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Summary

Concept of fibre spontaneous Raman scattering utilizing for distributed temperature sensing is
presented. Chosen approach uses both backscattered Stokes as reference and anti-Stokes as
detection signals. The analysis is carried out towards Stokes and anti-Stokes bands temperature
dependence. In order to achieve best measurement accuracy influence of maximum modulation
frequency on spatial resolution is verified. Analysed technique allows to calculate temperature
along the fibre with 5 m space precision and 1°C temperature precision. Simulations involve 200
m standard single mode fibre in temperatures in range < -5°C , 60 °C> with 2x1100 m reference
fibre maintained in 22°C.
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WYKORZYSTANIE ROZPRASZANIA DO POMIARU TEMPERATURY WE WELOKNIE
SWIATLOWODOWYM

Koncepcja wykorzystania rozpraszania Ramana we wloknie $wiattowodowym do
rozproszonego pomiaru temperatury zostala przedstawiona. W wykorzystanym podejsciu uzyto
zardwno $wiatla rozpraszania Stokes’a i anty-Stokes’a odpowiednio jako sygnatléw odniesienia
i czujnikowego. Analiza opiera si¢ na fakcie zalezno$ci rozpraszania w pasmach Stokes’a i anty-
Stokes’a od temperatury. W celu optymalizacji jakos$ci pomiaru oceniono wplyw maksymalnej
czestotliwosci modulacji lasera na przestrzenng rozdzielczo$¢ pomiaru. W analizowanym
przypadku oraz przy przyjetych wartosciach parametrow mozliwa jest realizacji pomiaru
z doktadnoscig przestrzenng na poziomie 5 m i temperaturowg 1 °C. W symulacjach badany jest
odcinek 200 m $wiattowodu czujnikowego G.652 w temperaturach z zakresu < -5°C , 60 °C> oraz
dwoch odcinkow swiattowodu odniesienia od dhugosci 1100 m w temperaturze pokojowej 22°C.

Stowa kluczowe: rozpraszanie $wiatta, Raman, temperatura, pomiar

and therefore can be regarded as insensitive for

Properties of optical fibres give several more
their applications than just high speed data
transmission. One of these applications is
temperature sensing by means of backscattered light
analysis where another. Of course backscattered
light can be used otherwise like for example for
fibre birefringence distribution evaluation [1, 2]. It
is known that change in external conditions
(temperature, pressure etc.) has its influence on the
properties of light propagation in a fibre and so it is
in the case of light that scatters on the SiO2
molecules reflects and travels backward. There are
several different ways to use this process in order to
obtain information about changes of environmental
conditions. This division is based on choosing
different backscattered detection signal, which is
susceptible on changes of temperature and reference
signal which is usually much stronger than the latter

these kind of changes. Most efficient solutions
employ Raman scattering Stokes and anti-Stokes
waves, respectively as reference and detection
signals [3-6] or Raman (anti-Stokes) and Rayleigh
backscattered signals [3]. An interesting concept is
presented in [7] where Brillouin together with
Rayleigh scattering are used respectively as
detection signal (pulse scattered by interaction with
acoustic wave) and reference signal (Rayleigh
scattered pulse base). This approach however
demands highly sensitive photon counting in
receiver because of low level Brillouin scattered
signal. Brillouin scattering is also used for
temperature changes detection in [8] where slow
light generation is obtained by acoustic wave
influence on refractive index. Changes of the
temperature cause difference in the Brillouin
frequency shift and therefore the velocity of
propagating light changes. This fact is used to
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establish the relative delay between two pulses
propagating in opposite directions. Different
approach is presented in [9] and it is based on
frequency spectrum analysis of the signal reflected
backwards on the number of fibre Bragg gratings
with different grating constants, created on testing
fibre. Changes of temperature around fibre fragment
where Bragg grating is performed shall cause
modification of its grating constant and therefore
spectrum of reflected signal also changes. By
monitoring the spectrum of reflected signal in
receiver one can establish the location of the
disturbance. Significant disadvantages of this
solution are limited spatial resolution imposed by
limited capability of performing gratings on specific
length of fibre and the level of difficulty in
preparing such detection fibre. From all these
methods authors choose usage the Raman Stokes
and anti-Stokes backscattered signals which gives
the spatial resolution of 5 m and temperature
resolution of 1°C. One of the applications of
distributed  temperature  sensor  could be
performance monitoring of power supply units [10,
11, 12].

2. MATEMATICAL MODEL

Raman scattering occurs when incident light
interacts with material structure irregularities which
comes in two scenarios:

e incident photon loses part of its energy for quant
of structure vibration energy — creates optical
phonon. Rest of the photon energy is emitted as
new photon (Stokes photon) of lower energy
(lower frequency) than incident one

e creation of anti-Stokes photon from incident
photon and optical phonon. Photon absorbs
phonon energy therefore anti-Stokes photon has
higher frequency and energy. It is important to
notice that anti-Stokes photon creation is more
complicated process than in case Stokes
creation, because it demands phase and energy
match between phonon and incident photon.
That is why the probability of anti-Stokes
photon generation is lower than Stokes photon
generation and so the anti-Stokes wave is
weaker than Stokes wave [3-6].

Knowing that it is clear that anti-Stokes wave is
more susceptible on temperature changes and
therefore in the analyzed model anti-Stokes wave is
considered as detection signal and Stokes wave is
the reference signal. The ratio of powers of these
two waves is shown in described in [3] and [5]
mathematical model. Power of cosine modulated
wave propagating in the +z direction of the fibre is
described by equation:

P(z,w,t) = Pye ™ P%(1 + mcos(w(t — Br2))) (1)

where P, is initial power of incident light, ap —
attenuation coefficient at the pump wavelength, m
is the modulation coefficient, w — radial frequency,
Bp — propagation constant value at pump
wavelength. There are two components in the (1)
equation but only second carries information
dependent on the modulation frequency and will be
taken for further analysis. The amount of light
scattered from dz fragment of fibre in equations (2)
and (3) is proportional to the number of phonons in
specific temperature. The coefficient representing
this fact and also depend on the material itself is the
xs for Stokes and y, for anti-Stokes waves [3, 5]:

dPs(z, w,t) = xsmPye~ (@) Zcos(w(t — (Bp +
Bs)z))dz, 2

dP,s(z, ,t) = yssmPye~@P*+2as)Zcos(w(t —

(Bp + Bas)z))dz, @)

where ag and a,g are attenuation coefficients
respectively for Stokes and anti-Stokes waves, S
and 8,5 are propagation constants for Stokes and
anti-Stokes. Total backscattered light from dz parts
of fibre of length L detected at the receiver is
described as [3, 5]:

Pr(0,w,t) = fOL)(RmPOe‘“TZcos(a)(t — Brz))dz.
4

Where subscript R stands for Stokes or anti-Stokes
and By = Br + Bp and a; = ax + ap. In the matter
of computer simulations it is useful to divide fibre
in M parts each with different y value. Under such
condition equation (4) is converted [3]:

Pr(0,w,t) =

k D D _ _
mPy Y xie T =Pl kak_1 eTerEPhcos(w(t -
Brz))dz. )

Equation (4) can be regarded as Fourier transform
as  ygr(T) therefore the main principle of
temperature measurement is that having frequency
response of the fibre measured in the receiver one
can calculate the inverse Fourier. In that way it is
possible to evaluate xr Vvalue for every
measurement point [3, 5]:

Xr(2) = IFFT(Pg)/(mPoe™%), (6)

Distributed temperature profile can be calculated as
[3, 5]:

T(@) =1/ + 72 InGY), (7)

fl(up

where kg — the Bolztmann constant, i - normalized
Planck constant, wp —pump wavelength, R, is the
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power level ratio coefficient between Stokes and
anti-Stokes waves [3, 5]:

nysAd dwp
where  nyqand ng — refractive indexes for anti-
Stokes and Stokes wavelength, A¢ and 225 — Stokes
and anti-Stokes wavelength. R, value is

hwp

approximately equal e*sTo which means that in
room temperature Stokes wave is about 10 times
stronger than anti-Stokes wave. This value is
dropping with temperature rising therefore the
resolution of whole process is getting worse with
growth of the temperature and is better for lower
temperatures. The R, value is described as [2,4]:

= X45@) ,—(as_azs)z 9)

L7 xs@

The spatial resolution value is connected with the
maximum modulation frequency value f... by
equation [3]:

c

(10)

Az =
2ngfmax

where  ng- refractive group index. It can be
calculated that having 20 MHz source generator it is
possible achieve spatial resolution of value
approximately 5 m.

For noise consideration it is assumed that main
contribution to the noise power is imposed by shot
noise and thermal noise. Equations 10 and 11
describe total powers of shot and thermal noise
respectively, where equation 12 describes the SNR
figure [13].

0§ = 2qM*F;(RPy + 1g)Af, (11)
kgT
of = 4 (1) F.Af, (12)
_ (MRPp)?
SNR = Zren (13)

Values of required parameters are based on the data
sheet of Thorcat PDAI10CS. The mean value of
SNR versus modulation frequency is approximately
23 dB.

3. SIMULATION RESULTS

Testing scheme investigated in simulation is
presented in figure 1. It consists of 200m testing
G.652 fibre in temperatures: -5°C, 16°C, 27°C,
36°C, 51°C and 2x 1100 m of reference g.652 fibre.
As aresult of simulation frequency response of the
fibre, Stokes and anti-Stokes signals phases and
distributed temperature profile will be presented.
However in case of Stokes signal according to the

theory it is assumed that its phase will not change
with temperature.
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Fig.1. Simulation scheme

3.1. Case 1 -sensing fibre at 60°C
Figures 2, 3, 4 and 5 show frequency response
of the fibre anti-Stokes signal phase, Stokes signal

phase and temperature distribution respectively for
scenario of sensing fibre at 60°C.
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Fig. 2. Anti-Stokes signal phase for 60°C
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Fig. 3. Frequency response of the fibre for 60°C
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Stokesa signal phase 3 Freq response of fiber
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Fig. 9. Temperature profile for 35°C
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3.3. Case 3 —sensing fibre at 27°C

Figures 10, 11, 12 and 13 show frequency
response of the fibre anti-Stokes signal phase,
. , , , , Stokes signal phase and temperature distribution

0 ns gl 2 ) m%s respectively for scenario of sensing fibre in 27°C.

Fig. 6. Anti-Stokes signal phase for 35°C
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Fig. 10. Frequency response for 27°C
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Fig. 11. Anti-Stokes signal phase for 27°C
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Fig. 12. Stokes signal phase for 27°C
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Fig. 13. Temperature profile for 27°C

3.4. Case 4 - sensing fibre at 16°C

and temperature distribution

Figures 14 and 15 show anti-Stokes signal phase

respectively

scenario of sensing fibre in 16°C.

3.5.

and
scenario of sensing fibre in -5°C.

anti-Stokes signal phase

phase [rad]

0

L L L L
1] 05 1 15 2 25
Freq [Hz] % m7

Fig. 14. Anti-Stokes signal phase for 16°C
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Fig. 15. Temperature profile for 16°C

Case 5 - sensing fibre at -5°C

for

Figures 16 and 17 show anti-Stokes signal phase

temperature  distribution
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Fig. 16. Anti-Stokes signal phase for -5°C

respectively for
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Temperature distribiution
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Fig. 17. Temperature profile for -5°C

Comparison between figures 2-16 shows that phase
of the Stokes signal does not change with
temperature therefore it can be used as reference
signal. Moreover it can be seen that higher
temperature affects the maximum value of the phase
of anti-Stokes signal. For higher temperatures
(60°C) maximum value of anti-Stokes signal phase
grows faster than in case of lower temperatures
(+36°C). In all these cases it is clear that frequency
respond of the combined fibres decays for
frequency values close to maximum, which comes
from solving equation (5). This frequency region is
therefore responsible for lowering of mean SNR
value. In further analysis graphics of frequency
response and Stokes signal phases will be skipped.
Figures 6 and 14 show that similar changes of
temperatures below (16°C) and above (36°C) of
point of balance (+27°C,+27°C,+27°C) causes
similar phase change of anti-Stokes signal. The
same situation is observable with temperatures -5°C
and 60°C shown at figures 2 and 15 respectively.
Result of investigation of noise impact on
temperature measurement is presented in figure 17.
It shows temperature profile in case - sensing fibre
at +27°C but in closer zoom. This allows to notice
that in presence of noise peak to peak changes of
temperature values are approximately 1°C which
implies the same value of temperature resolution.
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Fig. 18. Temperature variations due to the shot and
thermal noise

Next impact of spatial resolution of measurement
on its reliability is investigated. Figure 19 presents
new configuration with spatial resolution still at
value of 5 m (maximum modulation frequency
equal to 20MHz). Two hot spots (32°C) of
longitude of values of 0.5 m separated by 1 m of
fibre in temperature 27°C. Figures 20 - 23 present
results of such configuration simulation.
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Fig. 19. Spatial resolution testing configuration
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Fig. 20. Frequency response of the fibre for
resolution testing configuration
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Fig. 21. Anti-Stokes signal phase for resolution
testing configuration
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Fig. 22. Stokes signal phase for resolution testing
configuration
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Fig. 23. Temperature profile for resolution testing
configuration

Analysis of results given by figures 19 - 22 shows
that anti-Stokes phase is changing in different way
that in case of single hot spot. This means that anti-
Stokes signal phase change is unique for each
configuration which proves usability of anti-Stokes
signal monitoring for distributed temperature profile
evaluation at different events distribution along the
fibre. Temperature profile shows that with
maximum modulation frequency of 20 MHz is not
correct to properly distinguish different hot spots
closer to each other that calculated spatial resolution
of 5m.

4. CONCLUSIONS

Presented simulation results show that
stimulated Raman scattering may be used for
distributed
temperature sensing with accuracy of 1°C. Mean
SNR value is imposed mainly by decay of the
frequency response in the higher modulation
frequency values. Temperature resolution is
imposed by temperature stability of Stokes scattered
signal in comparison to the anti-Stokes signal and
as it can be seen Stokes signal is insensitive to
temperature changes. Observation of the changes of
anti-Stokes signal with temperatures show that
below and above temperature +27°C changes of
temperature results in periodical growth of
maximum phase value. This facts allow to notice
that observation of anti-Stokes signal phase is may

give information about temperature changes of the
testing fibre with 5 m spatial precision.
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