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Abstract—Long-distance distributed fiber-optic sensing can be
achieved using forward transmission distributed sensing technol-
ogy. However, current forward transmission methods struggle to
distinguish between vibrations and temperature changes when
their frequencies are similar, which poses a significant limita-
tion for practical applications. We present and experimentally
demonstrate a dual-parameter distributed sensing system based
on forward transmission in a few-mode graded-index fiber, in-
phase/quadrature demodulation and phase-spectrum time delay
methods to resolve the amplitude, frequency and position of vibra-
tions. Simultaneous distributed sensing of vibration and tempera-
ture is demonstrated over 1 km of few-mode fiber, with vibration
and temperature limit of detection as low as 26.1 pε/Hz1/2 and 0.397
°C. The positioning results over sensing range of 2 km (without
inline amplification) revealed that the positioning error can be as
small as 0.2 m when employing bidirectional optical transmission
(forward transmission). The vibration frequency range tested is
between 100–600 Hz, limited by the piezoelectric transducer.
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I. INTRODUCTION

OVER the past few decades, distributed fiber-optic sensing
technology has made remarkable progress and has a wide

range of applications in a variety of fields such as perimeter
security protection, oil and gas pipeline leakage, intrusion mon-
itoring, and seismic early warning [1], [2], [3]. Optical fiber is the
core component of distributed fiber-optic sensors, being both the
signal transmission medium and the sensing element to measure
the physical parameters of the surrounding environment, such
as temperature, pressure, strain and vibration. Temperature and
vibration are among the most widely studied parameters.

In the majority of sensing systems, especially interferomet-
ric, changes in temperature and vibration can simultaneously
affect the optical signal in the fiber, especially when they are
of similar frequencies. Sensing mechanisms based on Raman
scattering, Brillouin scattering or Rayleigh scattering from the
pulsed transmission of optical signals have been extensively
studied, including dual-parameter demodulation. One of the ear-
liest proposed methods [4], that realized temperature-strain dual
parametric sensing for the first time, experienced a drawback
where differences in the environmental conditions and length
differences between the sensing and reference fibers may lead
lower measurement accuracy. A multi-parameter demodulation
scheme based on a mixture of Brillouin frequency shift and the
peak power was reported [5], but had limited spatial resolution
due to power fluctuations in the measurements and random varia-
tions of the state of polarization. Researchers have also explored
the use of photonic crystal fiber (PCF) [6], large-effective-area
fiber (LEAF) [7], and polarization-maintaining fiber (PMF) [8]
as sensing fibers for dual-parameter sensing, but the relatively
small difference in Brillouin frequency constrains the temper-
ature and strain accuracy. Hybrid Raman-Brillouin sensors [9]
and hybrid Brillouin-Rayleigh sensors [10] were also considered
as possible solutions to obtain higher spatial resolution and
faster measurement time, but are setback by sensing distance
limitation, which restricts their range of applications.

Forward transmission distributed sensing [10], [12], [13] is
a promising class of sensor technology, though still in its in-
fancy. It offers ultra-long-distance sensing due to the use of
forward transmitted light instead of weak backscattered light.
For instance, in the study by Yan et al [14], they proposed an

0733-8724 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on October 22,2025 at 06:56:20 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0003-8391-1562
https://orcid.org/0009-0009-1562-2180
https://orcid.org/0000-0001-9266-2498
https://orcid.org/0000-0002-2469-9093
https://orcid.org/0000-0002-7730-8906
mailto:2300453040@email.szu.edu.cn
mailto:2300453040@email.szu.edu.cn
mailto:2250453012@email.szu.edu.cn
mailto:daishangwei2023@email.szu.edu.cn
mailto:daishangwei2023@email.szu.edu.cn
mailto:2453232013@mails.szu.edu.cn
mailto:shenliu@szu.edu.cn
mailto:gychen@szu.edu.cn
mailto:gychen@szu.edu.cn
mailto:ypwang@szu.edu.cn
https://doi.org/10.1109/JLT.2025.3580762


8436 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 43, NO. 17, SEPTEMBER 1, 2025

ultra-long distance distributed vibration sensing system based
on forward transmission and experimental results showed that
spatial resolution of less than 125 m was achievable at a sensing
distance of 615 km, which can cover a wide frequency range
from infrasound to ultrasound. Shi et al [15] combined a bi-
directionally pumped Raman fiber amplifier and a bi-directional
EDFA to achieve 300 km relay-less long-distance sensing with a
positioning error of less than 8 m. Rao et al. [16] reported 151.5
km single-span long-distance monitoring via a double-ended
forward transmission and compensated self-interference mech-
anism. In addition, it potentially offers an unprecedented degree
of communication-sensing deep integration [17]. However, this
class of sensors are focused on efficient positioning of a single
parameter (vibration) and lack the ability to distinguish between
similar-frequency vibrations and temperature changes, which
must be addressed for practical applications.

In recent years, few-mode fiber (FMF) [18], [19], [20], [21],
[22] has become a research hotspot due to its ability to ex-
tend the transmission capacity of single-mode fiber (SMF) for
space-division multiplexed optical communications. This also
provides new opportunities for distributed fiber-optic sensing.
FMF possess a larger modal area, which suppresses nonlinear
effects and raises the damage threshold. FMF-based sensors also
show great potential in realizing distributed multi-parameter
measurements and ultra-long distance vibration sensing. In
2015, Li et al. [23] reported simultaneous temperature and strain
measurements using the different SBS characteristics between
LP01 and LP11 when using Brillouin optical time-domain anal-
ysis (BOTDA), solving the cross-sensitivity problem. In 2019,
Fang et al. [24] demonstrated a Brillouin optical time-domain
reflectometry (BOTDR) device based on elliptical-core FMF,
and demonstrated simultaneous temperature and strain measure-
ments. However, sensing systems based on Brillouin scattering
are generally complex compared to Rayleigh scattering or for-
ward transmitted light.

In this work, we propose a few-mode distributed vibration-
temperature dual-sensing system based on forward transmission.
The system fundamentally relies on the weak coupling principle
in FMF, where distinct spatial modes propagate with minimal
inherent crosstalk unless perturbed by external measurands
such as vibration or temperature variations. This principle, as
demonstrated in prior works [25], [26], enables mode-specific
responses to be isolated and analyzed, while perturbations in-
duce quantifiable intermodal coupling through phase modula-
tion. The concurrent measurement of vibration and temperature
is realized by investigating the individual phase responses under
different measurands and different modes. To the best of our
knowledge, the proposed method has not been demonstrated
for forward transmission distributed sensing. The sensor uses a
two-mode graded-index FMF (2GI-FMF) as the sensing fiber,
which has a relatively high nonlinear power threshold [27]. The
graded-index profile can also help reduce differences in transit
times between different modes, leading to a simpler position-
ing algorithm. A photonic-lantern-based mode multiplexer or
demultiplexer is used at each detection end to ensure standard
single-mode demodulation (retains phase delays from the FMF).
In addition, in-phase/quadrature (IQ) demodulation technique

[28] and the double-ended phase-spectrum time delay method
[29] are used to extract the phase information for analyzing
the vibration amplitude, frequency and position along the FMF.
The proposed sensing system is expected to achieve sensing
distances up to hundreds of kilometers [29], [30] due to the use
of forward-transmitting continuous-wave light instead of weak
backscattered light.

II. OPERATION PRINCIPLE

In the proposed sensing system, phase modulation of the
optical fiber represents changes in physical quantities (e.g., vi-
bration, temperature, etc.). The use of interferometric techniques
combined with phase demodulation algorithms can extract phase
information from intensity variations. The phase of the optical
signal is governed by the wavelength, fiber length and effective
index, which can be expressed as:

ϕ = k0 neffL (1)

where ϕ is the phase delay, k0 is the propagation constant of the
light wave, neff is the effective refractive index of the mode,
and L is the fiber length.

IQ coherent detection can be used to extract phase at each
detection end. The continuous light wave is split into two beams
of equal power by a 50/50 coupler. One beam is used as the
reference arm, which is used as the local oscillator (LO) input
of the 90° optical hybrid, while the other is the sensing arm,
which is used as the sensing light (S) after phase modulated by
vibration or temperature changes. Each of the two outputs of the
optical hybrid is monitored by a balanced photodetector, and the
alternative-current (AC) components of the photocurrents are:

II (t) = AL AScos [ϕ (t) + ϕL − ϕS ] (2)

IQ (t) = AL ASsin [ϕ (t) + ϕL − ϕS ] (3)

where AS and AL are the amplitudes of the sensing signal and
local-oscillator light, respectively, and ϕL − ϕS is the phase
difference between S and LO.

The phase could be demodulated as:

ϕ (t) = arctan

(
IQ (t)

II (t)

)
(4)

When a FMF is subjected to external factors such as vibration
or temperature changes, the different transmitted modes are
optically modulated by these changes. It has been found that for
either vibration or temperature, its phase response coefficients
of different modes of the FMF are not the same, which is
key to solving the quadratic equation of phase shift resulting
from two unknown measurands. This is likely attributed to the
difference in modal area of each mode. On the other hand, the
phase response to vibration and temperature are obviously not
the same, and cannot be compared due to the different units.
Strong perturbations such as significant bending (unlikely in a
practical scenario where the optical fiber is protected in a cable)
will change the geometry and refractive index distribution of the
optical fiber, resulting in enhanced coupling between different
modes, which can cause signal distortion, attenuation increase
and vibration positioning inaccuracies [31]. While vibrations
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induce energy exchange (crosstalk) between modes, the cou-
pling is typically not 100%. Each mode retains a portion of its
independent phase evolution, allowing the demodulation process
to resolve their individual phase contributions.

Since achieving vibration and temperature separation requires
the combined phase shift to be measured across two separate
modes, a mode-selective photonic lantern is used to facilitate the
conversion of a fundamental mode to a higher order mode, and
vice versa. Two modes with different vibration- and temperature-
induced phase responses are required, then discrimination can
be achieved by computing a coefficient matrix [32]:(

Δϕ1

Δϕ2

)
=

(
Cε1 CT1

Cε2 CT2

) (
Δε
ΔT

)
(5)

where Δϕ1 and Δϕ2 represent the phase changes of LP01 and
LP11a, respectively; Cε1, Cε2 and CT1, CT2 are the vibration
and temperature coefficients of LP01 and LP11a, respectively;
and Δε and ΔT represent the changes in vibration and temper-
ature, respectively.

If Cε1CT2 �= Cε2CT1, the measurands can be separate ex-
pressed as:(
Δε
ΔT

)
=

1

|Cε1CT2 − CT1Cε2|
(

CT2 −CT1

−Cε2 Cε1

)(
Δϕ1

Δϕ2

)

(6)

The differences in phase sensitivity between different modes
in an optical fiber are mainly determined by the characteristics
of their effective refractive indices, photoelasticity effects and
mode field distributions. Specifically, due to the different ef-
fective indices of each mode, the same strain leads to different
phase shifts. In addition, the photoelasticity effect indicates that
the effective index change is proportional to the third power of
the effective index. At the same time, spatial differences in the
mode field distributions lead to different responses of the modes
to strain-induced refractive index changes, such as bending or
transverse strains. By taking into account the effective indices,
the coefficients of thermal expansion, the thermo-optic coeffi-
cients, the elastic optical coefficients of the material, and the
change in fiber length, it is possible to estimate the vibration
and temperature sensitivity of the different modes. In theory,
incorporating more modes into the optical fiber [33] can enhance
the sensitivity via increasing the maximum effective index dif-
ference between the modes, but the average intermodal refrac-
tive difference is smaller, which leads to degenerate, strongly
coupled modes (crosstalk) and increased modal dispersion. The
increased mode coupling complicates signal processing, and
thus raises the computation/hardware requirement.

III. EXPERIMENT SETUP

Fig. 1(a) shows the experiment setup of the single-ended
detection system, which forms one end of the double-ended
configuration needed for positioning. The output of an ultra-
narrow-linewidth CW tunable fiber laser (NKT E15 with 100 Hz
linewidth) operating at 1550 nm was split into two branches by
a 50/50 coupler. The lower branch is divided into two branches

by another 50/50 coupler to provide the LO inputs. The up-
per branch launched light into the fiber under test (FUT). A
pair of photonic lanterns were used to selectively convert the
fundamental mode of light into different modes of the FMF.
Multiple connections allow the transmission of both LP01 and
LP11 modes in 2GI-FMF. In order to test the phase response of
the system under different vibrations (dynamic strain), 5 m of
a FMF fiber was fixed around a 53 mm diameter disc-shaped
piezoelectric transducer (PZT). An arbitrary waveform genera-
tor was used to produce a sinusoidal voltage signal to drive the
PZT. A 1 km length of unstrained and unheated fiber was inserted
after the PZT to separate the perturbed region from the 10 m of
fiber placed in a temperature-controlled water bath (accuracy
of ±0.01 °C). At the FMF output, the modes are converted
back to the fundamental mode via the corresponding ports
of the photonic lantern. The phase delays experienced while
propagating in the FMF are retained. Due to the graded-index
profile, the optical path lengths between the different modes are
approximately the same, allowing simpler demodulation. Sub-
sequently, the single-mode light in different optical paths reach
the detection end. Using single mode allows standard optical
components and instruments to be employed, thus lowering the
costs.

At the detection end (both ends), the sensing optical signals
are mixed with the two LO signals at the optical 90° hybrid,
then four balanced photodetectors (10 MHz bandwidth) were
used to convert the light intensity signals into voltage signals.
The output signals from the BPDs were then digitally sampled by
a real-time oscilloscope (1 GHz bandwidth). The sampling rate
is configured at 1 kSa/s, limited by the system memory for long
measurement durations, which is sufficient for low-frequency
vibrations, and lowers the hardware requirement. However, it
leads to a spectral aliasing due to the detection bandwidth (range
of “signal” frequencies) being much larger than the sampling
rate. The real-time oscilloscope collects data from two channels,
representing the I component and the Q component. After which,
the data of the two channels are divided by each other, then the
phase data are obtained through the operations of arctan, phase
unwrap and detrend. After obtaining the phase information, a
Hann window FIR low-pass filter with a cutoff frequency of
10 Hz is performed to separate noise, and 1000-point moving
averaging is used to further reduce noise. In the vibration analy-
sis stage, the phase amplitude at different strains is obtained by
Fast Fourier Transform (FFT) to deduce the linear relationship
between phase and strain. In the temperature analysis stage,
the data is downsampled to extract the phase value for each
specific temperature point. The block diagram of data processing
is shown in Fig. 1(c).

The sensing system shown in Fig. 1(b) is a folded double-
ended detection configuration, which uses two modules of
Fig. 1(a). The light from the same laser source is injected into
both ends of the sensing fiber, and travels through the entire
sensing fiber in both directions. When a perturbation occurs at
a certain location, the wavefront of optical modulation arrives
at the two detection ends at different times, which allows posi-
tioning via the phase-spectrum of fast Fourier transform.
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Fig. 1. Experiment setup: (a) Single-ended detection system, (b) Double-ended positioning system, (c) Block diagram of data processing (the “calibration”
process to determine the sensitivity coefficients). ISO: Isolator, OC1, OC2: optic coupler, PZT: piezoelectric transducer, Cir1, Cir2: circulator, BPD: balance
photodetector, OSC: Oscilloscope.

IV. RESULTS AND DISCUSSIONS

To evaluate the potential of the system for vibration and
temperature measurements, and to assess the linearity of the
system response, phase measurement experiments were car-
ried out under different vibration and temperature conditions.
The full details of the configurations used in the experiment
are provided in experiment setup section. For temperature

measurement, a single-point measurement was conducted by
placing a 10 m length FMF in a temperature-regulated water
bath, and incremented the temperature of water from 24 °C to 53
°C in steps of 1 °C, then measured the corresponding phase shift.
As shown in Fig. 2, the trend of the phase shift changes as the
temperature is gradually increased. For vibration measurement,
the measurement of strain coefficients also involves quantifying
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Fig. 2. Measured phase response: (a) Time-domain phase signal resulting from
temperature changes, (b) Time-domain phase signal resulting from simultaneous
temperature and vibration changes.

Fig. 3. Vibration (@ 1 Hz) and temperature sensitivity coefficients for different
modes: (a) Temperature sensitivity of LP01 mode, (b) Temperature sensitivity
of LP11a mode, (c) Vibration sensitivity of LP01 mode, (d) Vibration sensitivity
of LP11a mode.

the phase response under different PZT strain conditions. For
this characterization, the PZT was driven with sine signals of the
same frequency but different amplitudes. Basically, the applied
strain increased 0με to 19.8μεwith 3.3με per step. It was found
that the phase difference gradually increased with increasing
temperature or vibration. Since the effective refractive index
difference between the LP01 and LP11a modes of the 2GI-FMF
is relatively small, the phase shifts of the two modes are similar.

Fig. 3 shows the phase shift as a function of changing
temperature or vibration (strain amplitude) for the LP01 and
LP11a modes. By linear fitting the data, the temperature and
vibration sensitivity are obtained. These are 407.9448 rad/°C
and 7.7993 rad/με for LP01 mode, and 405.6834 rad/°C and
7.7915 rad/με for LP11a mode, respectively. It is evident that
the two modes exhibit different sensitivities to temperature and
vibration, making it possible to differentiate between them. The
measured sensitivity coefficients of the two modes are used to
validate the discrimination capability of the FMF-based forward
transmission distributed sensor.

Phase noise data was collected over a duration of 10 ms in
the absence of vibration, and the standard deviation (STD) was
calculated. The inferred limit of detection (LoD) for temperature
changes is 0.393 °C for LP01 and 0.401 °C for LP11a. Likewise,

Fig. 4. Frequency response of sensitivity and limit of detection, based on the
STD of noise: (a) LP01 mode, (b) LP11a mode, based on the maximum noise
amplitude using FFT: (c) LP01 mode, (d) LP11a mode.

the vibration LoD (LoD = 3.3∗std(phase noise)/sensitivity) is
2.3647 με for LP01 and 2.3923 με for LP11a. The normalized
LoD is obtained by dividing the LoD by the square root of the
detection bandwidth (10 MHz), yielding 747.78 pε/Hz1/2 for
LP01 and 756.51 pε/Hz1/2 for LP11a.

The generic method (above) considers the noise contribution
across all frequencies, which involves averaging (mean value)
the standard deviations from 10 sets of phase noise data. An al-
ternative method is proposed, which more accurately reflects the
specific method. It involves performing a Fast Fourier Transform
(FFT) on the phase noise data, then select the maximum noise
amplitude within the frequency range of the vibration signals.
Then, the average (mean value) of the 10 sets of phase noise data
is obtained, and divided by the sensitivity to determine the LoD.
The results of the second method give 26.1 pε/Hz1/2 for LP01

and 28.2 pε/Hz1/2 for LP11a. As anticipated, the LoD calculated
from the second method is lower. This is likely because only the
noise components within a specific frequency range (i.e., that of
vibrations) is considered.

For the practical test, the phase response of the sensor under
the combination of vibration and temperature changes were
recorded (see Fig. 2(b)). The temperature was varied from 30 °C
to 47 °C, while the vibration-induced dynamic strain oscillated
with an amplitude of 13.2 με (previously calibrated using an
interferometer). The measured phase shifts are 6990.50 and
6952.33 rad for the LP01 and LP11a mode, respectively. By
substituting the values into (6), the calculated vibration and
temperature changes are Δε = 15.61 με and ΔT = 16.84 °C.
It can be seen that the difference between the measured values
and the actual values are 2.41 με and 0.16 °C. However, these
values do not reflect the upper limit of the performance of the
technique, and there is still a lot of potential for optimization.

Based on the differences in the sensitivity coefficients
(phase shift) of the different modes of the few-mode fiber
(FMF) to vibration and temperature, decoupling of vibration
and temperature changes are realized by first measuring the
phase-related sensitivity of different modes and constructing
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Fig. 5. Single-point vibration analysis @600 Hz: (a) Phase time-domain waveform, (b) Phase spectrum, (c) Time-delay spectrum.

Fig. 6. Vibration positioning measurements: (a) Results of 100 consecutive
positioning measurements, (b) Histogram of the distribution of measured posi-
tions, (c) Averaged results of 100 positioning measurements, (d) Histogram of
the distribution of averaged positions.

Fig. 7. System reliability characterization: Positioning accuracy as a function
of vibration frequency.

a coefficient matrix, then solve the simultaneous equations of
vibration/temperature involving the known coefficients and the
measured phase values. However, the error in the actual measure-
ment cannot be ignored. From the perspective of the experiment
environment, the vibration amplitude was controlled at a specific
value in the experiment, and the temperature fluctuate within
a small range. Although the thermal enclosure used in the
experiment mitigates to some extent the interference of the ambi-
ent temperature on the experiment results, it cannot completely
isolate it. In addition, the photonic lantern may have defects such

as incomplete mode conversion and energy loss during the mode
conversion process. The laser also exhibits long-term phase drift
issues. All of these factors can affect the phase measurement
accuracy.

In order to evaluate the frequency response of the sensing
system, the drive voltage supplied to the PZT was varied and the
demodulated phase shifts of the two modes, LP01 and LP11a,
were analyzed. Subsequently, these data points were plotted
with a linear fitting and the sensitivity was obtained from the
gradient. As shown in Fig. 4, the study of the phase response
under different PZT-induced vibration frequencies shows that
the sensitivity increases and the LoD decreases with increasing
vibration frequency. This may be due to the fact that higher-
frequency vibrations may transfer strain with higher efficiency
from the PZT to adhesive layer, then to the optical fiber, leading
to greater phase shifts.

To evaluate the ability for distributed sensing and validate
the positioning accuracy, the vibration source is located at the
1 km position (from nominal end of the sensing fiber), while
the total length of the sensing fiber was extended to ∼2 km. A
vibration frequency of 600 Hz was applied to drive the PZT.
The time-varying phase waveform is shown in Fig. 4, revealing
a high degree of similarity between the forward and backward
directions. Moreover, the observed time delay between the two
detection ends is almost zero due to the position of the per-
turbation being close to the middle of the sensing fiber. From
the phase spectrum plotted in Fig. 4(b), the 600 Hz signal is
clearly detectable. Then, the phase-spectrum time delay method
was employed to resolve the frequency components at each
detection end, then calculate the difference between the initial
phases, before finally converting the phase delay to a time delay
and position. As depicted in Fig. 5(c), the time delay observed
at the signal frequency of 600 Hz is 56.2324 ns. Utilizing the
effective index of LP01 at 1.446 and the speed of light in vacuum
at 299792458 m/s, calculations reveal the vibration position
should be at 999.167 m. This is in excellent agreement with
the physically measured position at 1000 m.

A total of 100 consecutive vibration measurements were col-
lected and analyzed for studying the repeatability, as presented
in Fig. 6(a). Subsequently, Fig. 6(b) plots the histogram of the
measurement results, showing the probability distribution of
the measured vibration positions. The peak of the Gaussian fit
curve is very close to 1000 m, consistent with the actual PZT
position.
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In order to evaluate the positioning accuracy of the system,
the root mean square (RMS) error was calculated for 100 sets
of data, and the result was 0.477 m. The mean value of position
is 999.82 m. On the other hand, the standard deviation (STD)
of multiple measurements is 0.443 m. It should be noted that
the PZT is positioned at the mid-point of the sensing fiber,
where the light in both directions travel a similar distance, re-
sulting in similar changes in the state of polarization. Therefore,
the interference results at the two detection ends are similar
to waveform, leading to a relatively small positioning error.
Subsequently, the 100 sets of positioning data were processed
using a sliding 5-point mean filter, and the corresponding his-
togram of the averaged positioning values is plotted in Fig. 6(c)
and (d). The calculated RMSE is 0.268 m, while the STD is
0.2 m.

To study the dependence of vibration positioning accuracy
on the signal frequency, the frequency response was studied
between 100-600 Hz. The characterization results are shown
in Fig. 7, where it can be clearly seen that the positioning error
decreases with increasing vibration frequency. This is because
a higher frequency results in more signal cycles within the
same measurement duration, leading to more accurate frequency
estimation and positioning via the phase-spectrum time delay
method. At a frequency of 100 Hz, the maximum standard
deviation measured is 4.21 m. In contrast, the standard deviation
of the positioning at 600 Hz is significantly smaller, at 0.443
m. This comparative result suggests complex vibration signals
containing high-frequency components may facilitate higher
positioning accuracy. Further observations indicate that at 600
Hz, the smallest deviation from the actual position of 1000 m is
only 0.18 m.

V. CONCLUSION

A forward transmission distributed multi-parameter sensing
system based on graded-index few-mode fiber (FMF) and phase
demodulation was demonstrated to simultaneously measure
vibration and temperature. This system uses forward transmitted
continuous-wave light, which is known to yield higher intensity
SNR and/or longer sensing distance. Although noise is
integrated along the entire sensing fiber, which poses a problem
for long-haul applications, vibration signals are also integrated
and thus amplified. Moreover, signal processing algorithms
such as variational mode decomposition can effectively extract
signals from noisy sensor data. The FMF allows different
phase response coefficients to distinguish different measurands.
The graded-index profile minimizes modal dispersion, which
simplifies positioning calculations. As a proof-of-concept
demonstration, a 2 km length FMF was tested, with a positioning
accuracy down to 0.2 m. The average vibration-phase sensitivity
is 7.8 rad/με @ 1 Hz, corresponding to an LoD of 27.2
pε/Hz1/2. The average temperature-phase sensitivity is 406.81
rad/°C, corresponding to a resolution of 0.397 °C. The
tested vibration frequency range was 100-600 Hz. Testing of
actual simultaneous dual-parameter measurements revealed
vibration and temperature deviations of 2.41 με and 0.16 °C,
respectively.
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