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Distributed temperature sensing up to 600°C at a fiber length
of 100.75 m based on optical frequency domain reflectometry
(OFDR) was demonstrated using a standard single-mode
fiber (SMF) without any treatment. The spatial resolution
was 2.5 mm. An algorithm, instantaneous optical frequency
resampling (IOFR), to eliminate the nonlinearity of the laser
source was proposed and used to obtain calibrated reference
and measurement signals that were used for temperature
demodulation. Moreover, the temperature response stability
of the annealed SMF was better than that of un-annealed
SMF, where the temperature sensitivity was 1.96 GHz/°C at
600°C. © 2022 Optica Publishing Group

https://doi.org/10.1364/0L.449366

Distributed high-temperature sensing has drawn considerable
attention due to its applications, such as oil exploration,
power stations, and aerospace vehicles. To date, several tech-
nologies with special types of fiber, i.e., sapphire fiber or
metal-plated fiber, have been proposed for achieving distrib-
uted high-temperature sensing using intrinsic backscattering in
the fiber: Brillouin [1,2], Raman [3-5], and Rayleigh backscat-
tering (RBS) [6,7]. For example, a sapphire fiber was employed
to achieve temperature sensing up to 1200°C with a spatial
resolution of 140 mm using optical time domain reflectome-
try based on Raman scattering [8]. Subsequently, temperature
sensing up to 1000°C was realized using Brillouin optical
domain analysis with an annealed gold-plated fiber [9]. Opti-
cal frequency domain reflectometry (OFDR) technology based
on RBS has higher spatial resolution and sensitivity, of the
order of millimeters, than those achieved using Brillouin or
Raman scattering technology [10,11]. Moreover, using OFDR,
the temperature response of interrogated ultra-weak fiber Bragg
gratings (FBGs) has been demodulated by shifting the cen-
tral wavelength of the FBGs [12]. Furthermore, the use of
micro-cavity arrays combined with OFDR to realize temperature
sensing with a spatial resolution of 0.84 mm and a measurement
accuracy of 0.157°C has also been demonstrated [13]. Unfortu-
nately, a complex and expensive experimental setup, i.e., UV
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exposure or a femtosecond laser fabrication system, is nec-
essary to fabricate FBGs and cavity arrays [14]. In addition,
the measurable distance in conventional OFDR is only tens of
meters, was as it is limited by the laser phase error and coherence
length.

In this Letter, the OFDR-based distributed high-temperature
(600°C) sensing at a fiber length of 100.75 m was realized
with a spatial resolution of 2.5mm using a standard single-
mode fiber (SMF) without any treatment. Two algorithms, i.e.,
zero-crossing resampling (ZCR) and instantaneous optical fre-
quency resampling (IOFR), to achieve long-distance (100.75 m)
temperature demodulation were proposed and compared. More-
over, the high-temperature responses of two types of fiber, i.e.,
un-annealed and annealed SMF, were also investigated to obtain
a stable distributed high-temperature sensor.

The experimental setup used for distributed high-temperature
sensing based on improved OFDR is illustrated in Fig. 1. The
output of a tunable laser source (TLS, N7776C, Keysight) was
split into two beams, the auxiliary interferometer (AI) and the
main interferometer (MI), via a 90/10 coupler (C1). Then the
optical signals generated by the auxiliary and main beams were
converted into electrical signals using three balanced photo-
detectors (BPDs, PDB480C-AC, Thorlabs): BPD,, BPD,, and
BPD;, and were acquired synchronously using a data acquisition
card (DAQ, M2p. 5966, Spectrum). Note that the delay fiber in
Al and the fiber under test (FUT) in MI were standard untreated
SMFs (Corning SMF 28e) with lengths of 94.80 and 100.75 m,
respectively, i.e., L; =94.80 and L, =100.75 m. Moreover, the
wavelength of the TLS was swept from 1545 to 1555nm at a
sweep rate y of 80 nm/s, indicating that the sweep range F, was
10 nm or 1250 GHz.

The effect of nonlinearity on the frequency sweep can be
accounted for by adding a phase noise term, i.e., e(t) — e(t —
7). Thus, the signal from the AI acquired by the DAQ is given
by [10]

1
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Fig. 1. Experimental setup for distributed high-temperature sens-
ing based on optical frequency domain reflectometry (OFDR) using
a standard single-mode fiber (SMF) without any treatment, where
the OFDR consisted of main and auxiliary interferometers, and the
lengths of the delay fiber and fiber under test (FUT) were 94.80
and 100.75 m, i.e., L; = 94.80 m, L, = 100.75 m, respectively.
TLS: tunable laser source; C: coupler; CIR: circulator; FRM: Fara-
day rotating mirror; PC: polarization controller; PBS: polarization
beam splitter; BPD: balanced photo-detector; DAQ: data acquisition
card.

where 7, is the delay time between the two arms of the Al, R(t.)
is the reflectivity with the fiber attenuation at a delay time of 7,,
Jo and 7 are the initial optical frequency and sweep rate of the
TLS, respectively, and E| is the amplitude of the optical electric
field. In conventional OFDR, the nonlinear phase term e(f) —
e(t — 7) is eliminated by using a sampling clock rather than an
algorithm [7,11,15]. Moreover, the lower sampling error of such
an OFDR system is limited by the short time delay between the
two arms of the Al and the slow sweep rate of the TLS [16], so
this system is only applicable to short-distance sensing.

To achieve OFDR with a FUT length of 100.75 m, two
algorithms, i.e., zero-crossing resampling (ZCR) and instanta-
neous optical frequency resampling (IOFR), were proposed and
demonstrated. In Figs. 2(a) and 2(b), the auxiliary signal of the
Al and the measurement signal in the MI are illustrated as green
and blue dotted lines, respectively. For the ZCR algorithm, the
sampling point with the amplitude closest to zero in the aux-
iliary signal was extracted. Note that the Fourier interpolation
function was applied before extracting the zero point to increase
the data points and reduce the error. Then the extracted zero
points were used to make a cubic interpolated compensation for
the measurement signal in the MI. Therefore, the calibrated sig-
nal of the measurement signal with an equal time interval, i.e.,
an equal optical frequency, was obtained, as illustrated by the
purple dotted line in Fig. 2(a). As shown by the sky-blue curve
in Fig. 2(c), the reflection peak was calculated at a fiber length of
88.85 m, which was not consistent with the actual length of the
FUT, i.e., L, =100.75 m. This indicated that inaccurate RBS of
the FUT, i.e., the SMF, was obtained using the calibrated signal
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based on the ZCR algorithm when the length of the delay fiber,
i.e., L; =94.80 m, was shorter than the FUT, i.e., L, = 100.75 m.
This can be attributed to the fact that the number of extracted
zero points was less than the number of sampling points of the
measurement signal.

For the IOFR algorithm, first, in order to obtain the actual
instantaneous optical frequency (IOF) of the TLS, the Hilbert
transform was used to convert the auxiliary signal shown by the
green dotted line in Fig. 2(b), i.e., the U(¢) in Eq. (1), from a real
signal to a complex signal. This was expressed as

B = U+ ] 1 mdu = UG +JHIUG). (2

where j and H are the imaginary unit and the Hilbert transform
operator, respectively. Then, the instantaneous phase of the TLS
was calculated by

©)

®(1) = 277yt = arctan {H[U(’)] } ,

U(t)

where arctan is the arctangent function. Finally, the actual
IOF f of the TLS was obtained from the auxiliary signal and
expressed by
0= 32 <y @
T,

Due to the laser source nonlinearity, the actual sweep rate y is
not a constant value, so the actual IOF f is nonlinear, as shown by
the red dotted line in Fig. 2(b). The measurement signal of the MI
obtained by the DAQ is shown by the blue dotted line in Fig. 2(b),
i.e., U;(#). According to Eq. (4), the independent variable in
the measurement signal U,(¢), i.e., t, can be replaced by the
nonlinear IOF f;, so the function relationship was changed from
t—U, (U,@®)tof — U, (Uxf)), obtaining a new measurement
signal U,(f). In order to eliminate the laser source nonlinearity,
the nonlinear IOF f was rearranged into the linear IOF f/, which
was used to perform cubic interpolation of the new measurement
signal and obtain the calibrated signal, i.e., Us(¢), as illustrated by
the purple dotted line in the Fig. 2(b). As shown by the blue curve
in Fig. 2(c), the reflection peak was calculated to occur at a fiber
length of 100.75 m, which agreed well with the actual length of
the FUT, i.e., L, = 100.75 m, and the 3 dB spatial resolution was
0.085 mm. As shown by the red curve in Fig. 2(c), the intensity of
the result obtained without calibration was extraordinarily weak
— too weak to identify. Compared with the un-calibrated signal
and the calibrated signal obtained with the ZCR algorithm, the
IOFR algorithm effectively eliminates the nonlinear effect of
long-distance OFDR. However, the nonlinear phase term, e(t)
— e(t — 7), is obtained through the auxiliary signal, and the

50 100 110
Fiber length (m)

Fig. 2. Schematic diagram of the calibrated signal obtained using (a) zero-crossing resampling (ZCR) and (b) the instantaneous optical
frequency resampling (IOFR) algorithm; (c) Rayleigh backscattering (RBS) intensity signal of the FUT, i.e., a standard SMF, in the distance
domain obtained without calibration (bottom) and using the ZCR (middle) and IOFR (top) algorithms. Aux. signal: auxiliary signal; Mea.

Signal: measurement signal.
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Fig. 3. (a) Flow chart for demodulating the distributed tempera-
ture of the furnace using the calibrated reference and measurement
signals obtained by the IOFR algorithm. (b) Rayleigh backscatte-
ring (RBS) intensity signal of the FUT, i.e., a standard SMF, in
the distance domain obtained via the fast Fourier transform (FFT).
(c) Spectra of the reference and measurement in the optical fre-
quency domain obtained via the inverse Fourier transform (IFFT)
under a sliding window. Top line: reference spectrum; bottom line:
measurement spectrum. (d) Cross-correlation of the reference and
measurement spectral shifts Af when the temperature of the furnace
was changed.

auxiliary signal is the reflected signal at the end of the delay fiber.
As aresult, the resulting noise term, e(t — 7,), is only the noise at
the end of the delay fiber. Thus, providing the measured distance
is continuously increased, the noise term e(t — 7) of the FUT
rapidly worsens with increasing distance. For example, when
the measured distance was longer than 300 m, demodulation
based on the IOFR algorithm failed in our simulations, so the
measurable distance limit of the proposed IOFR algorithm is
about 300 m.

The process used to demodulate the distributed temperature
of the furnace using the calibrated reference and measurement
signals obtained by the IOFR algorithm is shown in detail in
Fig. 3(a). Firstly, the information obtained via the IOFR algo-
rithm was used to calibrate the reference and measurement
signals, yielding the calibrated reference and measurement sig-
nals. Secondly, the calibrated reference and measurement signals
were converted from the optical frequency domain to the dis-
tance domain by the fast Fourier transform (FFT). The intensity
of RBS along the FUT, i.e., the standard SMF, is shown in
Fig. 3(b), which indicates that the length of the FUT was 100.75
m. Thirdly, the FUT was divided into several sections with a
sliding window containing N sampling points at constant inter-
vals in the distance domain. Then, each sliding window was
padded with M zero points, i.e., the length of each section of
the FUT was changed to N + M, and each sliding window was
transformed back to the optical frequency domain. The obtained
reference and measurement spectra are shown in Fig. 3(c).
Finally, cross-correlation of the reference and measurement
spectra was performed. As shown in Fig. 3(d), the tempera-
ture variation of the furnace was deduced from the spectral shift
Af.

The spatial resolution of OFDR is given by AZ = ¢/2nF,
where c is the velocity of light in a vacuum, 7 is the refractive
index of the medium, and F; is the sweep range of the TLS.
Thus, the theoretical value of AZ was 0.082 mm, which was
almost the same as with the result obtained using the IOFR algo-
rithm [see Fig. 2(c)]. Consequently, the effective temperature
sensing spatial resolution was calculated as AX = N X AZ. Note
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Fig. 4. Obtained spectral shifts, Af, of the FUT for (a)-(b)
un-annealed and (c)—(d) annealed standard SMFs with spatial res-
olutions of 2.5 and 5 mm, i.e., AX = 2.5 mm (N = 30) and AX =5
mm (N = 60), as the temperature of the furnace was increased from
50°C to 600°C in steps of 50°C. The three temperature areas near
the opening end of the furnace cavity were the outside area (left),
edge area (middle), and inside area (right). The lines correspond to
the measurements from top to bottom.

that the resolution of the optical frequency was changed from
F,/N to F,/(N + M) due to the inclusion of the M padded zero
points. Therefore, a smaller temperature variation can be iden-
tified without sacrificing the effective sensing spatial resolution
using the padding method.

To verify the feasibility of the IOFR algorithm, temperature
sensing of FUTs, i.e., un-annealed and annealed standard SMFs,
was performed based on OFDR. The temperature of the furnace
was increased from 50 to 600°C in steps of 50°C, remaining for
40 min at each temperature measurement point. The annealed
SMF was continuously heated at a temperature of 700°C for
48 h. Note that, during the demodulation process, the previous
temperature, i.e., 50°C, was used as the reference temperature
to demodulate the next temperature, i.e., 100°C, and so on.
The single-test time was about 5 s. As shown in Fig. 4, the
temperatures of three areas near the opening end of the furnace
cavity were measured: the outside area (blue), the edge area (yel-
low), and the inside area (green). Spatial resolutions of 2.5 and
Smm, i.e., AX =2.5 and AX =5 mm, were selected, which cor-
responded to 30 and 60 sliding windows, respectively. As shown
in Figs. 4(a) and 4(c), the spectral shifts of the un-annealed and
annealed SMFs with fiber lengths of between 100.64 to 100.71
m were seen as the furnace temperature was changed, but these
shifts were accompanied by small fluctuations when the spatial
resolution was set to 2.5 mm, i.e., AX = 2.5 mm. Compared with
the shifts seen with a spatial resolution of 2.5 mm, the spectral
shifts of the un-annealed and annealed SMFs were easier to iden-
tify due to a lack of fluctuations when the spatial resolution was
5.0 mm, i.e., AX =5.0 mm, as illustrated in Figs. 4(b) and 4(d).
An uneven temperature distribution at the outside and edge of
the furnace at fiber lengths of 100.40~100.64 m is illustrated in
Fig. 4, which is consistent with the phenomenon that the tem-
perature in the furnace spreads outward, inducing the uneven
temperature distribution.

Moreover, as shown in Fig. 5(a), the fitting coefficients
of the un-annealed and annealed SMFs were 0.99985 and
0.99993 under polynomial fitting at a fiber length of 100.67 m,
respectively. Therefore, the spectral shift measured at different
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Fig. 6. Standard deviation (STD) of the spectral shift at fiber
lengths of 100.64 to 100.71 m when the spatial resolution was (a)
2.5 and (b) 5.0 mm, i.e., AX = 2.5 mm and AX = 5 mm, at different
temperatures. Unannealed: top line; annealed: bottom line.

temperatures showed a good quadratic curve, which is consis-
tent with the result that the refractive index of SMF presents a
quadratic function under a wide range of temperature changes,
as mentioned in Ref. [17]. The temperature sensitivities of the
un-annealed and annealed SMFs were calculated using deriva-
tion as 1.33, 1.39, 1.45 1.51, 1.57, 1.64, 1.70, 1.76, 1.82, 1.88,
1.94, and 2.00 GHz/°C and 1.36, 1.41, 1.47, 1.52, 1.58, 1.63,
1.69, 1.74, 1.80, 1.85, 1.91, and 1.96 GHz/°C, respectively, for
temperatures ranging from 50 to 600°C. In addition, the FUT
was put into two furnaces at the same time to demonstrate dis-
tributed measurement. The first furnace was heated to 80°C and
the second furnace was heated to 600°C. As shown in Fig. 5(b),
the temperature distribution in the two furnaces was demodu-
lated by the OFDR system. That is, simultaneous measurement
at multiple points was realized.

The standard deviation (STD) of the spectral shift for the un-
annealed and annealed SMFs at fiber lengths from 100.64 to
100.71 m was also calculated. As shown in Fig. 6(a), the STD of
the spectral shift for the un-annealed SMF was close to but more
than that of the annealed SMF when the spatial resolution was
2.5mm, i.e., AX =2.5mm. As shown in Fig. 6(b), the STD of
the spectral shift differed greatly between the un-annealed and
annealed SMFs when the spatial resolution was 5.0 mm, i.e.,
AX =5.0mm. The STD for the annealed SMF was also less than
that for the un-annealed SMF, indicating that the temperature
response stability of the annealed SMF was better than that
of the un-annealed SMF. As reported in Ref. [18], annealing
can release the residual stress and stabilize the physical and
chemical properties of the optical fiber, which results in a stable
RBS spectrum. In addition, the STD of the spectral shift for
the annealed and un-annealed SMFs increased with increasing
temperature, regardless of the spatial resolution, as illustrated in
Fig. 6, i.e., the higher the temperature in the furnace, the greater
the STD. This phenomenon agrees well with the situation that
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the higher temperature, the greater the change of temperature
distribution in the furnace.

In conclusion, a distributed high-temperature sensor, i.e., a
standard SMF without treatment, based on OFDR with a spatial
resolution of 2.5 mm has been shown to measure temperatures
of up to 600°C at a length of 100.75 m. The calibrated reference
and measurement signals obtained using the IOFR algorithm
were used to successfully achieve long-distance temperature
demodulation. Moreover, the temperature response stability of
the annealed SMF was better than that of the un-annealed SMF.
The STD of the spectral shift for the annealed and un-annealed
SMFs increased with increasing temperature, regardless of the
spatial resolution.
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