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Simple Few-Mode Sensor with Temperature-Strain Discrimination

Lars Griiner-Nielsen('?, Mads Vandborg®, Ninik Irawati®®, Karsten Rottwitt®, and Mikael Lassen(®

(" Danish Optical Fiber Innovation, Avendingen 22A, 2700 Brenshgj, Denmark lars@dofi.dk
(2 DTU Electro, @rsteds Plads building 343, 2800 Kgs. Lyngby, Denmark
@) Danish Fundamental Metrology A/S, Kogle Allé 5, 2970 Hersholm, Denmark

Abstract A simple few-mode interference sensor is introduced. Using interference from beating between
the fundamental mode and two different higher-order modes, temperature-strain discrimination is possible.
By use of a Fourier filter, it is possible to detect both beat patterns simultaneously. ©2024 The Author(s)

Introduction

Following the boom in the interest in few-mode
fibers (FMF) from 2011, the initial focus was on
applications of FMF for communication. However,
in recent years, there has also been an increased
interest in the use of FMF for sensing!''?l. This
paper focus on an FMF point sensor, where a
short length of FMF is spliced between two single-
mode fibers (SMF)B-8. This type of sensor is of-
ten named a SFS (single-mode, few-mode, single-
mode) sensor. The working principle of SFS sen-
sors is to monitor changes in the interference be-
tween the different guided modes of the FMF part
induced by e.g. changes in the temperature or
strain of the FMF.

A frequent motivation for the use of FMF for
sensing is the potential to obtain discrimination
between different parameters, most commonly
temperature-strain discrimination. This is obtained
by using fibers, where the different modes have
different responses to temperature and strain.
SFS sensors with temperature-strain discrimina-
tion have been demonstrated using detection in
two wavelength regionsl® or using SFS sensors
with distinct peaks in the interference pattern, ei-
ther using a specially designed FMF!*! or by insert-
ing a short piece of coreless fiber in the middle of
the FMF",

In our earlier work!®!, we examined an SFS sen-
sor and showed how the temperature and strain
responses were related to the fiber design. In
this paper, an SFS sensor with temperature-strain
discrimination, using a simple step-index FMF, is
demonstrated by simultaneous detection of the
phase-shift between the LPy; and LP;; modes
and the phase-shift between the LPy; and LPg,
modes. The two phase-shifts are detected simul-
taneously by use of Fourier filtering of the spectral
interference pattern.

Few-mode interference sensor

The configuration of the few-mode interference
sensor is shown in Fig. 1. A 1.6 m long FMF is
spliced between two SMFs. A combination of the
modes of the FMF can be launched and detected,
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Fig. 1: Setup. SMF: Single-mode fiber, FMF: Few-mode fiber,
OSA: Optical spectrum analyzer, Al: Aluminum.

determined by the overlap integral in the splice
point between the fundamental mode of the SMF
and the guided modes of the FMF. Using a broad-
band light source (NKT SuperK Compact) and an
optical spectrum analyzer (OSA) (Ando AQ6317B),
the interference pattern due to beating between
the modes of the FMF can be detected. The fiber
used in this work is an OFS four-mode step-index
fiber, which guides the LPy;, LP11, LP2;, and LPgs
modes in the 1550 nm wavelength region®l. The
few-mode fiber is placed in a temperature chamber
(Binder KB53). The fiber is either in a loose coil to
measure the effect of temperature only, or taped to
an aluminum cylinder, with a diameter of 180 mm,
to measure the combined effect of temperature
and strain.

When the FMF is exposed to temperature and/or
strain changes, the refractive index profile is per-
turbed due to the thermo-optic effect and the
stress-optic effect. This leads to a non-equal
change in the propagation constant of the guided
modes and consequently a change in the phase
difference between the modesl®l. This phase
change can be determined from the interference
pattern. An example of measured spectra, when
changing the temperature from 20 to 40 °C, is
shown in Fig. 2. The wavelength shift A\ and
oscillation period Ap are found by calculating the
cross-correlation of the two spectra. Then the
phase-shift (A®) is found to be:
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Fig. 2: Measured spectra for a loose coil, with centered
splices at both ends at 20 and 40°C.

Temperature-strain discrimination

In this work, the phase-shift due to beating be-
tween the LPy; and LP;; modes (A®y;_11) and
the LP()1 and LP()2 modes (A@()lf()z) will be con-
sidered. These two phase-shifts depend on the
change in temperature (AT) and strain (¢) as given

by Eq. (2):
(A¢0111> - L <CT,11 06,11) <AT> ) (2)
A®y1_o2 Cro2 Ceo2 €
Here L is the length of the FMF and Cr 11, C: 11,
Cr,02, @and C; o2 are constants determined by the
fiber design and materialsf®!. To solve Eq. (2) for
temperature and strain, it is required that:

C(T 11 Ce 11
det ’ ’
¢ [(CT,O2 Cs,02):|
As demonstrated later, the FMF used in this study
has a much smaller Cr 1; coefficient compared to
the other three coefficients. Thus, Eq. (3) is well

satisfied, making the fiber well-suited for discrimi-
nating between strain and temperature changes.

> 0. (3)

Simultaneous detection of beating between
several modes using Fourier filtering

An example of measured interference spectra for
three different combinations of splice types be-
tween SMF and FMF is shown in Fig. 3. The
splices are done on an arc fusion splicer (DVP740).
The centered splices are done using a standard
multi-mode program, and the offset splices are
done in "manual-mode" by applying an offset be-
tween the fibers before fusion.

Fourier transforms (after withdrawal of the aver-
age values) of the three spectra are shown in Fig.
4. The x-axis shows the number of oscillations
per nm, identical to 1/Ag. The beat period (\g)
is related to the differential group delay (DGD)
between the beating modes through:[°:

2
DGD = )‘—, (4)
/\BC
where ) is the wavelength and ¢ is the speed of
light in vacuum. From the refractive index profile
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Fig. 3: Measured spectra for thee types of splicing between
FMF and SMF: 1. Centered splice in both ends. 2. Offset
splice in both ends, and 3. Offset in the input-end and
centered in the output-end.
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Fig. 4: Amplitude of the Fourier transform of the spectra of
Fig. 3.

of the fiber, the DGD between the guided modes
can be found, using a mode solver, and we can
identify the peak at 0.35 nm~! as beating be-
tween the LPy; and LP;; modes, and the peak
at 0.6 nm~! as beating between the LPy; and
LPy2 modes. The reason why, the peaks do not ex-
actly overlap, is that the FMF lengths were not pre-
cisely the same in all three measurements. From
Fig. 4, it can be concluded that when two centered
splices are used, beating between the LPy; and
LPy2 modes is dominating, while when two offset
splices are used, beating between the LPy; and
LP,; modes is dominating. However, when one
offset splice and one centered splice are used,
both the LP;; and LPy, modes are beating with
the LPy; mode.

Using the combination of offset splice and cen-
tered splice, it is possible, in one measurement,
to obtain the phase-shifts for both the LP,; and
LPy> modes relative to the LPy; mode by use of
a simple Fourier filter. An example of measured
spectrum for the FMF in a loose coil at 80°C is
shown in Fig. 5. A Fourier transform (after with-
drawal of the average value) of the spectrum of
Fig. 5 is shown in blue in Fig. 6. In orange, the
peak corresponding to beating between the LPy;
and LPy, modes is filtered out. By applying a
reverse Fourier transform after filtering, the inter-



ference pattern for beating between only the LP;
and LPy2; modes can be reconstructed as shown
in the insert of Fig. 6. The same procedure can
be used to reconstruct the LPy;-LP;; interference
spectrum.

Measured spectra, 80.3° C.
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Fig. 5: Measured spectrum for the FMF in a loose coil.

Fourier Analysis. 80.3° C.

filtered spectra, 80.3 °C.
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Fig. 6: Amplitude of the Fourier transform of the measured
spectrum of Fig. 5. Inset: Reconstructed spectrum after
Fourier filtering.

The measured phase-shift for the LPg;-LPgs
beating, for temperature cycling of the FMF in a
loose coil configuration, is shown in Fig. 7. The
temperature was cycled in 10°C steps from 20°C
to 80°C and back to 20°C. A clear linear relation
between wavelength- (phase-) shift and tempera-
ture is observed with a slope of -0.129 radian/°C.

Slope -0.129 radian/® C. Period = 1.4% nm.
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Fig. 7: Measured wavelength shift during temperature cycling
of the FMF in loose coil for the LPo; and LPq2 beating using
Fourier filtering.

Measured length normalized phase-shifts ver-
sus temperature are summarized in Tab. 1. LC
means fiber in loose coil and Al means fiber taped
to the Al-spool. The gluing to the Al spool was
not perfect, some slippage was observed at the
low temperatures. Therefore, only measurements
between 50 and 80°C are used for the Al-spool
data. "Individual" means that the results for the
LPy:-LP1; and LPg;-LPy, beating were measured
individually using offset splices in both ends or cen-
tered splices in both ends, respectively. "Fourier"
means that the LPy,-LP1; and LPy;-LPg, beatings
were measured in one measurement with a cen-
tered splice in one end and an offset splice in
the other end, and using Fourier filtering to distin-
guish between the LPy;-LP1; and LPg;-LPy; beat-
ing. For the LC configuration the phase change of
the LPy;-LP;; beating was less than the measure-
ment uncertainty of 0.002 radian/(°C -m).

Tab. 1: Phase change [radian/(°C -m)]

I—POl—ll I—POl—02

LC individual ~0 -0.076
LC Fourier ~0 -0.078
Al individual -0.064 -0.26
Al Fourier -0.061 -0.26

From Tab.1 it can be concluded that within the
measurement uncertainty, the measurements us-
ing individual mode launch give the same result as
the simultaneous measurement, using the Fourier
filter method. The fiber in the loose coil only expe-
riences temperature change, while the fiber on the
aluminum spool is experiencing both temperature
and strain change. Therefore, it can be concluded
that the LPy;-LP; beating is within the measure-
ment uncertainty only sensitive to strain not to
temperature change, while the LPy;-LP, beating
is sensitive to both strain and temperature making
it possible to distinguish between temperature and
strain.

Conclusion

By using a simple Fourier filter, it is possible to
retrieve the phase change from beating between
several modes from just one measured spectrum.
This eliminates the need for additional mode con-
verters. In the case of the tested fiber, the LPg;-
LP,;, beating was sensitive only to strain, while
the LPg;-LPys beating was sensitive to both tem-
perature and strain. Therefore, it is possible to
distinguish between temperature and strain. It is
worth noting that this method is easily adapted to
other wavelength ranges where cheaper spectrom-
eters are available, thereby eliminating the need
for an expensive OSA.
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