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An all-fiber sensor capable of simultaneous measurement of temperature and strain is newly presented.
The sensing head is formed by a fiber Bragg grating combined with a section of multimode fiber that acts
as a Mach—Zehnder interferometer for temperature and strain discrimination. The strain and tempera-
ture coefficients of multimode fibers vary with the core sizes and materials. This feature can be used to
improve the strain and temperature resolution by suitably choosing the multimode fiber. For a 10 pm
wavelength resolution, a resolution of 9.21 ue in strain and 0.26 °C in temperature can be achieved.

© 2008 Optical Society of America
OCIS codes:  060.2310, 060.2370.

1. Introduction

There has been considerable interest in developing
methods that enable optical fibers to measure strain
and temperature simultaneously [1-13]. These fiber-
optic sensors are usually based on detecting two phy-
sical parameters that have different sensitivities to
temperature and strain. Many techniques based on
fiber Bragg gratings (FBGs) have been reported for
simultaneous strain and temperature discrimina-
tion, such as using two superimposed FBGs [3,4], two
resolvable wavelengths in a tilted FBG [5], two FBGs
written in fibers of different diameters [6] or compo-
sitions [7], and a single FBG written across a splice
point between fibers of different refractive indices [8]
or between fibers with different levels of doping ele-
ments [9]. Alternatively, the measurement from an
FBG may be combined with that of a different sen-
sing technique, such as using hybrid FBG/long-
period grating [10], superstructure FBG [11], a
sampled FBG combined with a long-period grating
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[12], and an FBG combined with a polarization-
maintaining fiber loop mirror [13].

On the other hand, all-fiber Mach—Zehnder inter-
ferometer (MZI) sensors based on mode interference
have increasingly aroused research interest in the
past several years, because they are compact and
easy to fabricate. For example, Wang and Farrell pro-
posed an all-fiber multimode-interference-based re-
fractometer for chemical sensors [14], Mehta et al.
investigated multimode-interference-based MZIs for
displacement sensors [15], and Frazao et al. demon-
strated a curvature sensor based on multimode inter-
ference combined with a long-period grating [16].
Temperature and strain sensors based on all-fiber
MZIs were also widely studied, but employing differ-
ent multimode fibers (MMFs) [17-20]. Since MMF
has strain and temperature sensitivity responses dif-
ferent from those of the FBQG, it is feasible to realize
simultaneous measurement of the strain and tem-
perature variations based on their combination.

In this paper, we present an all-fiber sensor for
simultaneous strain and temperature discrimination
using an FBG combined with a section of MMF as a
sensing head. The MMF acts as an MZI and the
interference fringes are sensitive to the applied



strain and ambient temperature. By measuring the
resonance wavelength shifts of the MMF and the
FBG, the applied strain and temperature changes
can be determined simultaneously. The sensor reso-
lution depends on not only the sensitivities of the in-
dividual sensor heads but also their combination.
Three kinds of MMF's combined with one FBG were
used in our experiment, and the sensitivity perfor-
mances of the three combinations were investigated.
The experimental results show that the strain and
temperature coefficients of the MMF are very differ-
ent for different fiber core sizes and materials, and
high resolution could be achieved by selecting a sui-
table combination of MMF and FBG. This feature
may provide a new approach to optimize the sensor
resolution.

2. Operation Principle and Experiment Setup

As shown in Fig. 1, the FBG and MMF are spliced to
form an all-fiber transmission-type sensor. The FBG
was written in SMF-28. The section of MMF acts as
an MZI. The fundamental mode that propagates
along the single-mode fiber (SMF) will couple into
the MMF at splice point A, and the power will be
dominantly distributed in the lowest-order mode,
while only a small portion of power propagates in
the higher-order modes. The different modes will
interfere and recouple back into the SMF at splice
point B. When only the first two lowest-order modes
are considered, the measured intensity is given by

I =1, +1Iy+2y/T,I, cos (2”§”L), (1)

where I; and I, are the power distributed in the first-
and the second-order modes, respectively, I is the
measured power, L is the length of the MMEF, 1 is
the wavelength of light in vacuum, An =ny -nq,
and n; and ny are the mode indices. The wavelength
spacing Al of the interfering spectrum is given by
Eq. (1) as Al =~ 12/(AnL).

When a strain is applied to the MMF and FBG or
an ambient temperature changes, the mode indices,
the fiber length, and the grating pitch will change;
therefore, the resonance wavelengths will shift.
The shifts of the resonance wavelengths for the
FBG and MMF can be expressed as

where Alppe and Alyyr are FBG and MMF wave-
length shifts; £ and AT are applied strain and ambi-
ent temperature change, respectively; and appg,
{FRa, avmF, and {yur are the corresponding strain
and temperature coefficients that can be determined
by experiment. The applied strain and the tempera-
ture changes can then be simultaneously obtained
from Eq. (2):

€ _ -1 Adppe
{AT} =M [AAMMF]’ (3)
where

M-1— 1 |:§MMF _Z:FBG:|
|M| | —aMmMF  @FBG

with |M| = aFBGCMMF_aMMFK:FBGa the determinant of
the coefficient matrix. For given wavelength mea-
surement errors, §(Alppg) and 5(Adymr), the toler-
ances of the measured stain and temperature are
given by

S | =asory 3 [

The wavelength measurement errors are deter-
mined by the resolution of the optical spectrum ana-
lyzer (OSA) and the bandwidth of the FBG and MMF
resonance, which is true for all optical sensing appli-
cations. A large absolute value of the coefficient
matrix determinant is usually desirable for high-
resolution measurement. Fortunately, we found that
the strain and temperature coefficients of the MMF's
could vary over a big range with the core size and
material. This may provide us a very easy and cost-
effective approach to improve the sensing resolutions
for simultaneous strain and temperature measure-
ments by choosing the MMF with proper strain
and temperature coefficients.

3. Experiment and Discussion

As shown in Fig. 1, the experiment setup consists
of an optical broadband source, an FBG, a section
of MMF and SMF, and an OSA with a resolution of
0.06 nm. The sensing head was placed in a copper
tube with a diameter of 1.5 cm, which was wrapped
by a heating tape. One side of the fiber was attached

{A’IFBG } = {O‘FBG CFBG ] {e ], (2)  to a translation stage with a resolution of 10 ym.
Adywr | [owwr  Quwr | [ AT Three different kinds of MMFs, MMF; (i = 1,2,3)
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Fig. 1. Configuration of experimental setup consisting of an FBG, a section of MMF, SMF, a broadband light source, and an OSA.
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and an FBG with a center wavelength of 1560.05 nm,
reflectivity of 84.5%, and optical bandwidth of
0.21nm were used in our experiment. All three of
these MMFs are commercially available. Table 1 lists
the standard parameters and lengths of the MMF's
used in our experiment as well as the wavelength
spacing of the resultant interference spectrum. Note
that MMF5; was originally designed for dispersion
compensation applications, with a large dispersion
parameter of —270 ps/nm/km at 1550 nm and a cut-
off wavelength of 1663 nm.

The transmission spectrum is shown in Fig. 2. The
FBG spectrum is superimposed on the MMF; spec-
trum. The extinction ratio of the interference fringes
is determined by the ratio of the intensities of the two
interfering modes, which can be controlled by the
splicing condition. We have optimized the extinction
ratio from 2 to 8 dB by slightly offsetting the center of
the core of the SMF with respect to that of the MMF;
at point A, but without offsetting at point B. The ex-
tinction ratio of 8 dB corresponds to a relative power
distribution Iy/(I; + 1) of 15.2% [20]. Further im-
provement of the extinction ratio may be obtained
by offsetting both ends, but with the compromise
of the insertion loss. The applied strain and ambient
temperature changes can be determined by measur-
ing the resonance wavelength shifts of the FBG and
MMF;. To determine the strain and temperature
coefficients, strain and temperature changes were
applied to the fiber separately. We first measure
the strain responses of the FBG and MMF;
(i =1,2,3) by measuring the wavelength shifts as
a function of the applied stain under the room tem-
perature of 22 °C, as shown in Fig. 3. Figure 4 shows
the wavelength shifts of the FBG and MMF; with re-
spect to temperature changes when the tube is
heated from 22°C to 90°C under zero strain. The
measured wavelength shifts have a good linear beha-
vior with variations in strain and temperature. It can
be seen that the strain and temperature coefficients
of the MMF's are very different: there are all blue-
shifts for the strain responses (i.e, negative slopes),
while there are one redshift and two blueshifts for
the temperature responses.

For given measurement errors of wavelength
shifts, the strain and temperature errors are given
in Eq. (4). Assuming a wavelength resolution of
10 pm for the FBG and MMF, the measurement er-
rors of the strain and temperature for the three com-
binations are listed in Table 2. The condition number
of the coefficient matrix for each combination is also
listed in Table 2, which provides a common method of
assessing the performance of a temperature—strain
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Fig. 2. Transmission spectrum shows that the FBG spectrum is
superimposed on the MMF}’s.
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Fig. 3. Wavelength shifts as a function of applied strain for an
FBG combined with three different MMFs, showing very different
strain coefficients for different types of MMF.

discrimination system [21]. A smaller condition num-
ber is preferred. It is very clear that the combination
of FBG+ MMF; (with the smallest condition
number) results in good strain and temperature re-
solutions of 9.21 ue in strain and 0.26 °C in tempera-
ture, whereas 3 — 10 times resolution degradation
were obtained for the other two combinations (with
much greater condition numbers). Note that for

Table 1. Typical Parameters and Segment Lengths of MMFs Used in the Experiment and Wavelength Spacing of the Resultant Interference Spectrum

Fiber Type Numerical Aperture Core/Cladding Diameter (um) Length (m) Wavelength Spacing (nm) Company
MMF, 0.29 100/140 14 6.4 POFC
MMF, 0.275 62.5/125 1.4 6.8 POFC
MMFjy 0.342 1.9/115.7 0.24 0.5 Sumitomo Electric
1670 APPLIED OPTICS / Vol. 47, No. 10 / 1 April 2008
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Fig. 4. Wavelength shifts as a function of ambient temperature
for an FBG combined with three types of MMF's, showing very dif-
ferent temperature coefficients for different types of MMF.

the combination of FBG + MMF;, the strain re-
sponses are in opposite directions (i.e., one has a
blueshift and the other has a redshift), and the tem-
perature responses are in the same direction (i.e.,
both have a redshift). This suggests that when using
the combination of two types of fiber-based elements
with similar sensitivities as a sensing head for simul-
taneous measurement of temperature and strain, it
is desirable to choose the two elements with opposing
trends in one type of measurement (e.g., strain) and
similar but distinct trends in the other type of mea-
surement (e.g., temperature). For the proposed struc-
ture based on MMF and FBG, by properly selecting
the MMF, one may obtain a high sensing resolution
for simultaneous strain and temperature mea-
surement.

For the combination of FBG + MMFj, the coeffi-
cient matrix is listed in Table 2. By using Eq. (3),
the simultaneous measurement of strain and tem-
perature is shown in Fig. 5. There are two planes,
individually indicating the applied strain and tem-
perature changes. For a given pair of wavelength
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Fig. 5. (Color online) 3D plot illustrating simultaneous measure-
ment of strain and temperature by measuring the wavelength
shifts of the FBG and MMF}.

shifts Adpge and Adyyr, the strain and temperature
can be determined simultaneously.

4. Conclusion

A transmission-type simultaneous strain and tem-
perature sensing technique has been demonstrated
based on a combination of an FBG and a section of
MMEF. The applied strain and ambient temperature
changes can be obtained by measuring the wave-
length shifts of the FBG and the MMF that acts as
an MZI. The measurement resolution is very sensi-
tive to the strain and temperature coefficients of
the FBG and MMF and their combination. Since
the strain and temperature coefficients of MMFs
vary with the fiber core sizes and materials, we de-
monstrated a good combination of FBG + MMF; for
simultaneous strain and temperature discrimina-
tion: 9.21 ue and 0.26 °C can be achieved for a 10 pm
wavelength resolution.

This work is supported by the Natural Science and
Engineering Research Council of Canada (NSERC).
The authors acknowledge Sumitomo Electric Indus-
tries, Ltd. for providing the MMFj.

Table 2. Coefficient Matrices, Matrix Condition Number, and Corresponding Resolutions of Strain and
Temperature for the Combination of FBG + MMF;

Resolution
Combinations of Coefficient Inversed Coefficient Matrix { temStzi:tlt(ll; Z)( C)}
Sensor Head Matrix (M) Matrix (M~1) Condition No. P
1.14x 1073  0.0126 -2.6426 -0.5294 3 31.72
FBG -+ MMF, {—7.58 x 1073 —0.0629} [ 0.3185  0.0479 } x 10 175.36 [ 3.66 }
1.14x 107 0.0126 45864 0.2374 3 48.24
FBG + MMF, [—17‘81 x 1073 —0‘2434} {—0.3356 —0.0215} x10 1125.32 { 3.57 ]
1.14x 10 0.0126 0.7539 -0.1673 3 9.21
FBG + MM {—0.84 x 1073 0.0568} {0.0112 0.0151 ] x10 44.96 {0.26}
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