
Measurement Automation Monitoring, Feb. 2017, no. 02, vol. 63, ISSN 2450-2855    45 
 
Iyad S. M. SHATARAH, Robert OLBRYCHT   
LODZ UNIVERSITY OF TECHNOLOGY, INSTITUTE OF ELECTRONICS 
211/215 Wólczańska St., 90-924 Łódź, Poland 
   

 

Distributed temperature sensing in optical fibers based  
on Raman scattering: demodulation algorithms  
 

Abstract 
 
Distributed temperature sensing systems (DTS) has improved over years 
thanks to the improvements in configurations, components and 
demodulation calculating algorithms. The demodulation algorithms have 
been improved depending on the application and the environment, in 
which the fiber is installed, in order to obtain accurate measurements of 
temperature and distance. This study discusses the conventional 
calculating methods and proposed algorithms for different configurations 
for DTS systems.  
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1. Introduction 
 

The capability of the distributed temperature sensing (DTS) 
systems based on optical fibers has improved over the years. 
Systems’ spatial resolution, temperature resolution and time 
resolution have been improved through apparatus optimization, 
system configuration and demodulation algorithms [1].  

The self-calibration of the Raman distributed temperature 
sensing system enables detecting the location of the breakpoint if 
the fiber damages [2]. One must eliminate the effect of local 
attenuations at the time of deployment and afterward continuously 
in order to achieve an accurate temperature measurement. These 
local attenuations take place due to the inherent attenuation 
difference in Stokes and anti-Stokes signals. The difference in 
wavelengths between Stokes and anti-Stokes signals ranges from 
100 to 200 nm depending on the light source [3]. 

Under static operating conditions, commercial DTS based on 
Raman scattering measure temperatures with an accuracy of 
±0.2°C, while during periods of rapid heating or cooling may 
return temperatures with an accuracy of ±1–2°C. Errors of this 
magnitude affect the goals of the installation [4]. 

This article studies existing calibration and demodulation 
solutions that were proposed to enhance DTS systems’ accuracy in 
different configurations and applications. 
 
2. Conventional calculation methods 
 

DTS systems use optical fibers as multi-point temperature 
sensors [5]. Multi-mode optical fibers are commonly used in DTS 
systems. Collected probes’ results are analyzed in the optical time 
domain reflectometry (OTDR) [6], focusing on the Raman Stokes 
and anti-Stokes signals, which frequencies are [7]: 
ௌݒ  = ଴ݒ −  (1) , ݒ∆

஺ௌݒ   = ଴ݒ +  (2) , ݒ∆
 
where: v0 – is the frequency of the light source, ߂v – is the Raman 
frequency shift in Hz. 

The number of scattered Stokes and anti-Stokes is given in 
equations [2]:  
 ௌܰ = ݇௦ܵݒ௦ସ ௘ܰ݁݌ݔሾ−(ߙ଴ +  ሿܴௌ(ܶ) , (3)ܮ(௦ߙ
 ஺ܰௌ = ݇஺௦ܵݒ஺௦ସ ௘ܰ݁݌ݔሾ−(ߙ଴ +  ሿܴ஺ௌ(ܶ) , (4)ܮ(௦ߙ

 ܴௌ(ܶ) = ቂ1 − ݌ݔ݁ ቀି௛∆௩௞் ቁቃ ,  

(5) 
 

ܴ஺ௌ(ܶ) = ቂ݁݌ݔ ቀି௛∆௩௞் ቁ − 1ቃ , (6) 

 
where: kS, kAS – are the coefficient to the cross-sections of Stokes 
and anti-Stokes respectively, S – is the back-scattering coefficient 
of the fiber, vS, vAS – are the frequency of Stokes and anti-Stokes 
photons respectively, Ne – is the number of the photons at the 
injection point of the fiber α0, αS, αAS – are the transmission loss 
coefficients of the incident, Stokes and anti-Stokes  respectively, 
RS, RAS – are the coefficients relevant to the Boltzmann 
distribution describing population of the ground and excited 
vibrational levels of fiber molecules, L – is the length of the fiber, 
h – is Planck constant, k – is Boltzmann constant. 

The intensity ratio between Stokes and anti-Stokes shifts is 
uniquely related to temperature, and can be calculated by [5]: 
 

 ܴ = ቀ ఒೄఒಲೄቁସ ݌ݔ݁ ቀ௛௖∆௩௞் ቁ , (7) 

 
where: ߣS, ߣAS – are Stokes and anti-Stokes wavelengths 
respectively, T – is the absolute temperature. 

The intensity of Stokes signals is higher than the anti-Stokes 
signals intensity. The anti-Stokes transition probability is higher 
when molecule temperature is increased [8]. For a single-ended 
system, the ratio between Stokes and anti-Stokes intensities along 
the fiber can be obtained by [9]: 
,ݖ)ܴ  ܶ) = ቀ ఒೄఒಲೄቁ ݌ݔ݁ ቀ௛௖∆௩௞் − ׬ ሾߙ஺ௌ(ߦ) − ሿ௭଴(ߦ)ௌߙ  ቁ , (8)ߦ݀

 
where: z – is the distance of the measured point from the source, αS(ߦ), 
αAS(ߦ) – are the respective fiber attenuation coefficients for Stokes and 
anti-Stokes. Thus temperature can be calculated using [10]: 
(ݖ)ܶ  = ି௛∆௩௞ ଵ௟௡൬ோቀೡబశ∆ೡೡబష∆ೡቁర൰ , (9) 

 
The scattering point distance [5]: 

ݖ  = ௖௧ଶ௡ , (10) 

 
where: c – is the speed of light in the vacuum, t – is the 
measurement time, n – is the reflective index of the fiber. Raman 
anti-Stokes to Stokes Ratio for the loop configuration can be 
obtained by [4]:  
 ܴ = ൛ൣூಲೄభ (்(௫))൧ൣூಲೄమ (்(௑))൧ൟ൛ൣூೄభ(்(௫))൧ൣூೄమ(்(௑))൧ൟ  , (11) 

 
where: I1,2 – are the detector signals for two measurements of the 
back-scattered Raman Stokes and anti-Stokes at the point x. 

DTS systems based on Raman scattering and OTDR 
calculations suffer from the instability of the attenuation along the 
fiber, the heat and humidity around the fiber and the wavelength 
dependent losses (WDL) at the Stokes and anti-Stokes 
wavelengths [11]. In order to obtain more accurate temperature 
measurements, the effect of the above mentioned issues should be 
eliminated. Thus, many studies discussing possible solutions were 
published, presenting configurations and calculations for different 
applications and environments.  
 

 



46    Measurement Automation Monitoring, Feb. 2017, no. 02, vol. 63, ISSN 2450-2855 
 

3. Demodulations for single-ended 
configurations 

 
Liu and Zongjiu [2] present a demodulation method for 

temperature measurements in optical fibers using Rayleigh 
scattering to demodulate anti-Stokes power curve instead of 
Stokes scattering. The conventional demodulation, which method 
uses Stokes Raman scattering as a reference channel to 
demodulate Raman anti-Stokes power curve, relies on the 
measurements of Raman Stokes and anti-Stokes power curves at 
certain time t0, and calculating their ratio at that time from: 
 ேಲೄ(௧బ)ேೄ(௧బ) = ௞ಲೄ௞ೄ ቀ௩ೌೞ௩ೞ ቁସ ݌ݔ݁ ቀି௛∆௩௞௧బ ቁ ஺ௌߙ)−ሾ݌ݔ݁ −  ሿ  (12)ܮ(ௌߙ

 
Then the power curves of Raman Stokes and anti-Stokes is 

measured at a known time t, and the anti-Stokes to Stokes ratio at 
that time is calculated by: 
 ேಲೄ(௧)ேೄ(௧) = ௞ಲೄ௞ೄ ቀ௩ೌೞ௩ೞ ቁସ ݌ݔ݁ ቀି௛∆௩௞௧ ቁ ஺ௌߙ)−ሾ݌ݔ݁ −  ሿ  (13)ܮ(ௌߙ

 
Thus the temperature is calculated by: 

 

 
ேಲೄ(௧)ேೄ(௧బ)ேಲೄ(௧బ)ேೞ(௧) = ௘௫௣(ି௛∆௩ ௞௧⁄ )௘௫௣(ି௛∆௩ ௞௧బ⁄ ) ,  (14) 

 ܶ = ௛∆௩௧బ௛∆௩ି௞௧బ௟௡൤ಿಲೄ(೟)ಿೄ(೟బ)ಿಲೄ(೟బ)ಿೞ(೟)൨ , (15) 

 
This demodulation method is useful in eliminating the instability 

of pulse source and the effect of losses related to the coupling, 
fiber optic connectors, fiber bending and transmission. However, 
sometimes it is difficult to calibrate the temperature due to the 
inequality of scattering coefficient, responsiveness, and filter 
factor for both anti-Stokes Raman scattering and Stokes Raman 
scattering.  

The demodulation method presented in [2] relies on the use of 
Rayleigh Raman power curve to demodulate anti-Stokes Raman 
power curve, basing on assumptions that the intensity of the 
Rayleigh scattered light is higher than the spontaneous Raman 
scattering light. This method measures Raman anti-Stokes and 
Rayleigh power curves at certain time t0, their ratio is defined as  
a baseline. Then the power curves of Raman anti-Stokes and 
Rayleigh is measured at a known time t: 
 ேಲೄ(௧)ேೃ(௧) = ௞ಲೄ௞ೃ ቀ௩ೌೞ௩ೃ ቁସ ݌ݔ݁ ቀି௛∆௩௞௧ ቁ ஺ௌߙ)−ሾ݌ݔ݁ −  ሿ (16)ܮ(ோߙ

 
Basing on the fact that temperature effects of the Rayleigh 

scattering is insignificant, thus: NR(t0)=NR(t). The presented 
demodulation formula is: 
 ܵ௦(ݐ) = ேಲೄ(௧೙శభ,௟)ேೃ(௧೙,௟)ேೃ(௧೙శభ,௟)ேಲೄ(௧೙,௟) = ோಲೄ(௧೙శభ)ோಲೄ(௧೙) =ୣ୶୮(௛∆௩ ୩୲౤⁄ )ିଵ௘௫௣(௛∆௩ ௞௧೙శభ⁄ )ିଵ , (17) 

 
This is claimed to be a much accurate and more temperature 

sensitive method. The single-ended configuration of DTS systems 
is used in pipeline monitoring, oil and gas industries, fire 
detection, hydrology and other industrial applications [4]. 
 
4. Demodulations for double-ended 

configurations 
 

In a single – ended system, temperature along the fiber is 
calculated by [4]: 
 

(ݖ)ܶ = ఊ௟௡൬ ುೄುಲೄ൰ା஼ି׬ ∆ఈ(௭´)ௗ௭´೥బ  , (18) 

 
where: T – is the temperature in Kelvin, z – is the distance along 
the fiber, PS(z)/PAS(z) – is the measured ratio between the power of 
Stokes and anti-Stokes signals, C – is the dimensionless 
calibration parameter that encompasses properties of incident laser 
and DTS instrument. 
ߛ  = ௛ఆ௞  , (19) 

 
where: Ω = 1613 Hz, thus: γ = 490 K. 
ߙ∆  = ௟௡൬ ುೄ(೥భ)ುಲೄ(೥భ)൰ି௟௡൬ ುೄ(೥మ)ುಲೄ(೥మ)൰௭మି௭భ  , (20) 

 
In a double-ended system, pulses are launched into the fiber 

from one end of the cable during a first measurement period 
(forward, starting at z = 0,), after which pulses are launched into 
the other end during the next measurement period (reverse, 
starting at z = L, L is the length of the cable) [12]. 
(ݖ)ܶ  = ఊ௟௡൬ ುೄ(೥)ುಲೄ(೥)൰→ା஼ି׬ ∆ఈ(௭´)ௗ௭´೥బ  , (21) 

  ܶ(݈ − (ݖ = ఊ௟௡൬ ುೄ(೥)ುಲೄ(೥)൰←ା஼ି׬ ∆ఈ(௭´)ௗ௭´೗ష೥೗  , (22) 

 
By setting T(z) = T(l-z) over ߂z: 

׬  ௭ା∆௭௭´ݖ݀(´ݖ)ߙ∆ = ௟௡൬ ುೄ(೥శ∆೥)ುಲೄ(೥శ∆೥)൰→ି௟௡൬ ುೄ(೥)ುಲೄ(೥)൰→ଶ +௟௡൬ ುೄ(೥)ುಲೄ(೥)൰←ି௟௡൬ ುೄ(೥శ∆೥)ುಲೄ(೥శ∆೥)൰←ଶ  , 

 

(23) 

׬ z is set equal to the spatial measurements interval. The value of߂ ௭ା∆௭௭´ݖ)ߙ∆  is obtained by stepping along the complete cable ´ݖ݀(

with steps of ߂z, and by summing these values, the ׬ ௭଴´ݖ)ߙ∆  ´ݖ݀(
is estimated for every z. The differential attenuation is considered 
constant as these values are obtained from a time-average over the 
entire period. The noise is reduced by adapting a longer period of 
integration and by spatial averaging [12].  

Double-ended configuration allows reducing the influence of 
multiple step losses on the measured temperatures by refining the 
collected data. This configuration is used in hydrologic 
applications [4]. 
 
5. Demodulations for loop configurations 
 

The conventional demodulation algorithm for a DTS system in 
loop configuration is [1]: 

 ቀூಲೞ(௭)ூೄ(௭) ቁ × ݁ିఈ௭ = ܿ × ݁ష೓∆ೡೖ೅(೥),  (24) 

 
where: IAS, IS – are the anti-Stokes and Stokes intensities along the 
z axis, in which direction the fiber is deployed, ߂α – is the 
attenuation coefficient difference between Stokes and anti-Stokes 
wavelengths, c – is the characteristic coefficient of the optical 
fiber, T(z) – is the temperature distribution along the fiber. 

Xia, Guo, Li and Mao proposed a modification for the previous 
equation [1]: 
 ቀூಲೞ(௭)ூೄ(௭) ቁ × ׬−൫݌ݔ݁ ௭଴ݖሿ݀(ݖ)ሾܶߙ∆ ൯ = ܿ × ݁ష೓∆ೡೖ೅(೥), (25) 
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The attenuation coefficient difference dependency with 
temperature: 
(ܶ)ߙ∆  = 2 × 10଺ܶ − 0.0028 , (26) 
 

So, in the computer: 
 ቀூಲೄ೙ூೄ೙ ቁ × ∑−൫݌ݔ݁ )ߙ) ௡ܶ) × ߬௜)௜௡ୀ଴ ൯ = ܿ × ݁ష೓∆ೡೖ೅೙ , (27) 

 
where: n – is the sampling point, τi – is the sampling step interval.  

The loop configuration of DTS systems is commonly used in 
nuclear infrastructures due to lower differential losses [13]. 
 
6. Conclusions 
 

DTS systems configurations allow obtaining accurate 
temperature readings in different environments and applications. 
This study presents the main reasons that may cause faulty 
temperature measurements. In order to improve these 
measurements, many demodulation algorithms were presented. 
This study discusses conventional calculation methods and 
existing demodulation algorithms, depending on the DTS system 
configuration and application. 

One can notice that the environment around the fiber and 
temperature calculation method differs from application to another 
and from one configuration to another, which are essential issues 
to be taken into account during DTS systems designing. 
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