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Abstract: In this paper, we demonstrate a multi-parameter fiber sensing system based on
stimulated Brillouin scattering in a double-Brillouin peak specialty fiber with enhanced Brillouin
gain response. The amplitude level of the second Brillouin gain peak, which originated from
the higher-order acoustic modes, has been improved with an approximately similar amplitude
level to the first Brillouin gain peak from the fundamental acoustic mode. Compared to other
multi-Brillouin peak fibers presented in the literature, the proposed fiber significantly reduces
the measured Brillouin frequency shift error, thus improving strain and temperature accuracies.
By utilizing the sensitivity values of the strain and temperature associated with each Brillouin
gain spectrum (BGS) peak, a successful discriminative measurement of strain and temperature is
performed with an accuracy of ±13 µε, and ±0.5 °C, respectively. The proposed double-Brillouin
peak fiber appears to be a possible alternative to other multi-BGS peak fibers, for instance, large
effective area fiber and dispersion compensating fibers, which are inherently accompanied by
large measurement errors due to the weak Brillouin gain values originating from the higher-order
acoustic modes. The demonstrated results show different strain and temperature coefficients of 47
kHz/µε, 1.15 MHz/°C for peak 1 and 51 kHz/µε, 1.37 MHz/°C for peak 2. Moreover, the enhanced
BGS peak gains having nearly the same amplitude levels enable the discriminative measurement
of strain and temperature. Such fibers in Brillouin interrogation eliminate the need for complex
monitoring setups and reduce measurement errors. We recommend that for long-distance natural
gas pipeline monitoring, where discriminative strain and temperature measurement is crucial, the
proposed double-Brillouin peak fiber can be highly beneficial.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Fiber optic sensors have unique advantages over conventional sensors, including high sensitivity,
immunity to electromagnetic interference, multiplexing or distributed sensing capabilities,
resistance to harsh environments, lightweight, easily attachable/ embeddable to any type of
material, and the ability to transmit signals over long distances [1]. There has been a continuous
trend and necessity to sense more physical parameters to better control infrastructural safety, spur
economic growth, and provide real-time and reliable sensing data, usually through distributed
fiber optic sensing technology. Over the past few decades, Brillouin-based distributed fiber optic
sensors have gained attention due to their long-distance strain and/or temperature monitoring
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capability over tens of kilometers at high spatial resolutions in the range of a meter or even
centimeters [2,3]. One major advantage of these types of sensors is their ability to have early
spatial information on possible failures/damages within the infrastructure, thereby enabling
proactive condition-based actions to be taken in advance [4]. For measuring distributed strain
and temperature, two Brillouin-based techniques are widely used: Brillouin optical time domain
reflectometry (BOTDR) based on spontaneous Brillouin scattering of a pulsed pump wave
that utilizes backscattered Stokes wave; and Brillouin optical time domain analysis (BOTDA)
based on stimulated Brillouin scattering that utilizes a frequency scanning counter-propagating
continuous wave coupled in at another end of the same fiber against to fixed frequency pulsed
pump wave. The measurand induced frequency-dependent peak (also termed as Brillouin
frequency shift (BFS)) of the Brillouin gain spectrum (BGS) is linearly dependent on both
strain and temperature. Standard single-mode fibers (SMF) are widely adopted for BOTDR
and BOTDA systems as a fiber under test (FUT), where the measured BFS changes linearly
with both strain and temperature. Unfortunately, discriminative measurement is still challenging
for conventional SMF due to cross-sensitivity between strain and temperature. Thus, it is of
prime importance to eliminate cross-sensitivity and accomplish true estimation of the physical
measurements under interrogation.

In the literature, numerous methods have been demonstrated to show discriminative measure-
ment of strain and temperature. A conventional method is to deploy two fibers in parallel, where
one fiber is responsible for temperature sensing only while it is free from strain, whereas the other
one is affected by both physical parameters. This method is expensive and requires special skills
for fiber manufacturing and deployment, and complete segregation of strain and temperature is
still not possible because fiber cannot be totally strain-free [5]. The other potential solution is
to use double-core fiber, where each core has different strain and temperature coefficients for
discriminative measurement. However, this fiber suffers cross-talk between two cores, and peak
Brillouin gain levels typically are not similar, so the two cores could experience the physical
parameters differently (due to the inherent non-uniformity in core cross-sections), ultimately
generating large measurement errors [6–8]. Additionally, a few methods proposed are based
on a combination of Rayleigh and Brillouin scattering, and Brillouin and Raman scattering,
which require complex interrogation setups, thus increasing costs [9,10]. Such complex optical
interrogation setups with high cost which limits the mass production and industry adoption.
Discriminative measurements for short distances have also been realized using a few-mode
fiber, which requires special setups for launching multiple modes in the fiber and complex
detection systems [11]. Non-zero dispersion shifted fibers (DSF), such as large effective area
fiber (LEAF) that have multiple acoustic modes, suggest a good candidate for multi-parameter
sensing, yet these also suffer through measurement uncertainties as higher-order acoustic modes
have a low level of Brillouin gain with respect to the fundamental acoustic mode, creating higher
uncertainties for low BGS peaks originated from higher-order acoustic modes [12]. Various
fibers that employ multiple BGS peaks for interrogation, such as inverse-parabolic graded-index
fiber and orbital angular momentum guiding fiber [13], normally suffer from measurement errors
due to a difference in peak gain levels (in many cases, the highest BGS peak is more than double
to that of the second peak, raising diverse measurand uncertainties) as well as small differences
in measurand coefficients for different peaks [14]. Therefore, it is essential to have a sensing
fiber with higher BGS peaks including almost equal amplitude levels, and large differences in
measurement coefficients to achieve higher accuracies.

Multi-parameter measurement errors can be minimized to the acceptance level by using a fiber
that has almost the same level of peak gains, and diverse strain and temperature coefficients, such
as the double-Brillouin peak fibers (DBPF) proposed in this work. The fiber is designed and
fabricated with enhanced Brillouin gain response from higher-order acoustic modes so that the
amplitude levels of the BGS gain peaks are at the same level. The DBPF has well-separated
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BGS peaks in the frequency domain and peak strengths of similar amplitude levels which are
well-suited for the discriminative measurements of strain and temperature. While SMF is a very
suitable candidate for Brillouin sensing to quantify strain and temperature on the fiber, BFS
is affected by both parameters (where lateral strain is generally neglected), axial strain, and
temperature. A linear relation exists for the BFS change on temperature (∆T) and longitudinal
strain changes (∆ε):

∆νBFS = CT∆T + Cε∆ε (1)

Here, CT and Cε are temperature and strain sensitivities, respectively. For standard single-
mode fibers, the sensitivities of temperature (CT ) and strain (Cε) are ∼1.07 MHz/°C, and
∼0.046 MHz/µε [15,16]. Apparently, BFS is influenced by both physical parameters while
interrogating for a single parameter in Brillouin sensing, thus, the measured BFS may not be
accurate until proper adjustments are maintained to avoid the effect of the unwanted physical
parameter. However, thanks to the continuously developing fiber manufacturing systems, fibers
can be fabricated based on the requirements of specific designs. Such fibers are termed as
specialty fibers, and these show a futuristic confidence for multi-parameter distributed sensing
[17–20]. In short, specialty fibers offer double or multiple BGS peaks, which are advantageous
to performing discriminative strain and temperature measurements using a single fiber with
conventional Brillouin setups. This work demonstrates the potential of DBPF as a suitable
candidate for simultaneous multi-parameter distributed sensing due to its unique enhanced double
peak BGS profile. This fiber appears to be beneficial for long-distance applications such as
monitoring oil and gas pipelines, bridges, and other civil infrastructures. This paper is organized
as follows: Section 2 briefly describes specialty fibers and a sensing method for multi-BGS
peak fibers; Section 3 includes experimental setup details, results, and discussion; and Section 4
includes conclusions and recommendations of this work.

2. Multi-peak BGS specialty fibers and sensing procedure

2.1. Suitability of the specialty fibers

Multi-Brillouin peak fibers have gained significant attention in recent years due to their unique
properties and potential applications for discriminative strain and temperature sensing [21].
Previous works have studied several specialty optical fibers including polarization-maintaining
fibers, dispersion compensating fibers (DCF), DSF, LEAF, photonic crystal fibers, double-
clad/double-core fibers, and few-mode fibers [5,22–25]. For applications of specialty fibers in
Brillouin sensing, there have been many approaches, particularly, in discriminative measurements
of strain and temperature where fibers are designed to have two or multiple BGS peaks. This can
be achieved by controlling the core shape, size, optical density pattern, silica material properties,
and dopants (such as Ge/F); the Brillouin gain properties can be altered, thus allowing two
or multiple BGS peaks [12,20,26–28]. With two or multiple BGS peaks, these fibers show
potential for use in civil engineering, oil and gas, and aerospace industries to fulfill the demand
for simultaneous measurements of strain and temperature with minimum errors.

The source of multiple BGSs in a single fiber can be related to the following interactions:
multiple optical modes can interact with the fundamental acoustic mode; multiple acoustic modes
interact with multiple/single optical modes; or multiple core fibers could generate different BFSs
for each core [12]. In our work, our main focus lies on the novel DBPF, which generates two
strong acoustic modes while interacting with the fundamental optical mode. Though, we also
demonstrated the sensing performance of other multi-BGS fibers (LEAF in this case) with the
proposed DBPF as a comparative analogy on discriminative sensing capabilities. Next, a short
description is presented for these types of fibers.

LEAF: These fibers are designed for long-distance signal transmissions and have a good
balance of non-linear effects and chromatic dispersion. These fibers are designed to be non-zero
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dispersion shifted SM fibers having an effective area> 72 µm2. A refractive index profile along
the core and cladding makes these fibers special, and they are very suitable for Brillouin sensing
as LEAF fibers provide multiple acoustic modes where each one resembles separate BFS in
Brillouin sensing systems [12]. A primary concern lies in the strengths of the different acoustic
modes, particularly, the second peak amplitude is small, which induces enormous BFS errors
and also restricts long-distance sensing performances.

DBPF: This type of fiber exhibits two distinct Brillouin peaks in its Brillouin scattering
spectrum. By proper designs of the core geometry and refractive index profiles, multiple acoustic
modes can be achieved while maintaining single optical mode operation. Such unique BGS can
be achieved by properly doping silica at the manufacturing stage with dopant materials such as
germanium oxide and fluorine gas mixtures (GeO2 and F2). Co-doping of these materials allows
the independent control of the optical as well as acoustic index properties, and by maintaining
the larger overlap between higher-order axial acoustic modes and the fundamental optical mode,
peak gains in the BGS can also be increased [29–32]. A multi-step core refractive index profile
allows almost equivalent peak levels in the Brillouin gain profiles achieved by doping the center
region near the axis by a mixture of GeO2, F2 whereas the core region near the clad interface
can be doped only by GeO2 [32].

Let us assume a DBPF fiber with multiple BGS profile peaks, where net Brillouin gain is the
sum of the contributions from all gains of the different acoustic modes.

G(ν) =
∑︂

m
BGSm(ν) (2)

Here, BGSm(ν) is the Brillouin gain contributed by the acoustic mode m (m = 1, 2 for DPBF).
at the difference frequency (between incident light frequency and stokes frequency), ν. The gain
of each acoustic mode depends on the corresponding scattering cross-section (gm), which is
linearly proportional to the overlap integral between that mode’s acoustic field and optical field
[33].
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where ∆νB is the BGS linewidth measured at full width at half maximum (FWHM), νB,m is
the optical frequency shift of the backscattered stokes light from initial light corresponding to
mode peak gain, Eo and ρa are scalar field amplitudes of the optical and acoustic fields and
are functions of the cylindrical coordinate parameters r and θ, which are radial distance and
azimuthal angle respectively. The overlap integral is zero for the non-axial acoustic modes. The
required acoustic and optical fields are calculated by solving the scalar wave equations (assuming
weakly guided approximation) [29,30,33].
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In the equations above, ko is the optical wave number, λ is the peak optical wavelength,
no(r) is the fiber refractive index, whereas noeff (r) is the effective refractive index of the optical
fundamental mode, ka. is the acoustic wave number, ka = 2konoeff is used to satisfy the phase-
matching condition between acoustic and optical fields. Furthermore, na(r) is the longitudinal
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acoustic refractive index, naeff (r) is the effective longitudinal refractive index of the acoustic
modes, neeff (r) is the effective longitudinal refractive index of the acoustic mode, and C is a
constant. The BFS can then be lculated as: νBFS = 2.Vclad

λ .
noeff
naeff

, where Vclad is the longitudinal
acoustic velocity in silica cladding. Clearly, by managing effective index parameters in the
geometrically designed fiber core, we can achieve double peaks in the BGS. The simulated BGS
profile as a function of Brillion frequency (frequency difference between pump wave and probe
wave) at a 1550 nm pump wavelength for DBPF is illustrated in Fig. 1.

Fig. 1. Simulated Brillouin gain profile in DBPF: two BFSs separated by 510 MHz, and the
second peak level lies within 10% of that of the first peak. The frequency position of these
peaks depends on both strain and temperature through the dependence of the local acoustic
velocities, va, on these two measurands.

2.2. Discriminative strain and temperature sensing of multi-peak BGS fibers

The use of discriminative Brillouin sensing allows for more accurate and precise measurement
of physical quantities (strain and temperatures), as compared to a general-purpose sensor
which mainly relies on the single BGS peak of silica SMF. High accuracy and simultaneous
measurements require distinctive intense BGS peaks with differences in sensitivity coefficients.
As the difference in the measurand coefficients increases between the two peaks, cross measurand
influence can be reduced. The strain and temperature evaluations in a single fiber at the same
time can be accomplished using the following relation [34,35]:⎡⎢⎢⎢⎢⎣

∆νBFS1

∆νBFS2

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

CT1 Cε1

CT2 Cε2

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

∆T

∆ε

⎤⎥⎥⎥⎥⎦ ; or [ν] = [C] [M], or [M] = [A] −1[ν] (7)

The terms CT1, Cε1 in the matrix C are sensitivity coefficients for temperature and strain for
BGS peak 1 (νBFS1), whereas CT2, Cε2 belong to BGS peak 2 (νBFS2). Once we identify the
sensitivity coefficient matrix, we can use it in Eq. (7) to obtain the measurand values by simply
solving the inverse matrix problem. The coefficients matrix represents the slope parameter of the
BFS vs. msurand curves for each acoustic mode. The coefficient matrix can be calculated by
performing BFS measurements by changing one parameter only and keeping the other fixed for
each measurement. Thus, once the coefficient matrix is obtained, simultaneous experiments to
measure strain and temperature can be performed. The measurement error in the quantification
of both parameters will depend on the possible errors of the BFS (δνB1 and δνB2) from the
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measurements. Once, BFS errors for each BGS peak are calculated, we can use the following
relation to calculate temperature (δT) and strain errors (δε) [20].

δT =
|C2

ε |δνB
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ε |δνB
2

|C2
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T − C1
εC2

T |
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|C2
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2

|C2
εC1

T − C1
εC2

T |
(8)

3. Experimental setup, results, and discussions

The BOTDA system schematic representation shown in Fig. 2 demonstrates the capability of
simultaneous and discriminative strain and temperature sensing. A distributed-feedback (DFB)
laser at 1550 nm wavelength was used as an optical source and split into two propagation paths
using a 50/50 3 dB fiber coupler. A polarization controller (PC) was employed at the input of
each Mach-Zehnder modulator (MZM) for obtaining the maximum optical power at the output.
MZM 1 modulates the input signal at a frequency of sensing fiber BFS in a carrier suppression
mode, which is driven by an external tunable frequency synthesizer. An MZM 2 modulates the
electrical pulses into optical pulses using a pulse generator at a desired pulse width, peak-to-peak
amplitude, and repetition rate. Afterward, the continuous wave probe and pump pulse signals
are amplified by an erbium-doped fiber amplifier (EDFA). Two bandpass filters were used after
each EDFA to eliminate amplified spontaneous emission (ASE) noise. Adjusting the operating
current of the EDFAs, the pump and probe powers are separately optimized at the sensing fiber
input. A polarization scrambler (PS) is used to eliminate the polarization-induced fluctuations in
measured Brillouin spectra. The Brillouin signal is then collected by a circulator port 3, then
detected by a photodetector, and analyzed using an oscilloscope at a sampling rate of 1 GS/s.
The fiber under test consists of standard SMF, DBPF, and LEAF fibers.

Fig. 2. Schematic setup of BOTDA system.

Initially, we measured a BFS for each sensing fiber, and their three-dimensional (3D) spectral
mapping was obtained by sweeping the synthesizer frequencies around the BFS with a frequency
step of 2 MHz and 2,000 trace averages. Using a multi-peak Lorentz curve fitting to the measured
raw BGS data over the sensing fiber distance, the BFS distribution was obtained for all types of
sensing fibers (SMF, DBPF, and LEAF fibers).

3.1. Evaluation of the BGSs, BFS uncertainty, and measurement coefficients

We measured the BGSs individually for each sensing fiber of DBPF, LEAF, and standard SMF, as
illustrated in Fig. 3. For a fair comparison, we extracted the BGSs of all three fibers at the same
location of 100 m distance. From Fig. 3, besides the fundamental Brillouin peak at 9.885 GHz, the
higher-order Brillouin peaks at 10.39 GHz are clearly noticeable in DBPF (named as peak 1 and
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peak 2) with enhanced Brillouin gain and large frequency separation between them. The LEAF
exhibits three BGS peaks corresponding to three acoustic modes, caused by a triangle refractive
index profile. For Brillouin sensors employing multi-Brillouin peak fibers, it is ideal to have
enhanced gain response with equal amplitude levels to reduce the BFS uncertainties, since the
low Brillouin gain peak gives rise to larger BFS errors. On the other hand, the smaller frequency
separation between the Brillouin peaks limits the maximum strain/temperature measurements
and ideally requires large frequency separation to avoid overlapping between these two BGS
peaks. From Fig. 3 and Table 1, it is obvious that the DBPF exhibits a lower amplitude difference
of just 0.4 dB between its two peaks, while contrary to it, that of LEAF lies at 4.7 dB between the
two highest peaks, and the frequency separation between the two Brillouin peaks is 505 MHz for
DBPF (which is close to the simulated BGS profile frequency separation of ∼510 MHz shown in
Fig. 1) and 210 MHz for LEAF. It is evident that the DBPF is most suitable for discriminative
strain and temperature sensing with enhanced performance.

Fig. 3. The measured Brillouin gain spectrums of DBPF, LEAF, and standard SMF.

Table 1. Comparison of BGS Parameters for Different Fiber Types

Fiber Type Peak Amplitude (Peak 1,
2) in dB

Frequency (MHz), and Amplitude (dB)
difference (Peak 1, 2)

SMF 16.8, NA NA

LEAF 14.86, 10.18
Freq: 210

Ampl: 4.7

DBPF 19, 18.53
Freq: 505

Ampl: 0.47

Firstly, we demonstrated a LEAF fiber’s sensing performance and also calculated its BFS
uncertainties (estimated BFS errors) over the fiber distance. Figure 4(a). shows a 3D spectrum
over a 25 km long LEAF and has distinct Brillouin peaks originated by multiple acoustic modes
and separated by their distinct BGS (here, the adjacent BFS separation> 200 MHz) peak values.

As described previously, the first peak’s Brillouin gain level appears to be stronger than the
second and third peaks by three and four times, respectively. This difference in peak gain causes
different levels of signal-to-noise ratio (SNR) associated with different acoustic modes, which
ultimately results in more error in temperature/strain measurements, and larger BFS uncertainties
corresponding to higher-order acoustic modes. As shown in Fig. 4(b), all three peaks shift linearly
with temperature variations up to 90 °C. In order to measure the BFS uncertainty over the fiber
distance, we adopted a well validated method proposed by M. Soto et al. [36], which is based on
the parameters of frequency scanning step, Brillouin gain linewidth at FWHM and signal-to-noise
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Fig. 4. (a): 3D BGS of LEAF fiber at room temperature along the 25-km length fiber; where
the first BGS peak has a larger amplitude level corresponding to the second and third ones,
(b): BGS profile at the sensing fiber end for various temperatures ranging from ambient
room temperature to 90 °C.

ratio of the signal trace at peak gain. Figure 5. (a) shows measured BFS uncertainties along the
LEAF. The estimated BFS error at the fiber end was found to be as high as 0.18 MHz for peak 1,
and 0.42 MHz for peak 2, translating it to unsuitable for discriminative sensing in longer-distance
monitoring. It shows that as the peak level in higher acoustic modes decreases along the length,
measurement errors arise.

Fig. 5. Calculated BFS uncertainty over the fiber distance (a) LEAF and (b) DBPF fiber.
(Here the BFS uncertainty is calculated as a function of BGS linewidth, SNR of the trace at
the peak gain, frequency scanning step of the probe wave, and a fraction of peak gain level
for selecting frequency points for quadratic fitting [36].)

DBPF fiber of 100-m length was then interrogated. Figure 6 shows Brillouin gain profiles,
which clearly indicate: (i) both BGS peaks and linewidth are of comparable levels (the second
peak is smaller than the first peak by less than 10% of the first peak), which helps to maintain
sensitivity coefficients as well as BFS measurements with minimum and almost similar level
errors in both modes; and (ii) two peaks are well separated, allowing large amplitude variations
for any measurands. We also plotted BFS uncertainty for DBPF along the fiber (Fig. 5(b)) and
observed that this fiber is more resistant to noise, thereby enhancing measurement accuracy. The
DBPF fiber shows negligible uncertainty in both peaks, estimated BFS errors of 0.01 MHz for
peak 1, and 0.02 MHz for peak 2. Observing the pattern of BFS uncertainties in both peaks, it is
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clear that uncertainty will not grow adversely even for longer lengths. Furthermore, to have a fair
comparison between LEAF and DBPF, we analyzed the BFS uncertainty of LEAF for the first
100 m, which shows estimated BFS error of its highest peak is five and ten times larger than that
of peak 1 and peak 2 of the DBPF, whereas the second and third peaks of LEAF are even worse.

Fig. 6. (a): DBPF fiber’s 3D BGS at ambient room temperature, peak gain values for two
acoustic modes are of similar strengths (<10% difference in their levels), and well separated
in frequency> 500 MHz, (b): BGSs obtained at the end of the 100 m fiber, where BFS-peak
1 and BFS-peak 2 respond linearly with the temperature variations.

The evaluation of the strain and temperature coefficients for each fiber type was performed by
varying one parameter precisely while keeping the other parameter fixed for each measurement,
and vice versa. To create strain/temperature variations, the two FUT sections were kept apart by
a few tens of meters. We carried out independent measurements of temperatures up to 95 °C. (at
constant strain condition) and strains up to 2,040 micro strains (at constant temperature). The
resulting sensitivity curves of the strain and temperature for the DBPF fibers are plotted in Fig. 7.
For other types of fibers, a summary of the parameters is available in Table 2.

Fig. 7. (a): BFS curve at the center of the FUT for strain variations, the obtained sensitivities
of two acoustic modes appear to be distinct; (b): BFS curves for temperature variations. With
linear fitting to the BFS data to the measurand variations, coefficients of strains/temperature
for each peak are calculated as slopes.
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Table 2. Comparison of BGS Profiles and Relative Analysis for Different Fiber Types

Fiber Type Peak BFS (GHz) Temperature
Coefficient
(MHz/°C)

Strain Coefficient
(MHz/µε)

BFS Uncertainty
(estimated BFS error) at
100 m Distance (MHz)

SMF 10.84 1.033 0.0499 0.04300

LEAF
Peak 1 10.64 1.018 0.0377 0.0900

Peak 2 10.85 0.918 0.0374 0.1870

DBPF (this work)
Peak 1 9.885 1.1551 0.0471 0.0129
Peak 2 10.39 1.3762 0.0517 0.0217

The obtained sensitivity matrix is given where temperature coefficients are well separated
by> 0.2 MHz/°C, which is an exciting indication for discriminative sensing.

SDBPF =

⎡⎢⎢⎢⎢⎣
1.1551 0.0471

1.3762 0.0517

⎤⎥⎥⎥⎥⎦ (9)

The gain spectrum analysis for the different types of fibers is summarized in Table 2. The major
source of measurement error arises due to differences of peak gain levels in BGS originated by
different acoustic modes; BFS errors rise for higher-order peaks. LEAF BGS have higher-order
peaks with lower strengths and suffer more measurement errors in comparison to DBPF, which
have enhanced pes. Clearly, these results show the benefits of using DBPF fiber for long-distance
distri.uted structure health monitoring. The BFS uncertainty for different fibers at the same
length position under similar experimental parameters shows DBPF has superior performance.

3.2. Simultaneous measurements of strain and temperature

To verify the DBPF’s simultaneous measurement capability, an experiment was carried out by
applying strain and temperature variations simultaneously in the same fiber section. A fiber of
1-m length was fixed between two ends, with controlled heating and strain variation arrangements.
The baseline measurement was taken keeping the strained fiber at 22 °C, then, for the simultaneous
measurement, the fiber was strained by 1220 µε and the temperature was increased to 62 °C.

Fig. 8. (a): BFS curves (relative to baseline) for peak 1 at different temperature/strain
variations, (b): BFS curves (relative to baseline) for peak 2. The expected section for
analyzing simultaneous measurement is center of the FUT, interrogated by 50 cm resolution
BOTDA.
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Fig. 9. Simultaneously measured temperature (a) and strain (b) in DBPF fibers using
BOTDA.

Next, the temperature was further increased to 72 °C by keeping the same level of strain (1220
µε).

Considering the central section of the FUT (the dotted target section in Fig. 8.), maximum BFS
error was evaluated to be equal to ∼0.18 MHz for each peak, which is due to different experimental
conditions (spatial resolution, number of averages, SNR, control the BFS uncertainties) in
comparison to the condition while evaluating coefficients. The corresponding strain and
temperature standard deviation errors were then calculated from the measured strain and
temperature values and obtained as ±13 µε, and ±0.5 °C. It is important to mention that due to
limitation of simultaneous experimental adjustments, we only consider the central half section of
the FUT (central section length <1 m) for discriminative measurements. As shown in Fig. 9, we
can see that the results match as desired: the strain is the same ∼ 1210 µε for two temperature
conditions, whereas temperatures are 62.08 °C and 72.50 °C, as expected.

4. Conclusion

We have analyzed the DBPF’s discriminative sensing capabilities and experimentally demonstrated
its superior performance. Compared to the other multi-BGS fibers, such as LEAF, DBPF exhibits
one fifth the BFS uncertainty of LEAF under similar conditions. Fibers such as LEAF and
DCF, despite having multiple peaks in their gain profiles, are dominated by large measurement
errors. This is primarily attributed to the dominance of a higher order acoustic mode contributing
lesser peak gain than two times that of the highest gain peak associated to fundamental acoustic
mode. For long-distance monitoring, it is important to have high SNR for the different gain
peaks, and therefore LEAF and DCF fibers are inefficient for long-distance sensing. SSMF can
only be used in single parameter monitoring and is always affected by cross-sensitivity issues.
However, the DBPF possesses clearly comparable levels of gains, well separated gain peaks
in frequency domain, and distinct values of strain and temperature coefficients associated to
two acoustic modes. As we have shown experimentally, the maximum strain and temperature
measurement error obtained were ±13 µε and ±0.5°C, respectively. It was validated that DBPF
is free of cross-sensitivity issues, and high-accuracy strain and temperature measurements can
be performed simultaneously. We believe that with better experimental conditions we can
further minimize these errors, since temperature coefficients are separated by >0.2 MHz/°C,
suitable for discriminatory measurements. The DBPF fiber can have a significant role as sensing
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materials where require multi-parameter sensing capabilities such as monitoring of natural gas
infrastructures up to tens of kilometers.
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