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Development of Optical Fiber Sensors Based on
Brillouin Scattering and FBG for On-Line Monitoring

in Overhead Transmission Lines
Jianbin Luo, Yanpeng Hao, Qing Ye, Yunqi Hao, and Licheng Li

Abstract—A distributed on-line temperature and strain fiber
sensing system based on the combined Brillouin optical time
domain reflectometry (BOTDR) and fiber Bragg grating (FBG)
technology is presented and investigated experimentally for
monitoring the overhead transmission lines. The BOTDR sensing
system can be used to measure the temperature of transmission
lines (Optical Phase Conductor, OPPC or Optical Power Ground
Wire, OPGW) which is helpful for monitoring the dynamic am-
pacity and icing forecasting. In order to effectively monitor the
distortion of transmission line induced by the climatic fluctuation
and natural disaster, e.g., ice coating and hurricane wind, a
quasi-distributed FBG strain sensing system is connected in series
with the insulator, integrated into the BOTDR system. The results
showed the proposed system was effective and reliable for the
monitoring of overhead transmission lines.

Index Terms—BOTDR and FBG, distributed fiber sensor,
on-line monitoring, overhead transmission lines.

I. INTRODUCTION

O N-LINEmonitoring on overhead transmission lines plays
a vital role on overhead lines for secure and stable run-

ning. Fast and accurate measurements of temperature and ten-
sion along the transmission lines can be derived to variety of
application which can be listed as follow [1]: providing reli-
able information for decision-making by real-time monitoring
the status of the overhead lines, maximizing the capacity of
transmission paths, quick response for emergencies and extreme
weather conditions, providing advance warning of possibility
of dangerous situations, such as the forecasting of transmission
line icing conditions and the possible dangers in the melting ice,
reducing unnecessary manual intervention and so on.
Currently, the temperature measurement of overhead trans-

mission line includes non-contact infrared technology and
direct measurement through the surface thermistor. Overhead
line load is mainly measured by the tension sensor installed in
different locations on transmission towers and lines [2]–[5].
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Above methods are the electrical measurements and are vul-
nerable to strong electromagnetic interference of transmission
lines which will induce instability to measurement results. In
addition, the electronic measure equipment also requires addi-
tional power. The measurement performance will degrade in a
long time under harsh temperature and humid environment [6].
Therefore, it is an urgent requirement to develop a new type of
on-line monitoring technique with stable and reliable operation
performance, such as fiber sensing technologies which have
illuminated in many literatures.
In this paper, a distributed on-line temperature and strain

fiber sensing system based on the combination of BOTDR and
FBG technologies was presented and investigated experimen-
tally for the on-line monitoring of overhead transmission lines.
The BOTDR sensing system is used to measure the temperature
of overhead lines and the FBG sensing system is adopted to
measure the tension of overhead lines. Some simulated and
experimental results are given to verify the feasibility of the
proposed system. Moreover, in order to analyze the potential
applications for the distributed on-line temperature and strain
fiber sensing system on high voltage overhead transmission
lines, some key problems or attentions are also discussed.
The paper is organized as follows: Section II describes the

basic theory of distributed fiber sensor including Raman, Bril-
louin and FBG technologies. The corresponding simulation re-
sults for BOTDR are also presented. Base on the theoretical
analysis, a system design for the on-line monitoring on over-
head transmission lines is given in Section III. In Section IV,
some experimental results about the measurement of BOTDR
and FBG sensing system setup are given to verify the above
analysis. Then the possible potential applications, especially for
high voltage overhead transmission lines areas, are proposed in
Section V. Finally, in Section VI, we briefly summarize the re-
sults.

II. THEORY

In the optical fiber sensing systems, optical fiber is trans-
mission medium and sensor element at the same time. In com-
parison with conventional electrical sensors, fiber sensor pos-
sesses a series of advantages, such as immunity to electromag-
netic interference, small size, light weight, insulation, thermo-
stability, anticorrosive design and so on. These advantagesmake
the fiber optic sensor particularly suitable for the online moni-
toring system on overhead transmission lines.
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TABLE I
THE RELATIONSHIP OF BRILLOUIN LIGHT SCATTERING INTENSITY AND FREQUENCY SHIFT AND TEMPERATURE COEFFICIENT

A. Distributed Sensing Technology Base on Brillouin
Scattering

Distributed temperature sensing (DTS) system based on
Raman scattering has been used widely for temperature mea-
surement of underground power cables [7], [8]. The results
show that DTS system had high location accuracy, short re-
sponse time, and reliable operation performance. However, the
intensity of Raman scattering light in the fiber is very weak.
In order to increase Raman scattering intensity, sensing fiber is
chosen to be of multi-mode type. This limits its sensing area
and it is unsuitable for long distance overhead transmission
lines.
Compared with DTS system, the distributed sensing tech-

nology based on Brillouin scattering is more suitable to develop
a monitoring system for long distance overhead transmission
lines [8], [9]. It can measure temperature and strain information
along the fiber simultaneously. Usually, the light intensity and
frequency shift of Brillouin scattering is affected by the influ-
ence of temperature and strain put on the fiber, which can be
given by the following formula [8]:

(1)

where is Brillouin scattering optical power varia-
tion, is Brillouin scattering optical frequency shift
variation, is temperature variation of the fiber, is strain
variation of the fiber. and are the temperature and
strain coefficients for Brillouin scattering power respectively,

and are the temperature and strain coefficients for
Brillouin frequency shift dependent on the temperature and
strain. These previously ascertained values of coefficients are
given in Table I:
Use the linear coefficient, and , both

the temperature and strain variation can be uniquely determined
from the inverse matrix in (1) and they may be written as:

(2)

(3)

By measuring Brillouin optical power and Brillouin frequency
shift, we can obtain the temperature and strain distributions
along the fiber [8], [9].
However, it should be noticed that most of OPGW/OPPC

used now are loose tube rather than tight buffer design. A steel
tube is used to protect the fiber and the purpose is to reduce the
tension of the inner fiber of OPGW/OPPC. Therefore, the load
of the OPGW/OPPC could not be transferred to inner fiber and

Fig. 1. The strain on-line monitoring diagram for overhead transmission line
by using FBG.

the BOTDR technique cannot be used to measure the tension
along the OPGW/OPPC. So, we have to choose other ways to
measure the load on the overhead line. In order to inosculate
with the BOTDR sensing system, the quasi-distributed sensing
technology base on FBG would be an effective supplement for
the tension monitoring of transmission lines.

B. Quasi Distributed Strain Sensing Technology Base on FBG

FBG wavelength shift is dominated by the temperature and
strain, which can be expressed as follow [10]:

(4)

where is temperature variation, is strain variation, is
thermal expansion coefficient, is thermo-optic coefficient and
is photo-elastic constant.
Due to strong reflected signal, FBG sensor has the advan-

tage of long distance more than 100 km [11], [12]. FBG tension
sensors have been reported to monitor load variation of over-
head transmission line [13]. The measurement accuracy and re-
liability are quite well. More importantly, FBG tension sensors
could combine with OPGW/OPPC [14]. Usually, The FBG ten-
sion sensors are installed on a special insulator fitting of over-
head transmission lines which is shown in Fig. 1.
When the insulator fitting is load-carrying, the micro-strain

generated in the sectional area of fitting can be shown as follow:

(5)

where is the tension of the axial direction, is Young’s mod-
ulus, is sectional area of fitting, is the angle of the insulator
and the normal.
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Fig. 2. The actual transmission line simulation experiment layout.

III. SYSTEM DESIGN

According to the above analysis, we design the all-fiber
distributed on-line temperature and strain fiber sensing system
based on the combined BOTDR and FBG technologies for
monitoring overhead transmission lines. The whole system
structure is shown in Fig. 2. The fiber in the OPGW/OPPC is
connected to the fiber optic sensing system. For the BOTDR
sensing system, one part of the seed laser is modulated by
an acousto-optic modulator (AOM) to generate a pulsed
source with 100 ns pulsewidth and 4 kHz repetition rate. The
modulated pulses are amplified properly, avoiding stimulated
Brillouin scattering in the sensing fiber, by an Erbium doped
fiber amplifier (EDFA) and then launched into long sensing
fiber to generate the backward spontaneous Brillouin scattering
(SBS); another part of the laser is used to pump a Brillouin
laser as a local oscillator for coherent heterodyne detection.
The SBS carries local information of temperature and stain
along the sensing fiber. The coherent heterodyne detection is
accomplished by injecting the local Brillouin laser and SBS into
a 1:1 coupler and a double balanced photo detector (DB-PD,
New Focus 1617-AC, Newport), and then it is amplified by
a tunable microwave amplifier (MWA, ALPHALAS). All the
data is collected by high-speed data-acquisition card (DAQ,
Gage, Model CS82G, 3GS/s sample rate), where the data
acquisition is synchronous with the signal generator of the
AOM. Acquisition and analysis of sensing signals are real-time
processed by a self-designed Lab VIEW-based program in
PC. Based on this BOTDR system, the temperature and strain
distribution along the optical fiber can be obtained.
For FBG sensing system, the FBG tension sensor is installed

on the insulator fitting. The fiber in the OPPC and OPGW can
be used to connect the FBG sensor as shown in Fig. 1.
Wavelengths of lasers used for BOTDR and FBG sensing sys-

tems will be wavelength division multiplexed. The transmission
line load change will lead to the micro-strain variation of the in-
sulator fitting, which can be monitored by FBG tension sensors.
In [14], FBG sensor was fixed on the fitting with adhesive. Con-
sidering the possibility of adhesive degradation in long-term

harsh environments whichmay affect the transfer coefficient be-
tween fitting and FBG sensor, the tube with FBG sensor inside
was welded to the fitting.
Therefore, we can measure temperature distribution along the

OPPC/OPGW without considering the strain by using BOTDR
technique. The FBG strain sensor with temperature compensa-
tion is connected through OPGW and fixed at the insulator fit-
tings on overhead line transmission towers. The coupler divides
the FBG signal and the Brillouin scattering signal into different
optical processing system.

IV. EXPERIMENT

A. Temperature Measurement Results and Analysis

In order to test the temperature measurement ability of the
BOTDR, the OPPC (type: OPPC-24B1/190) is placed in the ar-
tificial icing room which can be used to adjust the temperature
and this is shown in Fig. 3(a). Fig. 3(b) is a photo of artificial
icing room. The fiber in OPPC is G.652 single mode fiber. The
size of artificial icing room is 1.96 m 1.96 m 2.5 m and the
temperature adjustable range is from C to 30 C. The accu-
racy of the temperature control is C. The spatial resolution
of BOTDR systems used in the experiment is 10 m. The OPPC
was rolled up and placed in the artificial icing room.
The icing room recorded and displayed the inside temper-

ature. By monitoring the Brillouin frequency shift, BOTDR
system is able to measure the temperature distribution along
the OPPC inside the icing room. The temperature distribution
along fiber measured by BOTDR is shown in Fig. 4.
Brillouin frequency of OPPC inside artificial icing room de-

creased significantly along with the temperature inside the icing
room decreased, while the Brillouin frequency of the OPPC
fiber outside the artificial icing room did not change, which have
a very good linear relation. The calculation of temperature mea-
surement results are shown in Table II. The difference of tem-
perature measured by fiber sensor and icing room was less than
2 C. Therefore, BOTDR can be used to measure the OPPC tem-
perature distribution along the OPPC accurately.
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Fig. 3. The temperature measurement experiment. (a) Experiment layout for
the temperature measurement, (b) Photos of artificial icing room.

Fig. 4. Temperature distribution along OPPC.

TABLE II
THE CALCULATION OF TEMPERATURE MEASUREMENT

B. FBG Strain Measurement Results and Analysis

The performance of FBG sensor was tested firstly by using
the metal tensile testing machine as shown in Fig. 5. The
FBG demodulator recorded reflection wavelength variation

Fig. 5. FBG sensor calibration experiment.

Fig. 6. Tension measurement of FBG strain sensor.

under different tensions. This test is used to calibrate the re-
lationship between the tension and the strain of sensor fitting.
Metal tensile testing machine parameters are shown as fol-
lows: the maximum load is 300 kN, effective tension range is
0.02/100–100%; tensile testing speed is from 0.01 to 250(1000)
mm/min; measurement accuracy is % or less.
In the calibration experiment, the reflected wavelength would

shift 1nm when the fitting was applied 107.3 kN tension, with
the corresponding measured results shown in Fig. 6. Linear
curve fitting is shown in Fig. 7 and the fitting gives an R-square
value of 0.99.

C. The Actual Transmission Line Experiment

From December 2011 to March 2012, a field test of fiber
sensing experiment was carried in the UHV national en-
gineering lab in Yunnan province. The experimental line
simulated the actual transmission line of Yun-Guang
kV DC transmission project. The transmission line model is
6 ACSR-720/50, with diameter of 36.2 mm, weight of 2397
kg/km, and sectional area of 775 mm . The type of insulator
strings is double I. The ADSS connected the FBG strain
sensor to FBG demodulator and BOTDR which were placed
in a control room. The ADSS and OPGW can also be used
as the sensing element of Brillouin optical fiber sensor. The
experimental layout and the transmission line span parameters
are shown in Fig. 2. The connections among the power trans-
mission line tower, OPGW and ADSS are shown in Fig. 8.
In order to simulate the icing state in transmission line, the
weight, which is about 215–220 kg, was lifted to the spacer of
bundled conductors shown in Fig. 9. The FBG demodulator
was used to record the FBG reflected light wavelength shift,



LUO et al.: DEVELOPMENT OF OPTICAL FIBER SENSORS BASED ON BRILLOUIN SCATTERING 1563

Fig. 7. Tension measurement curve fitting.

Fig. 8. Experimental installation diagram.

while the BOTDR was on operation status for the temperature
of transmission lines.
Three weights (No.1, No.2and No.3) were lifted to the spacer

from 9:00AM to 12:00 AM. The temperature variation and Bril-
louin frequency variation during that period are demonstrated in
Fig. 10. It is found that the temperature precision of distributed
optical fiber sensor based on Brillouin scattering is C.
This is not accurate enough for temperature compensation of

FBG strain sensors. FBG strain sensor with better temperature
compensation needs to be developed, such as FBG temperature
sensor. Fig. 11 shows the FBGwavelength shift with the weights
add.
It is found that the FBG wavelength increased significantly

when the weight is lifted. Certainly, The FBG reflected wave-
length is also changed with the variation of environmental tem-
perature when no load is applied onto transmission line. The
Brillouin scattering will not disturb the signal reflected by FBG,
because they canwork independently in the wavelength division
multiplexing mode.

Fig. 9. The weight installed on the spacer.

Fig. 10. Temperature variation during lift the weight by using BOTDR.

Fig. 11. The FBG reflected light wavelength variation with the weight add.

V. APPLICATION AND DISCUSSION

A. The Relationship of Conductor Temperature and Icing

It is very important to forecast the ice thickness on transmis-
sion line for the transmission grid safe operation. Usually, the
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TABLE III
RELATIONSHIPS AMONG TRANSMISSION LINE ICING,

CONDUCTORTEMPERATURE AND LOCAL METEOROLOGY PARAMETERS BASED
ON THE SYNTHETIC GREY RELATIONAL ANALYSIS

most important parameters of icing covering include: precipi-
tation rate, surface air temperature, water content, wind speed,
wind direction, air humidity, relative humidity, and visibility
(Cigre, 2006). The relationship of transmission line temperature
and icing in South China based on Grey Relational Analysis is
shown in Table III [15]. As it can be seen from the table, trans-
mission line temperature is the most important factor which is
quite useful for the icing monitoring.
Brillouin optical fiber sensor can be used to measure real-

time conductor temperature variation along the long distance
transmission line. The data can be used to forecast the icing
conditions.
In practical engineering conditions, temperature of OPGW is

consistent with the ambient temperature; conductor temperature
of OPPC should be slightly higher than the ambient temperature.
When the conductor temperature reaches the icing conditions
and the tension measurement of FBG strain sensors increase to
a certain valve, the transmission line can be consider as icing
covering condition.

B. Fiber Strain at the Heavy Icing

We also analyze the fiber strain data of icing OPGW in an
ice storm which happened in 2008 in China. When the ice is
very thick, and fiber strain exceeds 0.25%, the fibers in OPGW
would be damaged. Fibers inside an OPGW of loose tube de-
sign have generally 0.5–2.5% overlength. According to icing
computing model, in order for fibers to reach such a strain, the
ice cover thickness must be 20 mm or more [16]. Therefore, the
measuring range of strain is very limited since the fiber is af-
fected by the outside tension.
At the actual transmission line experiment, the average wind

speed was about 7 m/s, the Brillouin scattering almost has no
variation, but at the heavy icing and hurricane wind situation,
the line load-carrying will significant increase in a very short
time, which may cause fiber suddenly stretched to a certain ex-
tent. BOTDR will monitor the fiber strain, and can be used to
assess the damage to the fiber.

C. Calculation of Conductor Temperature and Ampacity

Ampacity is the current in amperes that a conductor can carry
without exceeding its temperature rating. The ampacity of a con-
ductor determines the safety and the appropriate current density
of the conductor. As the temperature of any part of conductor

can be measured, we could calculate the resistivity-temperature
relationship. In [17], the expressions were as follow:

(6)

where is in degrees Celsius and is in ohm*mm /m. is the
values for the resistivity at 20 C and the temperature coefficient
of resistivity for typical conductor materials.
The traditional ampacity measurement methods of overhead

transmission lines include monitoring the line sag, non-con-
tact infrared measurement, transmission line surface tempera-
ture though the thermistor and wire core thermometer [18]–[20].
Among these methods, Non-contact infrared measuring de-

vices need to install an additional solar-powered device on the
towers, which means it cannot work in rainy weather; existing
direct measurements of transmission line surface temperature
though thermistor and wire core thermometer device can ac-
quire energy from transmission line, but they are not suitable
for the grounding wire and the transmission line with small cur-
rent. Also, electrical measurements performance may be deteri-
orated by strong electromagnetic interference (EMI) induced by
high-voltage transmission lines. Distributed fiber optic sensing
system based on Brillouin scattering can accurately measure
the temperature distribution along long-distance overhead trans-
mission lines without additional power supply.

VI. CONCLUSION

We have presented and investigated a distributed on-line tem-
perature and strain fiber sensing system based on the combina-
tion of BOTDR and FBG technologies for OPGW/OPPC trans-
mission line, which has the following characteristics:
1) It can measure temperature of transmission line up to 100
km with no requirement to transform the existing OPGW/
OPPC.

2) The temperaturemeasurement accuracy is C; while the
calculated temperature resolution is 0.1 C. The linearity
of Brillouin scattering frequency shift and temperature are
quite well, which facilitates to fitting calculation.

3) Optical fiber in the OPGW/OPPC is protected by metal
tube, and the fiber is immune to electromagnetic interfer-
ence and damage by environmental temperature and hu-
midity changes, which ensures the measurement reliability
in harsh environments.

4) It is no need to strain compensate for temperature measure-
ment. For the long-time running and heavy icing transmis-
sion line, temperature measurement should be calculated
by formula (2) and (3).

5) The Brillouin scattering and the FBG reflected signal will
not affect each other. The distributed optical fiber sensor
based on Brillouin scattering could not be used to be accu-
rate temperature compensates for FBG strain sensors.

6) The transmission line load variation can bemeasured effec-
tively and accurately by FBG tension sensor. The sensing
systemmay be used not only tomonitor overhead transmis-
sion lines, but also for power cables, pipelines and mines.

From the above, we can see the principle of the technology
is mature and reliable and very suitable for study overhead
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transmission line icing problem, DC ice melting for overhead
lines and real-time monitoring of transmission line dynamic
ampacity.
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