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Recent Progress in Lightwave Sensing Technology

Daiichiro Tanaka1

“Fiber-optic sensing” is the important element of the lightwave sensing technology. Since the 
fibers also work as  “sensors”, various measurement techniques and various specialty fibers 
which are optimized for each specific objective are required. In this paper, recent progress in 
the measurement techniques and the specialty fibers for the lightwae sensing are reviewed.

1. Introduction
Lightwave sensing enables us to obtain information 

on distance, strain, temperature, shape, pressure and 
so on, by utilizing information which lightwave con-
tains, such as intensity, frequency, phase, polarization, 
coherency and non-linearlity. “Fiber-optic sensing” is 
an important element of the lightwave sensing. The 
first study for the fiber-optic sensing was started short-
ly after the first realistic optical fiber was invented in 
1970, then the first International Conference on Opti-
cal Fiber Sensors (OFS) was held in 1983. From the 
beginning, optical fibers were used not only as trans-
mission medium, but also as “sensors”, utilizing its 
response to strain, temperature, pressure, electric 
field, magnetic field and so on. One of the representa-
tive examples is fiber-optic gyroscope. Various sens-
ing techniques were proposed, such as distributed 
sensing method along the fiber which utilizes scat-
tered light in the fiber core, or high speed sensing 
technique utilizing FBGs. Since application area has 
been expanded by these efforts, fiber-optic sensing is 
widely used today in the industrial field, such as civil 
infrastructure (bridge, tunnel, etc), wind turbine gen-
erator, aircraft, oil/gas well and so on.

To meet new requirements raised from wide variety 
of industrial field, continuous efforts are being made 
for development of specialty fibers and measurement 
techniques by many research groups, including Fuji-
kura. Here, we introduce recent progress and our ac-
tivities in fiber-optic sensing.

2. Specialty fibers 
Specialty fibers are basic elements of Fiber-optic 

sensing technique. They are specially designed for 
specific applications, but fabricated by well-developed 
fabrication method which is used for normal telecom-
munication fiber fabrication. Here, some of represen-
tative specialty fibers for fiber-optic sensing are re-
viewed.

2.1  Polarization maintaining fiber

In normal single-mode fiber, non-axially symmetry 
of a core and/or other disturbance cause mode cou-
pling between orthogonally polarized lights. Launched 
light propagates along the fiber changing its polariza-
tion state randomly. However, in the case of “polariza-
tion maintaining fiber”, due to its difference in propa-
gation constants between two orthogonally polarized 
lights, no coupling occurs and polarization state is 
maintained. Figure 1 shows cross-section structure of 
PANDA fiber, one of representative examples of polar-
ization maintaining fiber. Two stress applied parts in-
duce birefringence in the core and it generates differ-
ence in propagation constants. Since noises caused by 
fluctuation of polarization state and geomagnetically 
induced Faraday effect are well suppressed, measure-
ment deviation is significantly reduced when it is used 
for interferometry based fiber-optic sensing, such as 
fiber-optic gyroscopes.

Recently, new applications, such as strain/tempera-
ture simultaneous sensing technique were proposed 
from several groupes1) utilizing sensitivity-difference 
in strain and temperature, between two orthogonally 
polarized lights. In early stage, FBGs which were writ-
ten on the PANDA fiber were often used as sensors, 
but other techniques were also proposed in recent pa-
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Fig. 1. Cross-section structure of PANDA fiber.
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pers, such as Brillion scattering method. As for us, Fu-
jikura developed high birefringence PANDA fiber to 
improve measurement accuracy for these applications. 
Figure 2 shows strain/temperature dependences of 
Bragg wavelength on two orthogonally polarized 
lights. Slope of the “temperature” dependence of the 
Bragg wavelength becomes steep when mode birefrin-
gence becomes higher, on the other hand, almost no 
difference in slope is seen on the “strain” dependence 
when mode birefringence is changed. This means 
good temperature/strain separation is obtained when 
birefringence of the fiber is large. From this point of 
view, high birefringence PANDA fibers are suitable 
for these applications. By using this fiber, we have 
achieved accuracy of +/- 20 μe and +/- 2 deg. C in 
the strain and the temperature measurements, respec-
tively1).

2.2  Radiation-resistant fibers

Optical fibers have been highly appreciated as infor-
mation transmission medium in radiation circumstanc-
es, but at the same time, continuous effort have been 
made for improving their radiation durability proper-
ties. When the fiber is irradiated by radiation, network 
defect is induced in the glass, such as E’ Center(∫Si∑) 
or non-bridging oxygen hole center (∫Si-O∞). They 
are generated from oxygen deficient center (∫Si-Si∫) 

and/or covalently-bonded silica (∫Si-O-Si∫) which 
usually exist in the fiber. These network defects have 
absorption peak around UV region ~ visible region, 
then a tail from the absorption peak appears in trans-
mission wavelength range. Its effect is not ignorable 
when amount of the defect is huge. It increases fiber 
loss and sometimes ends up transmission problem. It 
is known that appropriate amount of OH doping to the 
fiber core prevents these problem. OH acts as termi-
nator for non-bridging oxygen hole center and gener-
ates termination of (Si-OH). These fibers have been 
used for temperature measurement and inner wall ob-
servation of the nuclear reactor, for trial.

Figure 3 shows structure of the fiber-optic scope de-
veloped for observing inner wall of nuclear reactors2). 
Both light-guide fiber and image transmission fiber 
have silica core doped with OH and Fluorine-doped 
cladding.

Excellent radiation durability is also obtained when 
Fluorine is slightly doped in the core instead of OH3). 
Fluorine has an effect to terminate both E’ center and 
non-bridging oxygen hole center. The fluorine-doped 
core fibers developed by Fujikura has been used as 
data transmission medium at accelerators in laborato-
ries for high energy physics, such as CERN (the Euro-
pean Organization for Nuclear Research) in Switzer-
land. They are also used for some other research 
purposes, such as FBG fabrication by ultra-short pulse 
laser and its application to fiber sensing4).

2.3   Fibers and fiber-cables for distributed tempera-
ture/pressure sensing

For efficient utilization of the underground resourc-
es, it is important to identify oil and/or gas layers 
which are distributed in the ground. Figure 4 shows 
an example of natural gas well. Rapid change of the 
pressure and the temperature occur around the oil/
gal layers. Information on water pressure and/or tem-
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Fig. 3. Schematic diagram of fiber-optic scope.

Abbreviations, Acronyms, and Terms.

PANDA fiber– Polarization maintaining AND Attenu-
ation reduced fiber

FBG–Fiber Bragg Grating

ROTDR–Raman Optical Time Domain Reflectometry
BOTDA–Brillouin Optical Time Domain Analysis
OFDR–Optical Frequency Domain Reflectometry
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Fig. 2. Strain and temperature dependence of Bragg 
wavelength of PANDA fiber grating.
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perature along the well helps us a lot for efficient oil/
gas extraction. Optical fiber distributed temperature/
pressure sensing is a one of promising ways to obtain 
the important information. Many oil/gas companies 
started research on this and some of them have al-
ready started large-scale field trials. Due to harsh envi-
ronment of the wells, specialty fibers and cables which 
are durable for hydrogen and temperature are needed. 
It is well known that hydrogen molecules easily diffuse 
into the fiber, and it reaches to the fiber core in short 
time. Since hydrogen molecules have absorption in 
near-infrared, the fiber loss increases over time. More-
over, it induces glass network defects and it increases 
fiber loss. ROTDR is often used for the distributed 
temperature sensing for the oil/gas well. It detects in-
tensity-change of Raman scattering and converts its 
change into temperature. Since intensity of the Raman 
scattering is much lower than that of launched signal 
light, signal-to-noise ratio is easily degraded. Then, the 
temperature measurement accuracy is degraded and 
measurement range is narrowed.

One of the good solutions to solve these problems is 
to apply carbon hermetic coating on the fiber surface 
for preventing hydrogen diffusion into the fiber, and to 
coat with polyimide for high temperature durability5). 
For further improvement in durability, the fiber is cov-
ered with stainless-steel tube and filled with hydrogen 
scavenging gel. These stainless-steel sensing cables 
have been commercialized by several fiber optic cable 
companies6).

At the natural gas well, water pressure sensing cable 
which is shown in Fig.5 is used7). Fibers for pressure 
sensing are wound around the inner structure of the 
cable. Water pressure is converted into compressive 
strain due to deformation of the fiber supporting layer. 
Then, distribution of the compressive strain is mea-
sured by BOTDR and the longitudinal pressure distri-
bution is derived from the measurement result. The 
temperature distribution is also measured by the same 
cable, using other fibers which are put loosely in the 

cable so as to avoid any effect from the outside of the 
cable. 

3.  Actual applications of the fiber-optic mea-
surement techniques
A lot of effort has been made for development of fi-

ber-optic measurement techniques from pioneer days, 
and a lot of measurement techniques have been pro-
posed. Today, we have many options of the measure-
ment technique for today’s actual sensing require-
ments.

3.1   Detection of normal conduction transition of su-
per-conducting wire

It is expected that strong electric magnets consist-
ing of super-conducting wire are applied to magnetic 
levitation train, nuclear magnetic resonance imaging 
apparatus, nuclear fusion reactor and so on. Safety and 
reliability matter are under intense investigation since 
they are important for commercialization. Particularly, 
quench detection is one of the key points for commer-
cialization of the super-conducting wire. Once quench 
occurs, super-conductivity disappears due to high tem-
perature, then the wire is burned if the current is not 
stopped. To prevent this serious situation, Fujikura is 
developing quench detection system which monitors 
temperature of the super-conducting wire continuous-
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Fig. 4. Schematic illustration of liquid natural gas well.
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ly by FBG based temperature sensing and judge if 
quench is occurred by analyzing the acquired temper-
ature data8). Figure 6 shows the wire temperature over 
time which was measured by FBGs. In this measure-
ment, quench was induced intentionally by heating up 
the super-conducting wire by electric heater. FBG 4 
which was located the most closely to the heater de-
tected temperature increase first, then the second and 
the third closest FBGs detected it, with having equal 
time delay. Finally, the most distant FBG detected 
temperature increase, and then we stopped heating 
the wire. All the FBGs detected temperature decrease 
just after the stop of the heating. This result shows 1) 
the quench which was originally induced at the heater 
propagated along the wire, then 2) the quench phe-
nomena was disappeared at the same time as the heat-
ing was stopped. Therefore, damage to the super-con-
ducting wire can be prevented by stopping power 
feeding to the wire as soon as the FBGs detect quench 
occurrence. At the same time, quench propagated area 
and the maximum temperature can be estimated from 
the data. These results are helpful for judging opera-
tion continuation and for confining area where inspec-
tion would be needed.

3.2  Strain measurement of real scale airplane wing

Fiber sensors are also applied to health monitoring 
on large scale structure, such as wind turbine, airplane 
wing and so on. Fujikura has demonstrated strain dis-
tribution measurement on real scale airplane wing un-
der load, with Japan Aerospace Exploration Agency 
(JAXA)9). 260 FBGs were attached to the wing as sen-
sors, then the strain was analyzed by using newly de-
veloped apparatus based on Optical Frequency Do-
main Reflectometry (OFDR). Figure 7 shows one of 

representative examples of results on a 300 mm length 
FBG. Using only one fiber, we could successfully mea-
sure tensile and compressive strain induced in a longi-
tudinal direction of the wing and a direction perpen-
dicular to that, respectively. Poisson ratio was 
quantified by analyzing measurement results. The fin-
est spatial resolution of the OFDR is 0.6 mm which is 
thousand times higher than that of conventional time 
domain reflectometry method. It is also beyond reso-
lution achieved by optical correlation domain analysis 
(1.6 mm). Since local strain peaks can be measured 
more exactly as the spatial resolution becomes higher, 
it is considered measurement accuracy of the OFDR 
technique is extremely high. Measurement area is lim-
ited within length of the FBGs, however, long FBG 
has been reported recently. For example, 1.5 m FBG 
was demonstrated in reference 10 10). Further expan-
sion of the application is expected.

4. Conclusion
Fiber-optic sensing technology, which is the impor-

tant element of the lightwave sensing were discussed, 
and recent progress was reviewed. The application 
area is not limited to where we discussed on this arti-
cle. Variety of possible area is seen, such as current 
sensors utilizing Faraday effect, bio sensors utilizing 
surface plasmon resonance and so on. Specialty fiber 
technology and its application to fiber-optic sensing 
are progressing continuously, and they will contribute 
more for the improvement of the sensing performance. 
Fujikura will continue leading to the development of 
fiber-optic sensing.
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