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Strain and Temperature Sensors Using
Multimode Optical Fiber Bragg Gratings and
Correlation Signal Processing

Jirapong Lim, Qingping Yang, Barry E. Jones, and Phillip R. Jackson

Abstract—Multimode fiber optic Bragg grating sensors for Optically-
strain and temperature measurements using correlation signal L W eorons AN e powered
processing methods have been developed. Two multimode Bragg aser " Fiber optic hydraulic
grating sensors were fabricated in 62/12:m graded-index silica / link valve
multimode fiber; the first sensor was produced by the holographic Valve +
method and the second sensor by the phase mask technique. The monitoring o
sensors have signal reflectivity of approximately 35% at peak system Valve monitoring sensor
wavelengths of 835 nm and 859 nm, respectively. using MM-FBGs

Strain testing of both sensors has been done from 0 to 10Qe:
and the temperature testing from—40to 80°C. Strain and temper-  gjg 1.
ature sensitivity values are 0.55 prjie and 6 pm/°C, respectively.
The sensors are being applied in a power-by-light hydraulic valve

Optically powered hydraulic valve system.

monitoring system. SLD o MM-FBG
Index Terms—Bragg grating, correlation, hydraulic valve, mul- 840nm LOptical flbe{" Index
timode, optical fiber, optically-powered, strain, temperature. Fiber opti—c\1
Optical Index
I. INTRODUCTION spectrum
analyzer
URING the past decade, single-mode optical fiber Bragg T
gratings (SM-FBGs) have been used for strain and temper- ,(gfgaﬁfﬁe ]
ature sensing in many applications such as structural monitoring o »| IEEE-488 |PCldaiabus | ~ Personal
down-hole and hazardous environments. Recent research wor PC card ”| computer (PC)

has been reported on a differential-pressure (DP) flow sensoi
using SM-FBGs for hydraulic valve monitoring application%ig. 2. Experimental setup.
[1]. However, using SM-FBGs in the application of an opti-

cally-powered hydraulic valve monitoring system is not really
appropriate [2], [3]. This is because the system must utili The early use of MM-FBGs was reported by Waressa. [4],

only one optical fiber for both optical power transmission an ]. Microbending was used to disturb the mode population in

. . ) . optical fiber through mode coupling before passing the light
for sensing. The optical fiber transmits power from a Ias?p 2 X :
source into the optically powered hydraulic valve at the remo 2 tgirg/ln'\g;wliigé r?ss'gglt?r gpgr?ﬁ:%ﬁjgggfo??g?a?cgieecr:t
end of the fiber. It is also used for feeding the valve operatiocw 1SSl pectru ISP

information back to the valve monitoring system via the sa nsing was mtrodu_ced by Mizunaet - [.6]' [7]. However,
fiber, as shown in Fig. 1: the optical fiber link might be ese sensing techniques require mechanical parts and are there-

km in length. The other reason is that it is difficult to launc 0rl\:-r:g(r?uesﬁ%rrnggfha;?rda}gZ%gﬁg\r;enélgqjlfl_:s?fsbT[}giﬁsihoef
high optical power into the single-mode optical fiber due to me method as used with a Bra P ratin 'nas'ngle)—/modgf'ber
its small core diameter. Therefore, a multimode optical fib&P u Wi gggrating| N9 '

X i : . . also possible [8], [11].
Bragg grating (MM-FBG) is more suitable due to its Iarge'is Changes in optical signals obtained from a multimode optical

core diameter. A particular advantage of this configuration I_@er can be caused by changes in both strain and temperature.
|

that no optical fiber coupler is required at the valve end, a nificant variation in these signals can be noticed from the am-
this makes the system less complex and minimizes opticC 9

power loss plitude-wavelength signature by number of peaks, peak values
' and signal distortions, but it is difficult to pinpoint the amount

of wavelength shift that is proportional to strain or temperature
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Fig. 3. Signal processing scheme for (a) strain test and (b) temperature test.

performed to compare the characteristics of the two MM-FB@amp high multimode excitation occurs, and this results in more
sensors for axial strain measurement and for the temperatomeltiple peaks and a wider spectrum of reflected signal than
measurement. The effect of temperature on strain sensing basurs for the lower order mode excitation light sources such
also been investigated. as laser diode, LED, and super-luminescent diode (SLD). For
graded-index MM-FBGs, the propagation constant foriita

Il BASIC SCHEME principal mode can be approximated by the equation [7]

Two MM-FBGs fabricated in 62.5/12%m graded-index o N +1
silica multimode fiber have been tested using the same experi- p=—myl-4a—— (1)
mental setup (Fig. 2). The first MM-FBG was fabricated by the
holographic technique without buffer coating, while the secornhere 3 is the propagation constant at the phase-matching
MM-FBG sensor was fabricated by the phase mask technigquendition 3 = =/A, A the grating period) the Bragg wave-
with acrylate buffer recoating. The reflectivity of the first andength,n, refractive index of the coré/ normalized frequency
second MM-FBGs is approximately 35% at peak wavelengtf = 2wa - NA/)), a the fiber core radiusNA the fiber
of 835 and 859 nm, respectively. In the experimental setup, omemerical aperture, and the maximum relative index differ-
end of the MM-FBG was connected to one of the output fibeeace between core and cladding of the fiber. To achieve a low
of a 50:50, %2 multimode optical fiber coupler. The othercomplexity of MM-FBG signal, the SLD with a single-mode
end of the MM-FBG and the output end of the coupler wemptical fiber pigtail, providing 0.5 mW of light power at wave-
placed in index matching gel. At the input end of the coupldength 849 nm, was selected for the experiments.
one optical fiber was connected to a light source and the othefTo investigate the strain characteristic, axial strain was ap-
optical fiber fed a sensing signal to an optical spectrum analyzsied to the fiber using a fiber fixture/drawer. The axial strain
(Anritsu MS99A). The spectrum of the reflected signal fromvas varied from 0 to 1000e by adjusting an accurate microm-
a Bragg grating in a multimode optical fiber is very differeneter. The strain characteristic for the first-order mode of the
for different light sources [7]. For example, using a halogeMM-FBG is similar to that in a conventional SM-FBG strain
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Fig. 4. The multimode FBG spectrum of (a) the first FBG and (b) the second FBG, with zero strain at room temperature.

sensor [8]. The Bragg grating resonance peak wavelength shifterex;(n) is the first data sequence and(n) the second

Ap may be expressed by the Bragg equation [8]-[11] data sequence. The result of correlation is solely dependent on
the number of data points (400 points for the spectrum analyzer
Adp=(1-P.)Ap -« (2)  used).

) . ) ) Data processing for the strain measurement is performed by
whereAA is the Bragg grating wavelength shiftthe applied ., cassing the MM-FBG spectrum (scanned by the optical spec-
strain,p. the effective photoelastic coefficiefit: 0.22), andAz  tym analyzer), initially using zero strain, to provide a reference
the Bragg grating center wavelength. , _patterre,.¢. The raw reference data is kept in the memory of the

) The therma_lly induced Sh_'ﬁ in the FBG_ls_caus_ed by varigsc ang is processed by the autocorrelation method [Fig. 3(a)].
t!on n the period of the gratlng_and by variations in the reflecry,q output from the auto-correlation is used for the correlation
tive index of the core and f:laddlng. Temperature dependeng%miin referenc€e,.;, and this is also put into the PC memory.
the MM-FBGs can be estimated from a complex mathematicghe, scanning data is processed for a particular value of ap-
model [6] plied strain. This strain data..., is processed by doing the
i )2 JA )\2 N2(N + 1)(3n — 2n1) cross-correlat?on with t_he reference data. T_he result of the
= o 5 — 5 cros_s-correlatloki,‘sscan is usgd to compare with the_ correlat_|0n
T dmA? dT 2niA 2maniy/2n1(n1 — na) strain referenc€’e,.s. The distance between maximum points
dn, A2(N +1) dns 3 of each resultCescan(Pmax) — Céret(Mmax) (Wheren.x is
Tdt AT () the data index number point at the maximum value of a correla-
tion result) can be converted into the MM-FBG wavelength shift
wheren, is the refractive index of the core, the refractive information. The information from the temperature-dependent
index of the claddinga the fiber core radius) the grating test has been investigated using the same method [Fig. 3(b)].
period, and\ the FBG wavelength. Thén,/dT for silica The reference signal patterfi,.;, for the temperature test was
core anddn, /dT for silica cladding of the fiber have a valueset at a temperature of 3C.
1x107°/°C. The thermal expansion coefficiemt= (dA/dT)
has a small value of 0.5610°°. A temperature test has been
performed by placing the MM-FBG in a temperature-controlled
chamber; the temperature was varied betwedf and 80C.  The reflected spectra of both MM-FBGs with zero strain
For the signal-processing scheme, a personal computer (R¢}oom temperature are shown in Fig. 4(a), the holographic
with data-acquisition software has been employed to control agf-FBG, and (b), the phase-mask MM-FBG. Six propagation
correct data from the optical spectrum analyzer obtained via gfydes can be implied by noticing the number of peaks of the
IEEE-488 data bus. The signal acquisition takes about 2 s, gagy signal (six peaks). The first mode of each MM-FBG can
the autocorrelation and cross-correlation signal processing uggdigentified by the highest peak value, at the wavelengths
to analyze the data from the MM-FBG can be done in less thgls 5 and 859.1 nm for the first and second MM-FBGs,
1 s by using a special signal-processing feature in the softwafgspectively. The spectra wavelength width is approximately
The cross-correlation;;(n) between two data sequences eachnm_ The signal obtained from each MM-FBG includes noise,
containingV' data points can be written as [12] but provided this is not greater than the largest signal peak, the
N—1 wavelength shift will be determined by the correlation process.
ria(n) = % Z 21(n)z2(n) ) Typical computer screen outputs for correlation signal pro-
0

2many/2n1(ny — n9)

Ill. RESULTS

cessing are shown in Fig. 5. Strain measurements at constant

n=
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Fig. 5. Computer screen outputs: (a) raw reference data and raw scanning data and (b) correlation output.
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Fig. 6. Multimode FBG spectrum wavelength shift with axial strain, at room temperature of both MM-FBGs: (a) the first grating and (b) the second gratin
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Fig. 7. Multimode FBG spectrum wavelength shift with temperature, at zero strain, for (a) the first grating and (b) the second grating.

ambient temperature were made as shown in Fig. 5(a). The s&ain sensitivity for the MM-FBG is 0.55 pfe, which is con-
lationships between MM-FBG wavelength shift and axial strasistent with the estimated value. The repeatability for each strain
at room temperature for both MM-FBGs are shown in Fig. éneasurement point was0.02 nm wavelength shift (determined
As can be seen, there is a reasonably linear relationship. In byethe spectrum analyzer). Hysteresis was small [Fig. 6(b)].
experiment, the strain was altered and the reflection of the specFig. 7 illustrates the relationship between Bragg grating
trum measured. The strain coefficient was estimated to be @gectrum wavelength shift and temperature for both of the
pm/ue. This value is comparable with that obtained for convetMM-FBGs. In this experiment, the temperature was varied
tional Bragg gratings in single-mode fibers. The experimenttbm —40 to 80°C at constant strain and signal processing and
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Fig. 8. Strain test at various temperatures.

measurement made as shown in Fig. 3(b). The average tempaeental result is very close to the predicted value. The second
ature sensitivity (betweer40 and 80°C) of the first FBG is MM-FBG provided slightly lower temperature sensitivity than
6.8 pny°C, which is compatible with the predicted value of The predicted value due to the effect of the fiber buffer coating.
pm/°C, but the relationship is nonlinear. The repeatability foFhe strain test at various temperatures provided results in agree-
each temperature measurement point was found to be withikent with the previous results. The multimode Bragg grating
a wavelength shift of£0.03 nm range. For the second FBGsensor systems described in this paper are being applied in a
the average temperature sensitivity is approximately 4@n power-by-light hydraulic valve monitoring system. The correla-
which is lower than the predicted value. This may be caused tign processing method employed may be utilized for MM-FBG
the buffer coating that could reinforce the fiber and affect thaptical sensing of many other physical parameters such as pres-
fiber expansion characteristic. sure and flow-rate.
The MM-FBG strain sensitivity to temperature has been in-
vestigated by using the second MM-FBG. Axial strain was ap-
plied to the fiber using a fiber fixture/drawer that was located in
a temperature-controlled chamber. The axial strain was variedl he FBGs were provided by the Department of EEAP, Aston
from 0 to 1000ue by adjusting the micrometer and the tempefJniversity.
ature was varied from-20 to 80°C. The results are shown in
Fig. 8, with an average temperature coefficient of approximately
7 pm/°C, agreeing with the value from the previous test at zero
strain.
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