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Abstract

We present the first realization of strain sensing in a multimode OM4 optical fiber using phase-sensitive optical time-domain
reflectometry. We demonstrate that single mode operation in an OM4 fiber is achievable and allows the fiber strain to be
measured in a distributed manner. The 4 km of OM4 fiber is effectively measured with 20 cm spatial resolution which proves
that coherent Rayleigh scattering based techniques can be used to interrogate multimode optical fibers.

1. Introduction

Over the past few decades distributed fiber optic sensors based
on Rayleigh, Brillouin and Raman scattering have been widely
studied due to their possible application in measuring physical
parameters like strain, temperature or vibrations in a
continuous manner along tens of kilometers with precise
identification of the location of the event [1-6]. This research
has been mainly focused on single mode fibers due to the lack
of intermodal effects. On the other hand, space division
multiplexing (SDM) techniques have recently been
investigated for telecommunication applications so selective
mode management has turned into a rapidly developing
technique [7-9]. Few- and multi-mode fibers are among the
most promising solutions to replace single-mode fibers for
telecom, and it can be expected that long distance multi- and
few-mode links will be deployed in a foreseeable future. Since
distributed optical fiber sensing is often used in existing fiber
networks and Raman- and Brillouin-based techniques already
find themselves applicable in multi-mode media [10-14], we
investigate the possibility to utilize multimode links to perform
phase-sensitive optical time-domain reflectometry (¢-OTDR).
Although the possibility to use multimode fibers was presented
earlier for acoustic sensing [15,16], the proposed techniques
did not facilitate single-mode operation in OM4 fiber. In this
paper, we present the first direct $-OTDR strain measurement
using single-mode operation in a 4 km multi-mode OM4
optical fiber with 20 cm spatial resolution.

2. Methodology

To investigate the OM4 fiber response to strain we developed
a high-resolution ¢-OTDR setup, analog to the one depicted
in [17], but combined with a modal filter that ensured efficient
single-mode excitation. As a light source, we employed a DFB
laser operating at a central wavelength of 1550 nm and with a
tuning range of 30 GHz. A synchronized electro-optic

modulator (EOM) and a semiconductor optical amplifier
(SOA) were used to generate 2 ns pulses with sufficient
extinction ratio to enable measurements with 20 cm of spatial
resolution over 4 km range. In addition, two erbium-doped
fiber amplifiers (EDFA) were utilized. The first one to boost
the pulse power and the second one to amplify the returning
scattered signal before detection. To ensure single-mode
operation, the all-fiber mode filter, fabricated by InPhoTech,
as depicted in [18], was placed at the input of the fiber under
test. The mode filter works bi-directionally, ensuring an
insertion loss for the fundamental mode of ~2 dB. To confirm
that the filter secures a single-mode operation, a beam quality
factor M? = 1.06 was measured at the fiber far end. At the last
stage before signal detection, a tunable filter (of 1 nm
bandwidth) was placed, in order to filter the out-of-band noise
from the second EDFA. Ultimately, a DC-coupled photodiode
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Figure 1 Experimental setup used for strain measurements in OM4
fiber with ¢-OTDR. PC — polarization controller, EOM — electro-optic
modulator, SOA — semiconductor optical amplifier, EDFA — Erbium
Doped Fiber Amplifier, PD — photodiode, SMF — single mode fiber,
OM4- multimode OM4 optical fiber



was utilized at detection, featuring a bandwidth of 1 GHz,
which is sufficient to properly retrieve the target spatial
resolution. Then, the electrical signal from the detector is
digitized by means of a 4 GHz bandwidth oscilloscope.

To induce strain in a controllable way over the optical fiber we
fixed the fiber to a micrometric translation stage. Strain
measurements were carried out by comparing two frequency
scans, measured before and after inducing the strain [17]. For
each point of the fiber, the cross-correlation of intensity versus
frequency data for the two scans was calculated. Based on the
maximum of the calculated cross-correlation, a frequency shift
is retrieved, which is a linear function of the induced strain.

3. Results

As a first step, we verified that the obtained trace for a
multimode fiber has sufficient quality to perform the
measurement. We checked that each visible peak in the
measured patterns presents a full-width at half-maximum
(FWHM) of 20 cm, which confirms that the target spatial
resolution is nearly equivalent [19]. As a confirmation, we

calculated the visibility of the peaks, defined as Imax—Tmin () /0

max+Imin

a 10 meter region (where I, and I,,;, are respectively the
maximum and the minimum intensity of the trace). For each
segment calculated, the value is over 0.8, which gives good
confidence in the resolving power of the system. An example
of a visible trace (blue line) and a calculated visibility (green
line) is shown on Figure 2.
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Figure 2 Measured trace (blue line) and calculated visibility of
pattern over 10 m segments. (green line)

As a second step, we examined the frequency shift induced by
the change in strain on the last few meters of the optical fiber.
We measured the frequency pattern for three different applied
strains. Each time we measured the pattern twice to ensure that
the pattern is stable if no additional strain is applied. On Figure
3, the calculated cross-correlation is shown as a function of the
frequency shift for every point along the fiber. On the upper
graph, it is visible that the cross-correlation has a maximum
for zero frequency shift for all points along the fiber except for
the part where the strain is applied. The strained part is visible
on the lower graph in Fig 3, which is an enlarged part of the
upper graph. The impact of the applied strain is clearly visible
as a shift in the maximum value of the cross-correlation. By

measuring the frequency shift for three different strains and
fitting a linear function we determined the sensitivity of the
fundamental mode in the OM4 optical fiber to be 138 MHz/pe.
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Figure 3 Calculated cross-correlation in in function of frequency shift
for each point if optical fiber. Lower graph is zoomed part of the
section where strain was induced.
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Figure 4 Measured frequency shift as a function of the induced strain
together with the fitted linear function. The determined strain
sensitivity, for the fundamental mode of the OM4 optical fiber,
based on the linear fitting is equal to 138 MHz/ ue.



4. Conclusion

To the best of our knowledge we have demonstrated the first
strain measurement with a ¢-OTDR setup, using single-mode
operation in a multi-mode fiber. The measured strain
sensitivity of the fundamental mode in an OM4 fiber is proven
to be 138 MHz/pe, which is lower than value for standard
telecom single mode fiber equal to 150 MHz/ue [6]. These
results prove that it is possible to perform ¢-OTDR
measurements over multi-mode links, hence, enabling the
inspection of already deployed networks in a detailed manner.
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