigh and anti-
Stokes Raman scattering intensity in the 85-km line after 
60000´ averaging in order to minimise the noise. At the end of 
the anti-Stokes reflectogram, the intensity is observed to 
increase, which corresponds to heating of the fibre segment. 
Attention should also be paid to the fact that, in our case, the 
broad probe signal spectrum (Fig. 2b) allows reflectograms to 
be recorded with acceptable quality in lines up to 90 km in 
length, unlike in the case of a phase-sensitive Rayleigh reflec-
tometer [12], where the effect of modulation instability [13] at 
peak powers above 1 W significantly reduces the operating 
length of the fibre line, making it less than 10 km.

Using these data and formula (7), we calculated the tem-
perature along the fibre line. The temperature profile is shown 
in Fig. 5b. The accuracy in our temperature measurements 
was 8 °C, and the spatial resolution, determined by the pulse 
duration tp, was 800 m in our case (tp = 8 ms). Note that, even 
though the 80-km-long fibre line is maintained at room tem-
perature during the measurements, Fig. 5b demonstrates a 
distortion of the temperature profile, with a minimum around 
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Figure 3.  Schematic of the Raman measurements: ( 1 ) pulsed probe la-
ser with a Raman amplifier (1628 nm); ( 2 ) circulator; ( 3 ) optical signal 
filtering system; ( 4 ) 80-km length of optical fibre at room temperature; 
( 5 ) 5-km length of optical fibre in a thermostat; ( 6 ) photodiodes detect-
ing the corresponding spectral scattering components; ( 7 ) ADC; ( 8 ) 
signal processing and temperature calculation unit (computer).
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Figure 4.  Transmission spectrum of the FWDMs.
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Figure 5.  (a) Reflectograms of the ( 1 ) anti-Stokes and ( 2 ) Rayleigh 
scattering intensities and (b) calculated temperature profile along the 
fibre.
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50 km, i.e. at the fusion splice between the 50- and 30-km-long 
fibre spools, because different losses at wavelengths of 1.6 and 
1.5 mm were observed at this point and because normalisation 
(7) does not completely exclude fusion splice losses. To more 
accurately measure the temperature in a fibre line containing 
one or a few fibre fusion splices, it is necessary either to take 
into account the difference in spectral losses at the splices or 
to probe the sensitive part of the fibre using two distinct 
sources: one at a wavelength of 1.5 mm, where Rayleigh scat-
tering is detected, and the other at 1.6 mm, where the anti-
Stokes Raman signal is detected (together with a wavelength 
near 1.5 mm),

5. Conclusions

This study has demonstrated the possibility of temperature 
measurements with a single-mode fibre Raman sensor up to 
85 km in length. A distinctive feature of the sensor is its all-
fibre scheme with a probe signal source at a wavelength of 
1.63 mm. The transition to the 1.6-mm spectral range made it 
possible to reduce the anti-Stokes signal loss and increase the 
Stokes signal loss, which allowed the SRS threshold to be 
raised.

The maximum length of the measuring fibre line was 
85 km, with a 800-m spatial resolution and 8 °C accuracy in 
our temperature measurements. In future work, optimisation 
of the Raman amplifier and the use of, for example, simplex 
coding will allow both spatial and temperature resolution to 
be substantially improved. The described temperature mea-
surement system can be used to monitor leaks in pipes and 
detect heating places in high-voltage transmission lines and 
other extended objects. In particular, a prototype of this 
device was tested in an ice melting facility in the case of 
ground wire freezing along high-voltage lines, where the spa-
tial resolution obtained was sufficient for monitoring the tem-
perature of extended parts with and without congelation.
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