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Abstract:

Optical temperature sensors have become indispensable for many important future technologies, for
example in the energy sector. However, most commercially available systems offer either distributed
measurements or high temperature resolution at distinct hot spots since they are restricted to one
measurement principle. We have combined two concepts, fiber Bragg grating (FBG) temperature
sensors and Raman based distributed temperature sensing, to overcome these limitations. Our
incoherent optical frequency domain reflectometry (IOFDR) system allows to perform truly distributed
temperature measurements with a mean standard deviation of 1.5 K at a spatial resolution in the order
of 1 m and FBG hot spot measurements using a single measurement setup.
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Fiber Optical Temperature Sensing

An important application for fiber sensors is
temperature monitoring. One of the main
advantages of fiber sensors is that long
distances can be covered and that the sensor
fibers are insensitive to electromagnetic fields.
This allows to deploy fiber optic sensors in all
kinds of industrial environments and energy
facilities [1]. Several sensors can be cascaded or
multiplexed to measure at a series of distant
locations using only a single, centrally installed
measurement unit, which reduces costs and
complexity.

There are various different measurement
concepts that are either based on temperature
depended scattering phenomena (Rayleigh,
Brillouin, Raman scattering) [2] or deploy distinct
temperature sensitive fiber components such as
fiber Bragg gratings (FBGs) [3].

While scattering based concepts enable truly
distributed temperature sensing (DTS), FBG
sensors are better suited for the monitoring of
hot spots at distinct positions with a good
temperature resolution.

In order to profit from the advantages of both
concepts we have combined a Raman-based
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DTS with FBG temperature sensors in one
measurement setup using incoherent optical
frequency domain reflectometry (IOFDR).

Spatially Resolved Backscatter and
Reflection Measurements with Incoherent
Optical Frequency Domain Reflectometry

For both concepts, a method to spatially resolve
the backscattered and reflected light along the
fiber is needed. In a Raman DTS system, the
temperature measurement is based on the
power ratio of the Raman Stokes and anti-
Stokes backscattering components, whereas for
the FBG sensors the spatial resolution, in
addition to the wavelength resolution, is crucial
to separate the individual FBG sensors.

Conventional optical time domain reflectometry
(OTDR) systems launch an optical pulse into the
fiber and measure the backscattered and
reflected light over time. This so-called impulse
response hp(t) can be related to spatial fiber
coordinates via the group velocity of light in the
fiber, resulting in a backscattering/reflection
profile R(z2).

However, the same information can be obtained
by measuring the frequency response Hg(f) of
the sensor fiber and calculating hg(t) via the
inverse Fourier transform (IFT). This approach is
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called IOFDR and offers various advantages
over OTDR, such as lower peak-to-average
power and accurate calibration capabilities.

Experimental IOFDR System Setup

In order to measure the frequency response
Hg(f) of a sensor fiber, a spectrally broadened
continuous-wave light source is intensity-
modulated with frequencies up to some hundred
MHz with the stimulus signal of a vector network
analyzer (VNA). The light, which is back
propagating along the fiber, is separated with a
circulator, spectrally split up in an optical filter
bank and each component is detected with a fast
photodiode. The VNA determines the amplitude
and phase of the detected signals relative to the
stimulus signal (see Fig. 1).

Measuring at many uniformly spaced
frequencies and normalizing to a reference trace
gives the discrete frequency response Hp(f) of
the sensor fiber. Calculating an IFT yields the
corresponding impulse response hg(t) in the
time domain. The limited electrical measurement
bandwidth resembles a rectangular window,
resulting in a sinc-shaped reconstruction
kernel [4]. Optionally, another window function
can be multiplied to the measured frequency
response before the transformation into the time
domain.

From the backscatter impulse response hgp(t)
the backscattering profile R(z) is obtained by
estimating the DC component and rescaling the
abscissa using

20 = 7yt (1)

where v, is the effective group velocity in the
sensor fiber. The DC component corresponds to
an up-shift of the backscattering profile and
cannot be measured directly with the VNA.
However, it can be accounted for by subtracting
the noise floor offset after the end of the fiber.
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The nominal achievable spatial resolution Az for
this approach is given by [5]

7,
= _£
= (2)
where B is the electrical
bandwidth of the VNA.

This value corresponds to the distance between
the first zero crossings of the sinc reconstruction
kernel if no window is applied. However, even
small reflections, e.g. at fiber connectors, cause
side lobe artefacts that must be suppressed with
the help of an effective window at the cost of a
decreased effective spatial resolution.

Az

measurement

The maximum unambiguous measurement
range Z,.x is limited by the number of
measurement frequencies N, yielding [5]:
_ B N—1) = &
Zmax = 5p (N 1)—2Af, (3)
with Af resembling the frequency step size of the
VNA.

Fiber Bragg Grating Temperature Sensing

FBGs are point sensors for temperature
measurements and therefore suitable for
selective thermal hot spot monitoring. Their
periodic refractive index modulation causes a
narrowband back reflection at the so-called
Bragg wavelength given by the Bragg condition
A = 2n.gA, Where ng; is the effective refractive
index of the fiber and A the grating period. Both
of these parameters depend on temperature and
strain, resulting in a shift of the Bragg
wavelength  Adg = Az — A, relative to the
wavelength Ag, at a reference temperature T,
and strain. In order to measure temperature
changes AT =T — T, only, it is necessary that
the FBGs are either strain compensated or
mechanically decoupled from any strain.

ASE
filter

Sensor fiber

EDFA Circulator

] it D<o > DH L

Reflected and

RF Avalanche
amplifiers photodiodes

(o))
=
?
8
: 1 " l> kscatt
> RF amplifier ﬁaﬁt scattered
Tg g
(o]
ke; Vector < <] < %SL/ P Raman
g <Data: network . - anti-Stokes oo
° analyzer _ _—
|5 (WNA)  3le— <] e 2§§: Reyleigh/ P
5 bank
g — Optical path
. < < o Raman :
) <] ) Z&//‘ Stokes — Electrical path

Fig. 1: Experimental IOFDR system setup
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Generally, the temperature dependence of the
Bragg wavelength follows a nonlinear
function [6], which is usually expanded into a
Taylor series:

0 10225

AAB(T) = a_TAT + E 972

In many applications, the linear temperature
9 .
coefficient a_TB is sufficiently accurate. However,

for wide temperature ranges and better
accuracy, higher order terms should be taken
into account in the calibration process.

AT? + -, (4)

The Bragg wavelength of a FBG sensor is
determined by examining the reflectivity during a
wavelength scan of a tunable laser source
(TLS) [7]. A set of several FBGs with the same
or similar Bragg wavelengths can be separated
spatially by performing IOFDR measurements at
each wavelength step.

The spectral signatures of the gratings are
reconstructed using a model-based compressed
sensing (MBCS) approach [8], where the fixed
positions of the FBGs are used as prior
knowledge and the reflectivities are estimated
from the measured frequency response.

Two FBG arrays, each containing three gratings
in a spacing of 2m, were fabricated and
recoated again in a HI1060 FLEX fiber. The first
grating array was fabricated without hydrogen
loading, reaching reflectivites of ~0.2%,
whereas for the second grating array a
hydrogen-loaded fiber was used, resulting in
reflectivities of ~1%.

Prior to the temperature measurements, a
calibration of the Bragg wavelengths over
temperature is performed. Therefore, the
gratings are installed in a temperature control
unit with thermoelectric coolers (TEC) and ten
temperature cycles ranging from 0 °C to 80 °C in
steps of 10 K are run.

The Bragg wavelengths are determined by a
Gaussian fit with a threshold of 20% from the
reconstructed reflectivity profiles (see calibration
points in Fig. 2). At a temperature of 20 °C, the
grating array with lower reflectivities (labelled
FBG 1-3) contains one FBG with a Bragg
wavelength of 1540.6 nm and two gratings at
1541.3 nm, whereas all FBGs of the second
array (labelled FBG 4-6) are centered around
1538.9 nm. These differences are probably due
to the hydrogen treatment of the second grating
array prior to the fabrication.

Looking closer at the calibration points in Fig. 2,
a slightly nonlinear characteristic can be
observed towards lower temperatures.
Therefore, a second order polynomial was fitted
to the calibration data (see Fig. 2).
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Fig. 2: Calibration curves for the FBGs used in the
temperature measurement experiment

The average root mean square error (RMSE) of
the calibration curves is approximately 8 pm,
which would correspond to a temperature
uncertainty of about 0.6 K to 0.7 K for these
gratings.

Distributed Raman Temperature Sensing

Raman scattering of light in a fiber causes a
Stokes wave and an anti-Stokes wave at
wavelengths above and below the pump
wavelength that can be observed in the
backscattered light. The center frequencies of
these components are shifted by the frequency
of the molecule vibrations f,;, in the fiber. In
silica fibers, f,;, is about 13 THz [9], leading to a
wavelength shift of approx. 100 nm at a pump
wavelength 1, of 1540 nm. Moreover, a spectral
broadening occurs due to the interaction
between the molecules in a solid medium. The
resulting spectra of the two Raman components
can be separated with an optical filter bank. For
sensing applications, the dependence of the
ratio between the intensity of the anti-Stokes
wave Ix5, and the Stokes wave s, on the fiber
temperature T is exploited [9], [10]:

oo _ (ffiss) ep(-2Lm)

In Eq. (5), fas and fs is the frequency of the anti-
Stokes and Stokes wave, respectively, h is
Planck’s constant and k Boltzmann’s constant.

For a practical application, Eq. (5) must be
extended due to the wavelength dependence of
the backscatter capture fraction 7 in a fiber, and
the differences in the detector sensitivity R,
Neglecting the slightly differing fiber attenuation
for the Raman components yields:

Ixs(2) _ Rresp,AS ) % (&)4
I5(zZ)  Reesps Ms \fs

h- foin
+ exp —T .

(6)
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Filter Bank Setup and Characteristics

The proposed filter bank setup to separate the
Raman Stokes, Raman anti-Stokes
backscattering and FBG reflections, designed
for a pump wavelength of 1540 + 2 nm, is shown
in Fig. 3. A wavelength division multiplexer
(WDM) is used at the input to split off the Raman
anti-Stokes component, which generally has the
lowest power. The spectral Rayleigh/FBG and
Raman Stokes content is separated using a free
space long-pass edge filter installed after a
circulator.
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Fig. 3: Setup of the filter bank, that is used to separate
the Raman components and the FBG reflections

Fig. 4 shows the transmission characteristic of
the filter bank channels. With our setup, a very
good isolation between the Rayleigh/FBG
channel and the two Raman channels of about
70 dB is achieved. However, there is some
extent of crosstalk between the channels.
Especially the non-ideal separation of the
Raman channels must be considered when the
temperature is calculated.

Moreover, the two filter channels will generally
experience different attenuations a,gs and as.
Therefore, the measured ration of power in the
anti-Stokes and Stokes wave can be expressed
as:

I'ps(z) _ans <1AS(Z) 1 x >’ e

I's(2) _a_s I5(2) 1—x +1—x

where x is the factor of coupling from the Stokes
into the anti-Stokes channel. The various factors
can be replaced by two calibration coefficients C;
and C,, that must be determined in a calibration
measurement at a known temperature:

I'ys(2) h fuib
@) C; - exp (— kT(z)) + C,. (8)

Rearranging Eq. (8) gives the temperature
profile T(z) along the fiber in dependence of the
measured, spatially resolved backscattering
ratio I,5 (2)/15(z) at the output of the filter bank:

_ h - fuib
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Fig. 4: Transmission characteristic of the proposed
filter bank topology

In Fig. 5, the attenuation compensated spectra
at the filter bank outputs, measured with an
optical spectrum analyzer, are depicted for a
300 m long HI1060 FLEX fiber at three different
temperatures. This fiber is especially well suited
for a Raman DTS since it exhibits a relatively
high amount of Raman scattering [9]. The
various backscattering components and the
temperature dependence of the Raman anti-
Stokes power density is clearly visible.
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Fig. 5: Measured backscattering spectra at the filter
bank outputs for a 300m HI1060 FLEX fiber
(resolution bandwidth: 1 nm)

Experimental Temperature Measurements

For the temperature measurement experiments,
we placed a sensor fiber, which consisted of the
aforementioned FBG arrays spliced to either end
of a 50 m HI1060 FLEX fiber, in the climate
chamber at different temperatures. Before and
after the sensor fiber, a 50 m lead fiber of the
same type was installed (see Fig. 6). At the end
of the fiber chain, a short piece of coreless fiber
was used as a fiber termination.

Initially, the whole setup was left settled at room
temperature and a reference measurement was
performed. From the acquired backscattering
profile, the connector losses between the fiber
segments were determined.
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Fig. 6: Fiber setup for the experimental temperature measurements

Subsequently, the climate chamber was set to
temperatures ranging from -20 °C to 80 °C in
steps of 20 °C. For each temperature step, the
TLS performed a wavelength sweep from
1538 nm to 1542.5 nm (step size: 20 pm) and
the frequency response of the Rayleigh/FBG
channel was measured with the VNA at each
wavelength step. From the acquired data set, the
spectral shapes of all FBGs were reconstructed
(see Fig. 7), the Bragg wavelengths determined
and the corresponding temperatures calculated
using the calibration curves depicted in Fig. 2.
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Fig. 7: Examples of reconstructed FBG reflectivities at
three different temperatures using MBCS
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The Raman measurements were performed at
different wavelengths around 1540 nm, where
the FBGs showed little reflectivity to minimize
their influence. The Raman Stokes and anti-
Stokes backscattering profiles along the fiber
were reconstructed applying the inverse fast
Fourier transform (IFFT) to the frequency
response determined at the corresponding filter
bank outputs. Before the calculation of the IFFT,
a Blackman window function was applied to
suppress unwanted side lobes. From the
backscattering profiles, the temperature profile
was calculated according to Eq. (9).

The room temperature was recorded and the
50 m lead fiber was used to estimate the
required calibration coefficients ¢, and C, with a
least square fit for each measurement.

The measurement parameters of the VNA for the
RF sweeps are listed in Tab. 1. For the Raman
DTS measurements, these parameters yield a
maximum unambiguous measurement range

AMA Conferences 2017 — SENSOR 2017 and IRS? 2017

Z max Of almost 3.5 km and a spatial resolution Az
of around 1 m. However, due to the Blackman
window, the main lobe is broadened by a factor
of approximately 2 [4].

For the FBG reconstruction, the MBCS approach
[8] was chosen, which allowed using the same
modulation bandwidth of only 100 MHz.

For all measurements, the fiber launch power
was approximately 26 dBm.

Tab. 1: VNA measurement parameters for the Raman
DTS and FBG temperature sensor measurements

VNA Parameter Rg’{.‘; n s eaBsgrs
Start Frequency 30 kHz 500 kHz
Stop Frequency 99.99 MHz | 100 MHz
IF bandwidth 30 Hz 10 kHz
Number of 3,333 200
frequency samples
Averaging 10 -

The results of the FBG and Raman temperature
measurements are depicted in Fig. 8. A good
agreement was found between the temperatures
measured with the FBG sensors and the Raman
DTS results.

In the Raman DTS measurements, an average
accuracy better than 0.5K, a worst-case
standard deviation of around 2.5 K and a mean
deviation of 1.5 K was achieved for the sensor
fiber inside the climate chamber.
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Fig. 8: Temperature measurement results
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Summary

In this work, we have successfully demonstrated
a fiber optical temperature measurement system
based on IOFDR, which combines FBG
temperature sensors and Raman based DTS to
enable both, distinct hot spot and truly distributed
temperature profile measurements with a spatial
resolution in the order of 1 m, over a wide range
of temperatures.
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