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Simultaneous Measurement of Strain and
Temperature Using Bragg Gratings
Written in Germanosilicate and
Boron-Codoped Germanosilicate Fibers

P. M. Cavaleiro, F. M. Argjo, L. A. Ferreira, J. L. Santos, and F. Farahi

Abstract—A new fiber Bragg grating sensor configuration is were obtained when axial stress was applied to the sensor.
presented for simultaneous measurement of strain and temper- However, when such a sensor is embedded in a structure, its
ature. The sensor utilizes the effect of boron codoping on the yq,nq modulus is determined primarily by the surrounding
temperature dependence of the refractive index in germanosili- - . L
cate fibers. By writing gratings with close wavelengths in undoped material and therefolre.the strain sen§|t.|V|ty of the two Sfeg.m(.ants
and boron doped fibers, different temperature sensitivities are Pe€comes almost similar. Also, splicing between dissimilar
obtained while strain sensitivities remain the same. These gratings fibers leads to high insertion losses and a reduction of the

are then spliced to obtain a simple sensor head suitable for sensor mechanical strength. Another sensor design exploits the

applications in smart structures and composite materials. different temperature dependence of the two reflection peaks
Index Terms—Embedded sensors, fiber Bragg gratings, fiber observed when a Bragg grating is inscribed in PANDA or
optic sensors, simultaneous measurement. bow-tie fibers [7], [8]. These sensors have, in fact, appropriate

characteristics for integration in composite materials, but the
complexity of the required interrogation scheme can limit
) . their applicability. Some disadvantages related to the previous
I N RECENT YEARS, a considerable number of techniqu§gnorted techniques for temperature/strain discrimination can
for temperature and strain discrimination based on fibgg oyercome by using a Bragg grating simultaneously sensitive
Bragg grating (FBG) sensors have been proposed and dem@Nemperature and strain and an additional strain-immune
strated [1]. In principle, simple schemes that rely only on thgating as a temperature reference [9], [10]. However, in order
use of FBG's in the sensor head are more attractive t0 Rjmplement this technique, proper mechanical protection of
integrated in smart structures and composite materials. In f4§fa reference grating is needed, which can lead to practical
sensor heads based on the combination of gratings with diffefnsirains in the process of embedding the sensor.
ent types of sensors (Fabryer®t [2], long period grating [3], | this letter, we report on a new sensor design suitable
rocking filter [4]) often involve a high degree of complexityy,r simultaneous measurement of strain and temperature in
in both fabrication and interrogation processes. In a letter Ryart structures and composite materials. The sensor has two
Xu et al. [3], a fiber sensor was presented using two SUP&ftatings with close wavelengths written in two spliced sections
imposed fiber Bragg gratings written at different wavelengthi germanosilicate fibers with identical geometry, one of them
in order to obtain distinct temperature sensitivities. HOWevek codoped with boron. In this way, a small sensing element
since the thermo-optic coefficient has a small dependence gy two Bragg gratings of similar strain sensitivities but
wavelength, high separation between the Bragg wavelengifierent responses to temperature can be constructed.
is required for effective temperature/strain discrimination. An
alternative approach based on Bragg gratings with close wave-
lengths written in different diameter fibers was later proposed
by Jameset al. [6]. In this case, different strain coefficients Fig. 1 shows in detail the geometry of the proposed sensor
head. Temperature and strain variations applied to the gratings
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Fig. 1. Experimental setup and sensor head geometry. Fig. 2. Sensor response to temperature.
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with the applied strain, which depends on the mechanical 1oF
properties of the fiber. It is well known that the presence of [ —— K, =(9.69£0.02) x 10" nm/pse
boron in the core of optical fiber leads not only to a decrease ~ (g[ -.... K, = (9.49 +0.02) x 10° nm/pe
of the refractive index but also to a decrease in thermooptic
coefficient [11]-[13]. Hence, it is expected that the temperature
dependence of the Bragg wavelength can be modified by borong
codoping of germanosilicate fiber. Considering the fact that £
boron codoping has no observable effect on the mechanical
properties of the fiber, we conclude that, in genefal; #
Kpy and K., = K... In this way, (1) can be used to 02
discriminate between temperature and strain effects applied ;
to the sensor head: oope
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whereA = K1 K., — K. K. Clearly, the efficiency of the Fig- 3. Sensor response to applied strain.
method depends on the difference betwdép, and Ko,

which is determined by the concentration of boron in thg,perluminescent diode source (= 1280 nm), and an optical

o
»
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codoped germanosilicate fiber. spectrum analyzer was used to measure the induced central
wavelength shifts of the reflected peaks.
[ll. EXPERIMENT AND DISCUSSION Figs. 2 and 3 show the responses of the two sensing gratings

The FBG's used in these experiments were fabricated usii®gapplied temperature and strain variations, respectively. As
the following fibers: Siecor SMF1528, simple germanosilica@xpected, different temperature sensitivities are observed for
core, 6 mol% of Ge®, cold-hydrogenated at 100 atm; Fiberihe two gratings, but they exhibit similar response to applied
core PS1500, boron-germanosilicate-codoped core, 10 mditi@in. We must emphasise that the small difference between
of GeQ, and 14-18 mol% of BO; (value estimated from K., and K., results only from different operating wavelengths
fiber numerical aperture and data available in |iterature)_ F@ther than from material characteristics. Substitution of the
practical convenience and for the propose of experimengdttained coefficients in (2) yields
demonstration, different phase masks were utilized in the
grating fabrication process, leading to gratings with; ~ [AT} 116 5[ 9.49 —9-69} |:A)\B1:| 3)

1300 nm, A2 ~ 1280 nm, and more than 95% reflectivity. Ae T=T37 0 843 [Adge |

The gratings were thermally annealed and spliced close to each

other, resulting in a sensor head with total lengtk: 15 mm. Equation (3) and data from the optical spectrum analyzer
This short length ensures single-mode operation of the gratiogtput were used to predict strain and temperature simultane-
in the boron codoped fiber, although its cut-off wavelengtbusly applied to the sensor head. In the measurement range of
is 1402 nm. Since the geometry and numerical aperture I0°C and 1 ma, the maximum experimental errors obtained
the two fibers are identical, a standard low loss splice coulgere within+2.2 °C and+18.4.¢, essentially determined by
be achieved (insertion loss < 0.02 dB). This sensor head wihs resolution of the optical spectrum analyzer. In principle,
then placed in a temperature-controlled chamber wherebgtter resolution can be achieved if more sensitive fiber Bragg
could be simultaneously subjected to axial strain variationgrating interrogation schemes are utilized [14]. Toward this
As shown in Fig. 1, the gratings were illuminated with @oal, Bragg gratings written in germanosilicate fibers with
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higher levels of boron codoping must also be considered, d3] H. Patrick, G. M. Williams, A. D. Kersey, J. R. Pedrazzani, and A. M.
well as fibers with different codopants.

The measurement range in the proposed sensing scheme is

Vengsarkar, “Hybrid fiber Bragg grating/long period fiber grating sensor
for strain/temperature discriminationZEE Photon. Technol. Lettvpl.
8, pp. 1223-1225, 1996.

only limited by possible cross-sensitivity problems [15], since4] S. E. Kanellopoulos, V. A. Handerek, and A. J. Rogers, “Simultaneous
fusion splice between similar fibers does not compromise the
fiber intrinsic mechanical strength [16]. In addition, the ob-[
tained low-loss splice, together with the wavelength-encoded tion between strain and temperature effects using dual-wavelength fiber

characteristic of the sensor head, makes this system ver@ﬁ

attractive for wavelength multiplexed sensing networks. O
the other hand, the small size, simplicity, and low fabrication
complexity of this sensor are important characteristics fof’]
embedded sensors in composite materials. It is of particular paNDA fiber grating,” inProc. 12th Int. Conf. Optical Fiber Sensors,
importance to note that the strain/temperature discrimination Williamsburg, VA, 1997, pp. 170-173.

is based on difference in thermal sensitivities of the sensin@

strain and temperature sensing with photogenerated in-fiber gratings,”
Opt. Lett.,vol. 20, pp. 333-335, 1995.
M. G. Xu, J.-L. Archambault, L. Reekie, and J. P. Dakin, “Discrimina-

grating sensors,Electron. Lett.,vol. 30, pp. 1085-1087, 1994.

S. W. James, M. L. Dockney, and R. P. Tatam, “Simultaneous indepen-
dent temperature and strain measurement using in-fiber Bragg grating
sensors,’Electron. Lett.,vol. 32, pp. 1133-1134, 1996.

M. Sudo, M. Nakai, K. Himeno, S. Suzaki, A. Wada, and R. Ya-
mauchi, “Simultaneous measurement of temperature and strain using

] L. A. Ferreira, F. M. Ardjo, J. L. Santos, and F. Farahi, “Simultaneous

strain and temperature sensing using an interferometrically interrogated

gratings. This allows suitable protection coatings and Sensor fiber Bragg grating written in bow-tie fiber,” iProc. Eur. Workshop
demodulation schemes to be chosen based on the application Optical Fiber SensorsPeebles, Scotland, U.K., 1998, pp. 49-53.

requirements and with no regard to the sensor design.

IV. CONCLUSION (10]

We have designed and fabricated a fiber sensor that con-
sists of two Bragg gratings written in germanosilicate-cor%ll
and boron-codoped-germanosilicate-core fibers. Due to boron
codoping, different temperature sensitivities and similar rét?l

sponse to strain were obtained. These properties have been

] M. Song, S. B. Lee, S. S. Choi, and B. Lee, “Simultaneous measurement

of temperature and strain using two fiber Bragg gratings embedded in a
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Eng.,vol. 37, pp. 2272-2276, 1998.

0. V. Mazurin, M. V. Streltsina, and T. P. Shvaiko-Shavaikovskaya,
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ence, 1985.
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used to simultaneously measure strain and temperature applied Communication ConfDallas, TX, 1997, pp. 347-348.

to the sensor.

[13]

REFERENCES
[14]

[1] J. D. C. Jones, “Review of fiber sensor techniques for temperature-

(2]

strain discrimination,” inProc. 12th Int. Conf. Optical Fiber Sensors,
Williamsburg, VA, 1997, pp. 36-39. [15]
H. Singh and J. Sirkis, “Simultaneous measurement of strain and
temperature using optical fiber sensors: Two novel configuration,”
in Proc. Eleventh Int. Conf. Optical Fiber Sensotdpkkaido Univ., [16]
Sapporo, Japan, 1996, pp. 108-111.

Y. G. Han, C. S. Kim, K. Ho, U. C. Paek, and Y. Chung, “Performance
enhancement of strain and temperature sensors using long period fiber
grating,” inProc. 13th Int. Conf. Optical Fiber Senso#syongju, Korea,
1999, pp. 170-173.

A. D. Kersey, T. A. Berkoff, and W. W. Morey, “High resolution
fiber-grating based strain sensor with interferometric wavelength shift
detection,”Electron. Lett.,vol. 28, pp. 236-238, 1992.

F. Farahi, D. J. Webb, J. D. C. Jones, and D. A. Jackson, “Si-
multaneous measurement of temperature and strain: cross-sensitivity
considerations,J. Lightwave Technolyol. 8, pp. 138-141, 1990.

P. L. Xu and T. Whitbread, “Stress transformation due to fusion splicing
in optical fiber,” Electron. Lett.,vol. 20, pp. 599-600, 1984.



