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Abstract — Based on Raman scattering in distributed single-mode fiber, we establish a model for the relationship between: i) the 
characteristics of OPGW’s outer layer which is aluminum alloy or aluminum clad steel stranded wire and ii) the temperature 
distribution in the fiber. The accuracy of this model is verified by experiments, which forms a solid foundation for temperature 
measurement of OPGW based on the principle of distributed single-mode fiber. 
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I. INTRODUCTION 
 
Since appearance in 1970s, optical fiber sensors have 

attracted extensive attention. Especially in recent years, 
engineering application researches on optical fiber sensors 
have developed rapidly. In comparison with traditional 
electronic and mechanical sensors, optical fiber sensors 
have many outstanding performances such as small volume, 
light weight, resistance to high temperature and high 
pressure, corrosion resistance, and resistance to 
electromagnetic interference. The optical fiber sensor can 
realize accurate measurements of various physical 
quantities such as strain, pressure, temperature, vibration 
and displacement in a very hostile environment. 

Distributed optical fiber sensing technology possesses 
all the advantages of common optical fiber sensors, and also 
makes full use of characteristics in one-dimensional spatial 
continuous distribution of optical fibers. By virtue of such 
technology, continuous measurement can be realized to 
physical quantities distributed along the optical fiber on the 
whole sensing optical fiber; more detailed information 
distribution of physical quantities in time and space can be 
monitored; and thus the defect that a point-type sensor can 
hardly realize continuous measurement of a monitored 
object can be overcome. The distributed optical fiber 
sensing technology can realize sensing, remote monitoring 
and surveillance of each part in a large foundation 
engineering facility. In particular, it can complete 
monitoring of stress, temperature and other aspects of large 
engineering facilities such as urban gas piping, electric 
transmission/communication cables, reservoir dams, 
bridges, tunnels, expressways and seabed oil pipelines. In 
the field of monitoring and early alarming of major 
disasters and large infrastructures, development of the 
distributed optical fiber sensing technology has become 
focus and commanding height in international high-tech 
competition. 

In this paper, we applied the distributed optical fiber 
sensing technology in temperature measurement of OPGW 
[1-2] for the first time. We established a model about 
OPGW structural characteristics and optical fiber 
temperature field distribution. After that, we carried out 
confirmatory experiments to lay a theoretical and 

experimental foundation for application of distributed 
optical fiber sensing technology in OPGW monitoring. 

 
 

II. TEMPERATURE MEASUREMENT PRINCIPLE OF 
DISTRIBUTED SINGLE-MODE OPTICAL FIBER 
 
According to differences in sensing principles, the 

distributed optical fiber sensing technology can be divided 
into 3 types: (1) distributed optical fiber sensing technology 
based on Rayleigh scattering; (2) distributed optical fiber 
sensing technology based on Raman scattering; (3) 
distributed optical fiber sensing technology based on 
Brillouin scattering. The paper will research the application 
of distributed optical fiber sensing technology based on 
Raman scattering in OPGW temperature measurement. 

Sensing principles of a Raman optical fiber temperature 
sensing system are mainly based on optical time domain 
reflection principles and optical fiber backward 
spontaneous Raman scattering temperature effect. In other 
words, the sensor realizes positioning by OTDR 
technologies, and realizes temperature measurement by 
Raman scattering effect in order to reach one-to-one 
corresponding relations between temperature and distance. 

 
A. Spatial Positioning Principle of Optical Time 

Domain Reflection Technology 
 
Optical time domain reflection technology was invented 

by Doctor Barnoski in 1977 [3]. It is applied in testing of 
various optical communication networks. It can be used to 
test joint losses, optical fiber distance, link losses and 
optical fiber attenuation in an optical fiber transmission 
system and establish corresponding relations between 
events and spatial positions. 

 
Fig.1 Schematic Diagram of Optical Time Domain Reflection 
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The basic principles are shown in Fig.1. During 

transmission in the optical fiber, light will be scattered due 

to microscopic non-uniformity of reflection index in the 

optical fiber. In the time domain, the duration lasting from 

incident light’s generation of backward scattered light to its 

returning to the optical fiber incidence end is t ; journey of 

the laser pulse in the optical fiber is 2l , wherein 2l vt , 

v  refers to light propagation speed in the optical fiber, 
cv n

, c refers to light speed in vacuum, and n  is the 

optical fiber refraction index. In the measured duration t , 

the distance between the position and the light source l , 

namely the positioning distance, can be obtained. 
 
B. Spontaneous Raman Scattering Temperature 

Effect of Optical Fiber 
 
When pump light is injected into the sensing optical 

fiber, partial energy of it can be converted into Raman 
scattering light during its transmission along the optical 
fiber. When power of the pump light is less than the 
stimulated threshold, the thermal balance of optical fiber 
molecules is not destroyed. Hence, the light scattering is 
spontaneous Raman scattering. Power of backward 
spontaneous Raman scattering light in the optical fiber 
obtained by a photoelectric detector APD can be worked 
out according to the following formula [4]. 

Stokes Raman Scattering Light Power: 

4
0( ) exp[ ( ) ] ( )s s s e s sV T K S P L R T    

      (1) 

Anti-Stokes Raman Scattering Light Power: 

4
0( ) exp[ ( ) ] ( )a as as e as asV T K S P L R T    

    (2) 

In the formula, eP
 refers to incident light power, and 

sK
 and asK

 respectively stand for coefficients related to 

Stokes and Anti-Stokes Raman scattering cross sections of 

the optical fiber; S  relates to the backward scattering 

factor of optical fiber; s and as
respectively stand for 

Stokes and Anti-Stokes Raman photon frequencies; 0 , 

s  and as
 respectively stand for transmission loss 

coefficients of incident light, Stokes and anti-Stokes light in 

the optical fiber; L  stands for length of the optical fiber; 

( )sR T
 and 

( )asR T
 are related to population numbers of 

optical molecules on high and low energy levers, while the 

population numbers on the molecular energy level are 

related to temperature. They are expressed as: 

       
1( ) [1 exp( )]sR T h kT   -
    (3) 

       
1( ) [exp( ]asR T h kT   ) - 1
     (4) 

Where:   refers to Raman phonon frequency; h  is 

the Planck constant; k  is the Boltzmann constant; and T  

is the temperature of the optical fiber line. 

 
Fig.2 Normalization Curve about Variation of Raman Scattering Light 

Intensity with Temperature Changing 
 
Sensitive to temperature, the spontaneous Raman 

scattering light can sensitively perceive temperature 
changes along the optical fiber. It is found through analysis 
of Formula (2-7) and Formula (2-8) that, as shown in Fig.2, 
anti-Stokes light intensity has high temperature sensitivity, 
while Stokes light is basically insensitive to temperature. 
When the temperature at one part of optical fiber changes, 
the Raman scattering light power at this position will 
change correspondingly. Hence, the actual temperature 
changing information is mainly carried by anti-Stokes light. 
This is the temperature effect of backward Raman 
scattering of optical fiber. The Raman distributed optical 
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fiber temperature sensor is realized exactly based on such 
principle. 

 
 
C. Signal Demodulation Method 
 
Stokes light is taken as the reference light and 

anti-Stokes light is taken as signal light to realize 

double-channel demodulation [5]. At first, power signals of 

anti-Stokes and Stokes Raman scattering light of the whole 

optical fiber under 0T T
 are measured, as follows: 

    

4
0 0 0

4
0 0 0

  ( ) exp[ ( ) ] ( )

   ( ) exp[ ( ) ] ( )

a as as e as as

s s s e s s
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    (5) 
Double channels of signals are compared to obtain: 
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In the same way, the comparison curves of two channels 
of signals under the random temperature T  can be 
obtained as follows: 
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After obtaining the two curves, they are compared as 
follows: 
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According to Formula (2-17), the curve about 
temperature distribution along the optical fiber can be 
calculated: 
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According to Formula (2-17), the temperature 
sensitivity can be obtained through temperature differential 
processing, as follows: 

       
/ 2
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h kT
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（- h ）

- h
      (10) 

Temperatures along the sensing optical fiber can be 

measured by Formula (2-18). Through calculation of 

Formula (2-19), the temperature sensitivity can reach 
0.862%/ C within the scope of 0-120℃. Temperature 

sensitivity obtained by double-channel demodulation is 

lower than that obtained by single-channel demodulation, 

but such demodulation method takes Stokes Raman 

scattering light as the reference signal, and takes anti-Stokes 

Raman scattering light as signal light to complete 

comparison between them. Hence, instability of the light 

source, and influences brought by coupling losses, optical 

fiber splice losses, optical fiber bending losses, optical fiber 

transmission losses and other factors during optical fiber 

transmission can be eliminated effectively. Therefore, 

traditional Raman distributed optical fiber temperature 

sensors adopt such demodulation method for signal 

demodulation. 

 
III. MODEL OF THE RELATIONS BETWEEN 
PERFORMANCES OF OPGW OUTER-LAYER 
ALUMINUM OR ALUMINUM-CLAD STEEL  

 
Stranded Wires and Optical Fiber Temperature Field 
As for OPGW cables with many different structures as 

shown in Fig.3, optical fiber units and aluminum alloy or 
aluminum-clad steel stranded wires always form adjacent or 
indirectly adjacent relations. As for different structures, 
thermal transmission courses of them are also different 
[6-9]. Nevertheless, in a media environment with overall 
good heat conduction, the overall thermal relation models 
shall be basically consistent, while there are at most 
differences in several parameter values or differences in 
time lag. Hence, while analyzing the thermal changing 
theoretical model about OPGW heating process, we can 
merely consider influences of different materials, neglect 
differences in OPGW with different structures, and make 
further amendments according to relevant data after 
obtaining actual or simulative experimental results. 

 

Fig.3 Diagrams of OPGW with Different Structures 

 
Induced current in OPGW can be expressed by the 

following formula [10-11]: 
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                      (11) 

Where: t refers to time; ε(t) refers to induced 
electromotive force; R(t) refers to optical cable line 
resistance. The induced current is the basic parameter for 
calculation of heat in OPGW. 

Many different kinds of OPGW structures can be 
deemed to be constituted of multi-layer material media. 
Current density at the boundary of the i-th layer of media 
can be set as JSi, so that: 

           (12) 

Where:  is a distribution function. 

When temperature of OPGW changes (such as partial 

temperature increase caused by lightning stroke), the 

external-layer media will dissipate heat to the environment. 

As a whole, the course can be described as follows: 

                        (13) 

Where: Q refers to heat dissipation capacity; H refers to 

a heat dissipation coefficient; A refers to effective heat 

dissipation area; Error! Reference source not found. 

refers to the temperature difference between the outermost 

layer of optical cable and the atmospheric temperature at 

time t; Error! Reference source not found. is the duration 

for heat dissipation. Stable heat conduction of multi-layer 

cylindrical walls with mutually smooth contact can be 

expressed as follows: 

           Error! Reference source not found.            

(14)  

Where: L refers to circumference length of cross section 

of OPGW, ri refers to radius of the i-th layer, Error! 

Reference source not found. refers to temperature of each 

layer at time t, Error! Reference source not found. refers 

to the heat conduction coefficient of the i-th layer. 
A layer-stranding OPGW structure is a model which 

respectively comprises “aluminum-clad steel wire – 
aluminum-clad steel and optical fiber – aluminum alloy 
wire” from inside to outside. Diameters of the 
monofilament are respectively set to be 2.6mm and 3mm. 

It is assumed that the maximum induced current in the 
line is 15kA with time of duration of 500 ms. Under the 

environmental temperature of 20 , simulated temperature 
data of each material is shown in Table 1: 

 
TABLE 1 THEORETICAL TEMPERATURES OF DIFFERENT 

LAYERS OF OPGW WITH DIFFERENT DIAMETERS 
Monofilament 
Diameter 

Average Temperature 
of Aluminum Alloy 
Wire 

Average Temperature 
of Aluminum-clad 
Steel Wire 

2.6mm 297 243  
3.mm 184 146  

 
As for a temperature conduction model taking the 

optical fiber into account, thermal conduction capability of 
the optical cable (mainly referring to the glass fiber core 
inside) is obviously lower than that of metal. Hence, its 
temperature changes are different from those of aluminum 
alloy wires and aluminum-clad steel wire monofilaments. 

Comparison curves about temperature changes in the 3 
types are shown in Fig.4. 

 
Fig.4 Diagram of Heat Conduction Simulation Curves of Material in Each 

Layer of OPGW. 

 

It is shown in above diagram that temperature increase 
of the optical fiber unit with the time is different from that 
of aluminum alloy and aluminum-clad steel monofilament; 
however, they have the same tendency after 500 ms. When 
hot spot positioning of the distributed optical fiber 
temperature measurement system reaches the sufficient 
accuracy (less than 1/5 of the duration needed for reaching 
of the consistent temperature), real situations of the 
temperature distribution of the power transmission line can 
be reflected. 

 
IV. CONCLUSION 

 
We established the model about relations between the 

performances of OPGW’s outer-layer aluminum alloy or 
aluminum-clad steel wire and the optical fiber temperature 
field according to nonlinear scattering characteristics of 
optical fiber and the model about their relations with 
temperature.  

In order to determine temperature changes caused by 
different physical mechanism in actual applications, we 
intend to research heating and temperature distribution 
situations of OPGW under different heating mechanisms 
(including direct OPGW electric discharge, ground wire 
electric discharge conduction and damaged power 
transmission line) in the electric transmission line system of 
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OPGW, in order to lay a foundation for utilization of 
different countermeasures in actual applications. 
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