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Raman distributed optical fiber sensing is required to achieve accurate temperature measurements in a micro-scale
area. In this study, we first analyze and demonstrate the pulse transmission feature in the temperature variation
area and the superposition characteristics of Raman optical time-domain reflectometry (OTDR) signals by
numerical simulation. The equations of superimposed Raman anti-Stokes scattered signals at different stages
are presented, providing a theoretical basis for the positioning and physical quantity demodulation of whole
optical fiber systems based on the OTDR principle. Moreover, we propose and experimentally demonstrate a
slope-assisted sensing principle and scheme in a Raman distributed optical fiber system. To the best our knowl-
edge, this is the first experimental demonstration of Raman distributed optical fiber sensing in a centimeter-level

spatial measurement region.
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1. INTRODUCTION

Opver the last decade, distributed optical fiber sensing has in-
creasingly attracted the attention of researchers [1-5], as it pro-
vides the ability to detect, along with sensing fiber lines, the
spatial distribution of surrounding environmental quantities
such as temperature [1,2], strain [3,5], vibration [6-8], mag-
netic fields [9], and gases [10,11]. Based on the physical quan-
tities monitored above, distributed optical fiber sensing has
been widely used in micro-/nano-sensing [12], medical treat-
ment [13], corrosion environment detection [14], pressure
sensing in harsh environments [15], hydrophone sensors
[16], and other security detection fields.

Distributed optical fiber sensing based on the classification
of scattering mechanisms can be divided into Rayleigh optical
fiber sensing [17,18], Brillouin optical fiber sensing [19,20],
and Raman optical fiber sensing [21,22]. Raman distributed
fiber sensing is a typical optical fiber sensor that operates on
the principle that spontaneous Raman scattering is excited by
a pulsed laser in an optical fiber [23]. It has been widely used in
the linear infrastructure temperature detection field owing to its
advantages of fast measurement speed, simple structure, and
temperature sensitivity [24]. With the help of advanced
schemes, the sensing range of Raman distributed fiber sensing
can reach from several kilometers [25] up to a few tens of kilo-
meters [26]. Consequently, it can realize temperature sensing at
any point along tens of kilometers of fiber. However, the tem-
perature demodulation data is the average over an entire fiber
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length equal to the spatial resolution, owing to the limitations
of pulse width and the principle of optical time-domain reflec-
tometry (OTDR) [27]. Thus, the temperature detection result
is much smaller than the true temperature when the detection
area is smaller than the spatial resolution of the system. For
example, in a temperature detection area of 1.0 cm (the temper-
ature being approximately 200°C), the detected temperature
using the conventional measurement method is 35.6°C (with
a spatial resolution of 1.0 m), the measurement error reaching
several hundred degrees Celsius. Consequently, the tempera-
ture values obtained can be significantly underestimated when
the size of the temperature variation spot along the fiber is
small. Subsequently, pre-warning of anomalous temperature
points and fires could be delayed, leaving less time for fire de-
partments to react. Therefore, temperature detection in small-
scale areas is of great importance for the reliable detection of
small anomalous spots in applications such as gas production
[24] and fire prediction [26].

Several advanced demodulation methods have been devel-
oped to solve these problems [28—32] and can typically be di-
vided into two categories, that is, one category which attempts
to improve the spatial resolution of the system [28-30] and a
second category which uses the sensing fiber as a sensing net-
work to avoid limitations of the spatial resolution of measure-
ment results [31,32]. In the first category, special fiber sensing
[28], optical pulse coding [29], and time-domain differential
correlation demodulation [30] are regarded as effective
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methods for optimizing the spatial resolution. For example, Liu
et al. proposed a graded-index few-mode fiber (FMF) sensing in
2018 to enhance the spatial resolution, with the experiment
results demonstrating spatial resolution performance of 1.04
and 2.58 m at 19.09 and 21.7 km, respectively [28]. Scott ez 4.
combined a low-repetition-rate quasi-periodic pulse coding
scheme with Raman distributed fiber sensing, achieving a spa-
tial resolution of 1.0 m over 26.0 km [29]. This was the best
spatial resolution achieved under experimental conditions at
such long sensing distances. Furthermore, a reconstruction
compression correlation demodulation scheme for Raman dis-
tributed fiber sensing was demonstrated in our previous work
[30], a spatial resolution of 7.5 mm being demonstrated along a
10.0 km sensing fiber in 2021. However, because of the ava-
lanche photodiode’s limited bandwidth, this scheme could not
be experimentally realized. At present, the best achievable spa-
tial resolution has been limited to the order of meters when
operating over long sensing ranges [27]. Unfortunately, the
existing spatial resolution means that accurate temperature de-
tection cannot be achieved in small-scale areas. Pandian ez /.
discussed a methodology for increasing the capability of small-
scale temperature monitoring using a single-fiber grid [31]. Sun
et al. proposed a parallel optical fiber method as the sensing
element, which could achieve accurate positioning over a
small-scale range [32]. However, these methods could only
achieve positioning but could not obtain accurate temperature
information.

In this paper, we propose a novel optical scheme called
slope-assisted sensing to improve the capability of temperature
monitoring in micro-scale regions. The proposed scheme has
two innovations. First, an accurate temperature measurement
in a region of 1.0 cm spatial scale—even if the spatial resolution
of the system was of the order of a meter—was experimentally
demonstrated. The proposed scheme could eliminate expensive
pulse-encoding sources and special sensing fibers compared to
advanced schemes, thereby confirming the utility of the tech-
nique in practical applications. Second, the pulse transmission
feature in the temperature variation area of the sensing fiber and
superposition characteristics of the Raman OTDR signal were
first theoretically analyzed and simulated. The equations of
superimposed Raman anti-Stokes scattered signals were derived
at different stages. Consequently, the theoretical analysis per-
formed in the current study could be a useful tool for designing
distributed optical fiber sensors based on the OTDR principle,
such as Brillouin optical time domain reflectometry (BOTDR),
Brillouin optical time-domain analysis (BOTDA), and
Rayleigh-OTDR systems.

2. METHODOLOGY: PRINCIPLE AND
NUMERICAL SIMULATION

A. Pulse Transmission and Superposition
Characteristics of Raman Scattered Signal

First, we studied the transmission features of the pulsed laser in
the temperature variation area of a sensing fiber and the super-
position characteristics of the Raman scattered intensity. In
Raman distributed optical fiber sensing, the positioning and
acquisition of the system are based on the OTDR principle,
which means that the Raman anti-Stokes scattered signal

(hereafter referred to as the Raman signal) collected by the sys-
tem at a certain moment comprises the superposition of the
entire scattered intensity data in a section of the sensing fiber,
the length of this section being related to the pulse width. The
intensity collected at a position L is an intensity superposition
with the length of the interval (L - W /2n ~ L), where W, is
the pulse width, and 7 is the refractive index of the optical fiber.

The pulse transmission trajectory can be divided into the
following four parts when the pulsed laser is transmitted in
the temperature-variation region of the sensing fiber, including
the fiber under test (FUT) area and non-FUT area, as shown in
Fig. 1. First, the pulsed laser is transmitted in the non-FUT area
(from A to B). The Raman intensity collected by this area com-
prises the superimposed intensity within the pulse width inter-
val, which can be expressed as follows:

Ly

¢a(LAB) = Z {Kzzll;4p x Ra(Tnon-FUT)
Ly=L,

x exp[-(a, + a,)L;]}. (1)

The parameters for the Raman anti-Stokes signal are listed
in Table 1. The superimposed intensity is related to several in-
herent parameters of the fiber, such as the incident power, fiber
attenuation, and temperature of the non-FUT area. Because
the temperature in this area remains essentially constant, the
superimposed intensity of the Raman signal is dynamically
modulated by the fiber attenuation, which gradually decreases
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Fig. 1. Schematic diagram of the pulse transmission and character-
istics of the superimposed Raman signals.

Table 1. Parameters for the Superimposed Raman
Signal

Parameters Symbol
Raman scattering coefficient K,
Anti-Stokes wavelength As
Incident light power P
Temperature coefficient R, (T)
Attenuation coefficient a,+ a,
Starting position of the pulse L,
Final position of the pulse Ly
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with increasing sensing distance, as shown in the schematic dia-
gram of the Raman OTDR trace in Fig. 1(a).

Furthermore, the superimposed intensity of the Raman sig-
nal contains two parts—that is, when the pulsed laser enters the
FUT region (the temperature of the FUT is higher than that of
the non-FUT). As shown in Fig. 1(b), the superimposed inten-
sity includes the intensity of the FUT area (from L, to L,,) and
the intensity of the non-FUT area (from Z,, to Ly). The super-
imposed intensity of the Raman signal in this area can be
expressed as follows:

L,
bu(Lsc) = D KA *Px R(Trur) x expl-(a, + a,) L]}
L=L

Lr
+ Z {Kzz’?':fp x Ra(Tnon»FUT)

L,=L

i—Ltm

x exp[-(a, + a,)Li]}. 2
Because part of the superimposed intensity collected in this area
is modulated by the temperature of the FUT, its superimposed
intensity is stronger than that of the superimposed Raman sig-
nal collected in the non-FUT. The pulsed signal is gradually
incident into the FUT area, meaning that the superimposed
intensity gradually increases with the sensing distance until
the pulsed laser fully enters the FUT area, as shown in the sche-
matic diagram of the Raman OTDR trace in Fig. 1(b). The
rising edge of the Raman OTDR curve in the FUT occurs dur-
ing this stage. Most importantly, the spatial length of this region
is the minimum value of the pulse width and the FUT length.
When the pulsed laser is completely transmitted in the FUT
area (from C to D), as shown in Fig. 1(c), the superimposed
intensity of the Raman signal depends mainly on the temper-
ature of the FUT and can be expressed as follows:

Ly

$Lep) = Y AK AP x R(Trur) x expl-(a, + a,) L]}
L,=L

i s

3
Because the temperature of the FUT remains constant, the
superimposed intensity collected in this area remains constant.
Moreover, the superimposed Raman OTDR curve shows that
the spatial length of this area is the difference between the FUT
length and the pulse width (Lp = Lpyr - W) when the FUT
length is greater than the pulse width. Finally, as shown in
Fig. 1(d), the superimposed Raman signal excited by this area
can also be regarded as comprising two parts, when the pulsed
laser gradually leaves the FUT area (from D to E)—that is, it
includes the Raman signal in the non-FUT and FUT areas. The
superimposed intensity shows a gradually decreasing trend with
the increase in sensing distance until the pulsed laser completely
leaves the FUT area, and can be expressed as follows:

L,
Gu(Lpp) = > KA P x R(T ponyur) x expl-(a, + a,)L;]}

L=L

Ly
+ {Ka/tfp x Ra(TFUT) X CXP[—((IU + aa)Li]}-

L=L

m
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The falling edge of the superimposed Raman OTDR curve in
the FUT area is formed during this stage, and the spatial length
of this area is the minimum value of the pulse width and the
FUT length. Most importantly, based on the aforementioned
pulse transmission and superposition characteristics, it can pro-
vide a theoretical basis for the positioning and physical quantity
demodulation of whole systems based on the OTDR principle,
such as the BOTDR, BOTDA, and Rayleigh-OTDR systems.

B. Numerical Simulation

We designed a numerical simulation model to verify the above-
mentioned theories, the simulation model being shown in
Fig. 2. A 10.0 km sensing fiber (with temperature of 25.0°C)
was used, in which a section of 2.0 m FUT was set at a position
of 10.0 km as a temperature variation region, its temperature
being set at 80.0°C. Pulsed lasers of pulse-widths 30, 20,
and 10 ns (and wavelength 1550 nm) were injected into the
sensing fiber. The Raman anti-Stokes scattered signal (of
wavelength 1450 nm) was filtered out by a wavelength division
multiplexer (WDM) and collected by an acquisition and
demodulation system.

The simulated Raman signals are shown in Fig. 3(a). As
mentioned previously, the Raman OTDR curves collected
in the experiment represent the superposition of the light in-
tensity within the pulse width scale, the superimposed intensity
collected at a certain moment being related to the pulse
width—that is, the wider the pulse width, the stronger the
superimposed Raman intensity under the same conditions.
The simulation results also confirmed that the superimposed
intensity based on a pulse width of 30 ns was stronger than
that based on a pulse width of 20 and 10 ns. Figure 3(b) shows
the excited Raman OTDR signal based on a 10 ns pulse width.
In this case, the pulse width was less than the length of the
actual FUT.

The transmission trajectory includes four stages. The first
stage is the transmission of the pulsed laser in the non-FUT
(from A to B). The superimposed Raman OTDR trace shows
a gradually decreasing trend, with an increase in the sensing
distance due to fiber attenuation. In the second stage, the
pulsed laser gradually enters the FUT area (from B to C),
the superimposed intensity excited in this area containing the
Raman signal in the FUT and non-FUT areas. Consequently,
the superimposed intensity shows a gradual increase during this
stage. The third stage is the transmission of the pulsed laser in
the FUT area (from C to D). Because the temperature of the
FUT area remains constant in the model, the superimposed
intensity excited in this area remains constant. In the fourth
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Fig. 2. Numerical simulation model.
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stage, the pulsed laser gradually leaves the FUT area (from D to
E), the Raman signal in this area comprising the superimposed
intensity excited by the non-FUT and the FUT areas. Here, the
difference is that as the sensing distance increases, the propor-
tion of the Raman signal excited by the non-FUT region col-
lected in this region gradually increases, the superimposed
intensity exhibiting a gradual decrease during this stage. The
simulation results show that the excited Raman OTDR signal
is consistent with the aforementioned theory of our analysis.

Figures 3(c) and 3(d) show the Raman signals excited by the
pulsed laser under pulse widths of 20 and 30 ns, respectively. In
Fig. 3(c), the length of the FUT is 2 m, which is consistent with
the spatial scale of the 20 ns pulse width. Consequently, when
the entire pulsed laser is transmitted to the FUT area, the spa-
tial scale of it is exactly the same as the spatial length of the
FUT. Compared to the Raman OTDR curves excited by a
pulse width of 10 ns, the transmission signal of the pulsed laser
is submerged at a distance from C to D. When the spatial scale
of the pulse width is greater than the length of the FUT, the
excited Raman signal is as shown in Fig. 3(d). Compared to the
other two scenarios, when the pulse width is less than the area
length and when the front end of the laser reaches the end of
the FUT area, the pulsed laser is completely contained within
the FUT area.

Based on this theoretical analysis and the simulation results,
we studied the dynamic response characteristics of superim-
posed Raman OTDR traces with different pulse widths in
the FUT region. First, the spatial length of the superimposed
intensity influenced by the FUT area was longer than the actual
length of the FUT area. The results showed that the spatial
length of the superimposed Raman OTDR trace affected by
the FUT area was the FUT length plus the pulse width. As
shown in Fig. 3, the light blue areas represent the actual spatial
length and position of the FUT area. This shows that the super-
imposed Raman OTDR signal modulated by the FUT temper-
ature does not fully map the position and length of the actual
FUT area. The true position corresponding to the falling edges
of the Raman OTDR curve excited by pulse widths of 10 and
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Fig. 3. Superimposed Raman OTDR traces under different pulse
widths. (a) Whole superimposed Raman OTDR  traces.
Superimposed Raman OTDR traces based on (b) 10 ns pulse width,
(c) 20 ns pulse width, and (d) 30 ns pulse width.

20 ns is in the non-FUT region. Based on this, we can see from
Fig. 3 that the spatial spans of the rising or falling edges of the
Raman OTDR traces in the FUT area are determined by the
minimum value between the pulse width and FUT length.
Consequently, when the pulse width of the system is deter-
mined, the length and position of the actual FUT can be cal-
culated using the spatial length of the rising edge of the Raman
OTDR curve. Furthermore, the measurement accuracy is re-
lated to the pulse width and the FUT length. Specifically, when
the pulse width is less than the length of the FUT, the region
[from C to D in Fig. 3(a)] can accurately demodulate the tem-
perature information. When the pulse width is equal to the
length of the FUT, the actual temperature information can
only be detected at one point [at position C in Fig. 3(b)].
When the pulse width is greater than the length of the FUT,
the entire Raman OTDR trace cannot accurately detect the
temperature information. This is because the superimposed in-
tensity excited in this area contains a superimposed signal in the
FUT and non-FUT areas. Unfortunately, the system assumes
that the Raman signals collected in this area are modulated by
the signals of the FUT area. When the length of the FUT area is
very small, the effective intensity is submerged in the non-FUT
area, leading to significant measurement errors—that is, the
OTDR principle leads to a temperature-detection result that
is much smaller than its true temperature when the detection
area is smaller than the spatial resolution of the system. This
can limit temperature-monitoring capabilities in small-scale re-
gions for whole optical fiber sensing systems based on the

OTDR principle.

C. Slope-Assisted Temperature Demodulation
Scheme

We propose a slope-assisted temperature sensing scheme based
on the aforementioned pulse transmission and superposition
characteristics of scattering signal. In the proposed slope-
assisted demodulation scheme, we defined the part of the falling
edge of the Raman OTDR curve as the slope-assisted detection
area. The distance span within this area is from the point when
the pulse laser starts to exit from the FUT area to when it leaves
the FUT area completely. In the slope-assisted detection area,
the collected data includes the intensity information of the
FUT and non-FUT areas. Figure 4 illustrates the principle
of the slope-assisted sensing scheme. As can be surmised from

Sensing fiber FUT
| ———— —

e S

Raman OTDR trace
: : | o | : 1k, .
A B C D E : Slope-assisted region ":

(a) Raman OTDR trace (b) Pulse leaves the FUT region

Fig. 4. Schematic diagram based on the slope-assisted demodulation
scheme (Lpyr is the true length of the FUT). (a) Superimposed Raman
OTDR traces at different FUT temperatures. (b) Schematic diagram of
pulse transmission in the slope-assisted area when pulse width is greater

than the length of the FUT.
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Fig. 4(a), the larger the temperature difference between the
FUT and non-FUT areas, the faster the Raman OTDR curve
of the slope-assisted area decreases. The temperature variation
causes different falling slopes in the slope-assisted region, which
is the basic principle on which the proposed slope-assisted
demodulation method is based.

The temperature demodulation process of the slope-assisted
scheme can be explained as follows: to extract the slope-assisted
coefficient, the demodulation system requires at least two
pieces of Raman intensity data in the slope-assisted detection
area, as shown in Fig. 4(b). The superimposed intensity of
the Raman signal collected at position Z; can be expressed
as follows:

L,
Gu(L) =Y AK AP x R(T ponpur) x expl-(a, + a,) L]}
i=L,
L
+ > AK AP x R(Trur) x expl-(a, + a,)|L;}.
i=L

m

(5)

This is the first valid data for slope-assisted demodulation.
Furthermore, the superimposed intensity of the Raman signal
collected by position Z;,; (the next collection point), belong-
ing to the second valid dataset, can be expressed as follows:

L,
GaLiv) = Y AK AP x R(T wonrur) x expl-(a, + a,) L]}
i=L,

Lp

+ D AKAP x R(Trur) x expl-(a, + a,) L]}
i=L

m

(6)

Based on these two pieces of data, the slope-assisted coefficient
can be calculated. However, before demodulation, we have to
pre-calibrate these two pieces of data. From Egs. (5) and (6),
we can see that several inherent parameters of the fiber
(K 4 Ag» @y, @, etc.) also modulate the superimposed intensity
of the Raman signal. To compensate for the influence of these
parameters on the temperature demodulation results, the entire
sensing fiber needs to be placed in a constant temperature field
(T',) for calibration before temperature measurement. During
the calibration process, the superimposed intensity of the
Raman signal based on a single pulse can be expressed as
follows:

L
Pao(L) = > AK AP x R(T,) x expl-(a, + a,) L]} (7)

i=L,

After the calibration process (superimposed Raman anti-Stokes
intensity in the measurement phase and superimposed Raman
anti-Stokes intensity in the calibration phase), the superim-
posed Raman intensities of the acquisition of positions Z;
and ;| can be expressed by Egs. (8) and (9), respectively,
as follows:
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We can see that several inherent parameters of the optical fiber
have been eliminated. The slope-assisted coefficient of the FUT
can be calculated using Eq. (10) through Egs. (8) and (9), as
follows:

Lo [ exp(hAv/kT, - 1)
eXp('/qu/kTnon—FUT - 1)

LiJrl - Lz’

PaLivt) _ (L)
_ Puliv)  $uL) _ La

one =
Tope Li+1 - Li

& exp(hAv/kT, - 1) :|
Lz: [exp(/}Av/kTFUT -1) ‘0
) Ly -1 ) (10)

7

where 7',, L,, and L, ; are constants, and 7',y can be cal-
culated using conventional temperature demodulation meth-
ods. As such, the slope-assisted coefficient (@) and
temperature of the FUT area (Tgyt) exhibit a definite func-
tional relationship. Based on this functional relationship, the
actual temperature information along the FUT can be demodu-
lated. The traditional demodulation process does not consider
the influence of signal superposition, which causes the effective
temperature signal to be submerged in the collected average
data. In our proposed scheme, we extract the temperature varia-
tion information based on the slope of the Raman OTDR
curve in the slope-assisted area instead of the traditional inten-
sity demodulation. Compared with traditional Raman distrib-
uted optical fiber sensing, the scheme proposed in this paper
can eliminate the problem of signal crosstalk due to the
OTDR position principle. It also solves the technical problem
whereby traditional demodulation systems have difficulty iden-
tifying the characteristics of the environmental temperature
change in a micro-scale area.

3. EXPERIMENTAL SETUP AND RESULTS

A. Experimental Setup

The experimental setup, based on slope-assisted Raman distrib-
uted fiber sensing, is shown in Fig. 5. The system comprised a
distributed feedback (DFB) laser, semiconductor optical ampli-
fier (SOA), WDM, high-speed data acquisition card (DAC),
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Fig. 5. Experimental setup based on slope-assisted demodulation
sensing.

and avalanche photo diode (APD). The pulsed laser source
(DFB laser and SOA) operated at a wavelength of approxi-
mately 1550 nm and a repetition rate of 6 kHz. Pulses with
a peak optical power of 15 W were launched into the sensing
fiber (graded-index multimode, 62.5/125, MMF). The back-
scattered light from the WDM was separated into anti-Stokes
and Stokes signals, which were then detected simultaneously
using low-noise APDs. Next, the electrical signals were col-
lected by a DAC before being transmitted to a computer for
further data processing.

B. Temperature-Measurement Results Based on
Slope-Assisted Demodulation

We experimentally conducted a temperature measurement
based on the slope-assisted demodulation scheme. A section
of the FUT (of length 5.0 m) at a position of 487.0 m was
set up as the temperature variation region, the length of the
entire sensing fiber being 900.0 m. Pulsed lasers of different
pulse widths (30.30, 45.45, and 53.03 ns, respectively) were
then injected into the FUT (5.0 m). Among them, the collected
effective Raman signal excited under each pulse width was
processed 10,000 times by the accumulation average. The tem-
perature of the FUT was set at 39.77°C, 42.37°C, 48.40°C,
52.39°C, 56.36°C, and 60.55°C using a high-precision temper-
ature chamber controller (TCC). The remaining non-FUT area
was placed in a room temperature environment (25.5°C).
Subsequently, the DAC and computer started collecting and
demodulating the superimposed Raman signals excited along
the FUT.

The Raman signals collected after attenuation compensation
based on Eq. (8) are shown in Fig. 6. Figures 6(al)—6(a3) show
the superimposed Raman OTDR trace excited by the pulsed
laser incident on the FUT area under different pulse widths.
After attenuation compensation under constant temperature
conditions, the superimposed intensity of the non-FUT region
was unaffected by the pulse width. When the spatial length of
the pulse width was greater than the length of the FUT—such
as the pulse width with 53.03 ns—the intensity of the Raman
signal in the FUT area was weaker than that of the Raman sig-
nals excited by the pulse width of 30.30 and 45.45 ns.
Moreover, compared with the simulation results shown in
Fig. 3, the rising and falling edges of the Raman OTDR curve
in the FUT region were not smooth. This was because—owing
to the light source equipment limitations—the pulsed laser in-
jected into the FUT area was not a standard rectangular pulse
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Fig. 6. Distribution of superimposed Raman OTDR traces in the
FUT region under the pulse width of (al) 30.30 ns, (a2) 45.45 ns, and
(a3) 53.03 ns. Distribution of superimposed Raman OTDR traces in
the slope-assisted region under the pulse width of (bl) 30.30 ns,
(b2) 45.45 ns, and (b3) 53.03 ns.

signal, leading to inhomogeneity of the superimposed intensity
within the spatial scale of the pulse width. In addition, the ris-
ing and falling edges of the pulsed laser affected the smoothness
of the Raman OTDR curve.

The influence of the pulse width on the spatial scale of the
superimposed Raman OTDR trace in the FUT region was in-
vestigated. As shown in Figs. 6(al)—6(a3), the blue area repre-
sents the spatial length where the superimposed Raman signal is
modulated by the FUT temperature. The experimental results
confirmed the spatial length of the superimposed Raman signal
affected by the FUT to be longer than the real length of the
FUT area, as elaborated upon in Section 2.A. This indicates
that the spatial length of the superimposed Raman signal af-
fected by the FUT area is the FUT length plus the pulse width,
as shown in Fig. 7—that is, it shows that the spatial length of
the Raman scattered signal is affected by the temperature of the
FUT area, the experimental results agreeing with the theoretical
analysis and simulation results.

Figures 6(b1)-6(b3) show the distribution of the superim-
posed Raman OTDR curves in the slope-assisted region. The
slope-assisted  coefficients (®y,c) can be calculated using
Eq. (10). The relationship between @y, and the FUT temper-
ature (7pyr) was also experimentally examined, with pulse

widths of 30.30, 45.45, 53.03, and 55.56 ns, respectively,
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Fig. 7. Relationship between the pulse width and FUT length as

measured by Raman signal.
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being injected into the FUT. Figures 8(a)-8(d) show the rela-
tionship between @, and Tryr. The blue points are the
D10 values calculated from the experiment, the red line being
the fitting curve under different temperature conditions
(39.77°C, 42.37°C, 48.40°C, 52.39°C, 56.36°C, and 60.55°C,
respectively). The experimental results show that @, and
Tyt present a linear function in the slope-assisted region.
Consequently, the actual temperature information of the
FUT region can be demodulated using the calculated slope-as-
sisted coefficients. In addition, the slopes of the linear function
are related to the pulse width—in particular, the slope shows a
gradually increasing trend with increase in the pulse width. In
practical applications, when the pulse width of the system is
fixed, the slope-assisted equation can be determined.
Furthermore, the relationships between ®@,,. and Tryr
under different FUT lengths were studied. Figures 9(a1)-9(c1)
show the distribution of the superimposed Raman OTDR
traces under different FUT lengths (6.0, 4.8, and 2.5 m,
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Fig. 9. Distribution of superimposed Raman OTDR traces in the
FUT region under the FUT with length of (a1) 6.0 m, (b1) 4.8 m, and
(c1) 5.6 m. Distribution of superimposed Raman OTDR traces in the
slope-assisted region under the FUT with length of (a2) 6.0 m, (b2)
4.8 m, and (c2) 5.6 m.
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respectively). In the experiment, the pulse width was fixed at
30.30 ns. The results show that superimposed Raman
OTDR curves deteriorate markedly when the spatial length
of the pulse width is larger than the length of the FUT, as
shown in Fig. 9(c1). The temperature demodulation of the sys-
tem was restricted to the use of this degraded Raman OTDR
curve. Figures 9(a2)-9(c2) shows the distribution of partially
superimposed Raman OTDR traces in the slope-assisted area.
@y can also be calculated using Eq. (10).

The relationship between @y, and Tpyr is shown in
Fig. 10. The blue dots represent @y, the red line being the
fitting curve. The experimental results show that the slope-
assisted coefficients and temperature of the FUT area also
exhibit a linear relationship. Most importantly, the results show
that the three fitting curves are essentially the same, proving

that the linear function depends on the FUT length.

C. Temperature Measurement Results in a
Centimeter-Level Spatial Scale

In the initial stage of a fire, the fire source is usually small, and
the temperature does not increase quickly. This is the best time
to extinguish it. However, the meter-level spatial resolution of
the system will cause this temperature variation information to
be submerged in the average temperature data within the pulse
width scale. To experimentally demonstrate the measurement
performance of the proposed slope-assisted method on a cen-
timeter-level spatial scale, a micro-scale temperature measure-
ment experiment was conducted. In the experiment, a cigarette
lighter was used to heat the optical fibers—that is, it could set
the temperature variation region of the FUT to 1.0 c¢m, as
shown in Fig. 11(a), the core temperature of the flame able
to reach 200°C. The pulse width of the system used in the ex-
periment was 53.0 ns, its theoretical spatial resolution being
5.3 m. Limited by the spatial resolution, the temperature of
the FUT was 36.56°C and was demodulated using a conven-
tional demodulation method, as shown in Fig. 11(a). However,
the conventional Raman demodulation method cannot
accurately monitor the temperature in such a small area.
Fortunately, the actual temperature signal under the same
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Fig. 10. Relationship between the slope-assisted coefficients and
the FUT temperature under FUT lengths of (a) 2.0 m, (b) 3.0 m,
and (c) 4.0 m. (d) Comparative results based on the different FUT
lengths.
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(c) Results measured using the slope-assisted coefficients.

conditions can be accurately demodulated using the proposed
slope-assisted scheme.

Figure 11(b) shows the distribution of the superimposed
Raman OTDR trace after attenuation compensation.
Figure 11(c) shows the slope-assisted coefficients and calculated
temperature. Among them, the slope-assisted coefficients could
be calculated in the slope-assisted area, being -0.18, -0.1845,
-0.1645, -0.1966, -0.1812, and -0.1827 in six repetitive
experiments, as shown by the red dots in Fig. 11(b). The
corresponding demodulation temperature values were also cal-
culated from the slope-assisted equation, being 202.9°C,
207.4°C, 187.4°C, 219.5°C, 204.1°C, and 205.8°C, respec-
tively, as shown by the blue dots in Fig. 11(b), the demodulated
temperature results being consistent with the temperature of
the flame. This proved that the proposed slope-assisted scheme
could accurately demodulate the temperature information on a
centimeter-level spatial scale.

4. CONCLUSION

A novel optical scheme for Raman distributed optical fiber
sensing was proposed to improve the capability of temperature
monitoring in the micro-scale region. In this work, the pulse
transmission feature in the temperature variation area of the
sensing fiber and the superposition characteristics of the
Raman OTDR signal were first theoretically analyzed and then
simulated. The results showed that the true length and position
information of the FUT could be demodulated by the spatial
length of the rising edge of the Raman OTDR trace. Moreover,
the spatial length of the Raman OTDR trace affected by the
FUT area was the FUT length plus the pulse width. This analy-
sis was enabled by a detailed theoretical analysis of the system’s
limitations and an optimization process that provided the best
possible measurement performance. The theoretical analysis
performed in the current study could be a useful tool for de-
signing a distributed optical fiber sensor based on the OTDR
principle, such as BOTDR, BOTDA, and Rayleigh-OTDR
systems.

A slope-assisted sensing principle and scheme were also pro-
posed and experimentally demonstrated using Raman distrib-
uted optical fiber sensing. The falling edge of the superimposed
Raman OTDR curve was defined as the slope-assisted detec-
tion area in the FUT. The temperature variation information

along the FUT could be demodulated using the proposed
slope-assisted coefficients. The experiment showed that the
slope-assisted scheme could achieve an accurate measurement
in a region with centimeter-level spatial scale, even if the spatial
resolution of the system was at the meter-level scale. The results
obtained demonstrated a deep understanding of pulsed laser
transmission and scattering signal superposition, which can
lead to a significant performance improvement in optical fiber
sensing. To the best of our knowledge, this is the first demon-
stration of Raman distributed optical fiber sensing in a centi-
meter-level spatial measurement region. In the future, we will
further optimize the signal to noise ratio (SNR) of the system
based on an optical coding modulation scheme.
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