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Simultaneous Strain and Temperature Measurement
Using a Superstructure Fiber Bragg Grating

Bai-Ou Guan, Hwa-Yaw TarMember, IEEEXiao-Ming Tao, and Xiao-Yi Dong

Abstract—A novel and simple fiber-optic sensor based on a Il. PRINCIPLE

superstructure fiber Bragg grating (SFBG) for simultaneous . . ) . .
strain and temperature measurement is proposed and demon- 1€ SFBG is a special type of fiber Bragg grating fabri-
strated. The transmission spectrum of the sensor possesses severdtated using periodically modulated exposure over the length
narrow-band loss peaks situated on the slope of a broad-band lossof a phase mask. As a periodically modulated FBG, the
peak. By measuring the transmitted intensity and wavelength at SFBG couples the forward-propagating ¢.Pmode to the
one of the loss peaks, strain and temperature can be determined reverse-propagating P mode at a series of wavelength

simultaneously. The accuracy of the sensor in measuring strain . . -
and temperature is estimated to be-20 e in a range from 0 to and introduces several narrow loss peaks in the transmission

1200ue and £1.2°C from 20 °C to 120°C, respectively. spectrum [7]. The SFBG also functions like a long-period
Index Terms—Fiber Bragg grating, long-period grating, simul- grating (LPG) and Coupl_es the f(_)rward-propagat.lngmLP
taneous measurement of strain and temperature. mode to forward-propagating cladding modes and introduces

very broad-band loss peaks in the transmission spectrum. By
optimizing the parameters of the SFBG, the narrow loss peaks
|. INTRODUCTION can be positioned on the slope of one of the broad-band loss
IBER Bragg gratings (FBG’s) have generated mucheak, as shown in Fig. 1. The wavelength shift of both the
interest for use as sensors to measure strain, temperatlgfow-band and broad-band loss peaks are sensitive to strain
and other physical parameters. However, FBG'’s are sensitiveaftf temperature, but with different responses. The relative
strain and temperature, and thus independent measuremer¥a@felength shift of the broad-band loss peak with respect to the
these two measurements using a single FBG is not possiblen@row-band peaks changes the intensity of the narrow-band
number of techniques, such as dual-wavelength superimpo!$ peaks. Consequently, strain and temperature can be deter-
gratings [1], hybrid Bragg grating/long-period grating [2]Mined simultaneously from the wavelength and intensity of one
dual-diameter FBG’s [3], FBG superimposed with polarize?f the narrow-band loss peaks in the transmission spectrum.
tion-rocking filter [4], FBG combined with EDFA [5], and Bhatiset al.[8] have demonstrated that the slope of LPG’s loss
FBG Fabry—Perot cavity method [6], have been proposed Reaks is a logarithmic function of strain and temperature. It
overcome this limitation. Most of them are based on the comi§ian be deduced that the transmitted intensity of an SFBG with
nation of two FBG’s or single FBG with other fiber elements. [the narrow-band loss peaks positioned on the slope of the loss
is highly desirable to utilize a single sensing element to achieRgak is also a logarithmic function of strain and temperature.
discrimination between strain and temperature. The FBtherefore, in addition to the shift in narrow-band loss peak
Fabry—Perot cavity method recently reported by the authok@velength, we now have a second parameter, the transmitted
employed one very short (5-mm) fiber sensor and encode stréjtensity, in decibels, vary linearly with strain and temperature.
and temperature into the power and the Bragg wavelength sfiiterefore, strain changae and temperature changel” can
of the reflected light from the sensor to achieve simultaneoll§ determined simultaneously by solving the following:
measurement of strain and temperature. However, the FBG
Fabry—Perot cavity sensor is quite difficult to fabricate. This Al = Ale+ BAT (1)
letter describes a novel and simple fiber sensor based on a
superstructure fiber Bragg grating (SFBG) that can measure
strain and temperature simultaneously. The SFBG is easy to AN = CAe + DAT (2

fabricate and only requires single-step UV exposure. i i . . )
whereAlT is the change in the logarithm of the transmitted in-

tensity andA A is wavelength shift of the narrow-band loss peak.
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Fig. 1. Transmission spectrum of an SFBG.
Fig. 3. Relationship between the transmitted intensity, wavelength of the loss
peak, and temperature.
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Fig. 2. Experimental setup for determining the strain and temperature .
coefficients of an SFBG with a 1550-nm ELED and an optical spectrufl EC) controlled with a TEC controller. The temperature coef-

analyzer. The measured transmission spectrum of the SFBG with temperaficgents B and D were measured by heating the sensor, with the
varying from 20 to 95 C with a step of 15 C is shown in the inset. TEC, under zero axial strain. The measured transmission spec-
trum of the SFBG with temperature varying from20to 95°C
uniform phase mask, a 3-cm-long amplitude mask with &ith a step of 15°C is also shown in Fig. 2. Fig. 3 shows that
period of 50Q.m, and an ArF excimer laser. During the writingthe transmitted power (in dBm) increases linearly with temper-
process, the amplitude mask was placed on top of the phasere in the range from 20C to about 110 C. The broad-band
mask. The 1-cm-long SFBG was then annealed at’X&@or spectrum shifts toward the longer wavelength at a faster rate
about 10 h to remove any unreacted hydrogen and unstatblan the narrow-band loss peaks. The wavelength shifts of the
UV-induced defects. Fig. 1 shows the transmission spectrumhwbad-band and narrow-band loss peaks with respect to tem-
the SFBG after annealing. The spectrum was measured ugiegature were measured to be 0.08 and 0.01°@mvespec-
a 1550-nm ELED source and an optical spectrum analyztively. This explains the increase in transmitted power as tem-
Three narrow-band loss peaks are located at the slope of onp@fature increases. A further increase in temperature shifts the
the broad-band loss peaks, which has a spectral width of 16 narrow-band loss peak closer to a maximum (labeleMai
centered at 1568 nm. An expanded view of the transmissibig. 1) of the spectrum, and thus the transmitted power no longer
spectrum of the narrow-band peaks is also shown in the insatied linearly with temperature. The values®fand D were
of Fig. 1. The spectral width of these peaks is about 0.12 nestimated, using linear regression fits, as 0.026 2 @RR? =
and centered at 1559.5, 1561.1, and 1562.7 nm. Any one0a$98) and 11.3 pnf/C (R? = 0.9995), respectively, over the
these peaks could be used to measure strain and temperatamge from 20 C to 110°C. To measure the strain coefficients,
simultaneously. In this work, the 1561.1-nm peak was selectsitlain was applied to the SFBG by fixing both ends of the grating
to demonstrate the sensing principle. with epoxy and stretched with a translation stage. The SFBG
The experimental setup for determining the strain and temvas maintained at 20C with the TEC controller. The mea-
perature coefficients of the SFBG sensor is shown in Fig. 2. Thared results are plotted in Fig. 4. The transmitted power (in
resolution of the OSA was set at 0.08 nm in all the measur@Bm) and wavelength shift vary linearly with strain over the
ments. The SFBG was placed on top of a thermoelectric cootange from 0 to 120pe. The values ofA andC were estimated
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at —0.00148dBfe (R? = 0.9958) and 1.06 pmis (R? = the advantages of being simple and easy to fabricate. Since it is
0.9996), respectively. Inserting the values of these coefficiengstransmissive-type sensor, no expensive optical circulator nor
into (1) and (2), strain and temperature can be calculated frénssy 3-dB coupler is needed for the sensing system. However,
the wavelength and intensity of the narrow-band loss peak mofiltiplexing of several sensor elements along a single fiber is
the SFBG sensor. From Figs. 3 and 4, the accuracy of this paot easy to implement due to the broad bandwidth of the loss
ticular sensor in measuring strain and temperature is estimaspeéctrum of the LPG.
to bed-20p¢ in the range from 0 to 120@= and+1.2°C in
the temperature range from 2CQ to 110°C. The measurement
range can be extended by using an SFBG sensor element with a
broader LPG loss spectrum. [1] M. G. Xu, J.-L. Archambault, L. Reekie, and J. P. Dakin, “Discrimina-

It is interesting to note that the broad-band loss peak shifts tion between strain and temperature effects using dual-wavelength fiber

grating sensors,Electron. Lett. vol. 30, no. 13, pp. 1085-1087, 1994.

toward th_e shorter Wavelength whereas the narrow-band IO_S§2] H. J. Patrick, G. M. Williams, A. D. Kersey, J. P. Pedrazzani, and A. M.
peaks shift toward the longer wavelength when the SFBG is  Vengsarkar, “Hybrid fiber Bragg grating/long period fiber grating sensor

stretched. This is because the strain coefficient of Iong-period for strain/temperature discriminatiodBEE Photon. Technol. Leftol.
8, no. 9, pp. 1223-1225, 1996.

grating fgbricateq 'in dispersion-shifted fiber is negative [8]. (F] S.W. James, M. L. Dockney, and R. P. Tatam, “Simultaneous indepen-
The strain coefficients of the broad-band loss peaks an dent temperature and strain measurement using in-fiber Bragg grating

narrow-band loss peaks of the SFBG were measured to be ~SensorsElectron. Lett, vol. 32, no. 12, pp. 1133-1134, 1996.
?4] S. E. Kanellopoulos, V. A. Handerek, and A. J. Rogers, “Simultaneous

—2.8and 1.06 pmiz, feSpeC“Ye'y- Thgrefore, the narrow-band strain and temperature sensing with photogenerated in-fiber gratings,”
loss peaks move toward poidf of Fig. 1 when the sensor Opt. Lett, vol. 20, no. 3, pp. 333-335, 1995.
experlences an Increase In temperature but move toward ponf{ﬁ] J. Jung, H. Nam, J.H. Lee, N. Pal’k, and B. Lee, “Simultaneous measure-

. . . . ment of strain and temperature by use of a single-fiber Bragg grating
N of Fig. 1 when strain was applied to it. Consequently, the ;.4 an erbium-doped fiber amplifierppl. Opt, vol. 38, no. 13, pp.

measurement range of strain and temperature can be extended 2749-2751, 1999.

at the expense of the other by positioning the narrow-bandl6] W.C.Du, X. M. Tao, and H. Y. Tam, “Fiber Bragg grating cavity sensor
for simultaneous measurement of strain and temperat#EE Photon.

loss peaks closer to poi (to extent the strain measurement Technol. Lett.vol. 11, no. 1, pp. 105107, 1999.
range) or pointV (for temperature). [7] B.J.Eggleton, P. A. Krug, L. Poladian, and F. Ouellette, “Long periodic
In conclusion, we reported the principle and experimental superstructure Bragg gratings in optical fibefSl&ctron. Lett. vol. 30,
. no. 19, pp. 1620-1622, 1994.
results of a novel SFBG sensor that allows SImuIt‘gmeOUSIY[B] V. Bhatia and A. M. Vengsarkar, “Optical fiber long-period grating sen-

measurement of strain and temperature. This sensor has sors,”Opt. Lett, vol. 21, no. 9, pp. 692-694, 1996.
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