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Fiber-optic sensing has established itself as an innovative and versatile measurement technology for
various physical parameters, such as temperature. Moreover, particular properties of optical fibers, in
some cases, make fiber-optic sensing only suitable choice due to operation conditions, precision and
accuracy, possibility of remote operation. In this paper we present the simple fiber optic temperature
sensor system that utilizes reflective Bragg element as a sensing head. The main advantage of the
proposed approach relies on the use of widely available low-cost telecommunication devices, such as a DFB
laser as a light source and commonly used fiber optics components. Another advantage of the sensor is
measurement technique that doesn’t require optical spectrometer or other precise optical measurements
such as interferometry. It is shown that by implementing various Bragg structures for the sensing element
it is possible to alter optical response thus achieving required characteristics of the sensor. Calculations for
Bragg structures are presented for both narrow range sensor suitable for medical use and wide range
temperature sensor with AT ~ 200 °C. In addition, this paper provides brief review of commonly used fiber-
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optic temperature sensing techniques, their advantages and application.
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1. INTRODUCTION

Fiber-optic sensing has become essential in
transport safety, medicine, precision engineering, etc.,
due to significant technological achievements in the
field of telecommunications that have been made dur-
ing past decades. Fiber-optic sensors allow measure-
ments of wide variety of physical parameters, such as
displacements, accelerations, pressure, temperature,
humidity, intensity of electric, magnetic and radiation
fields, spectral measurements, etc. High accuracy, fast
response times and ability to provide combined flexible
multiparameter systems that include large number of
sensors have significantly expanded interest in fiber-
optic sensing for various applications [1].

Among physical quantities that require measure-
ments with high accuracy, temperature presents great
importance. Technically, temperature measurements
can be performed via various methods and technical
means based on electrical, chemical, mechanical princi-
ples. However, there are a number of applications that
impose strict requirements on temperature sensors,
regarding the measurement accuracy, ability of detect-
ing small changes in real time, ability to operate re-
motely in harsh conditions.

First of all, the operation conditions for a number of
applications are crucially important. For instance, the
presence of high-intensity fields does not allow the use
of standard techniques. Such areas include nuclear
energy and the medical applications [2,3]. In the latter
case, the use of optoelectronic sensors for temperature
measurement is preferable, primarily for measuring
the temperature of tissues during radiotherapy and
other procedures. Miniature dimensions and inert ma-
terials of the optical fiber (mainly SiOs) are also benefi-
cial in some cases.

In general, the main advantages of fiber-optic
sensors are:

— Suitable for in-situ measurements;
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— Immune to electromagnetic fields, chemical inertness;

— Suitable for operation at high temperatures;

— Miniature size and flexibility (250-500 microns);

— Capable to perform remote measurements using
multiple sensors.

Fiber optic sensors use variety of techniques to de-
tect the measurands based on intensity, phase or wave-
length changes.

Regarding the principle of operation, fiber sensors
can be divided into two classes: extrinsic - in which an
optical fiber is used to transmit signals with a separate
sensor attached at the end of the fiber and extrinsic —
that implements optical fiber as a sensor itself. Fiber
temperature sensors mainly belonging to the second
class have significant advantages in terms of miniatur-
ization and simplicity of design. The principle of opera-
tion of such sensors is based on internal fiber mecha-
nisms, intensity/frequency modulation, or phase meas-
urements [4].

The intrinsic sensor proposed in this article is based
on wavelength modulation principle, namely on the
change of reflected radiation intensity registered due to
temperature change. This sensor system includes an
ordinary telecommunication fiber with a Bragg struc-
ture at the end of the fiber, DFB laser diode as a light
source and other commonly available optical telecom-
munication parts. Advantages and operation principle
is discussed further in the article.

2. FIBER OPTIC TEMPERATURE SENSORS

Most fiber sensing systems utilize optical fibers that
are typically used for telecommunications or other trivial
fiber optic applications. Those include multimode optical
fibers (MOF), single mode fibers (SMF). In some particu-
lar cases, mainly for strain measurements, polymer opti-
cal fibers are used but their application is fairly limited
due attenuation that can exceed 100 dB/km. Multimode
optical fibers have quite large core diameter thus coupling
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to broadband light sources, such as LEDs is much facili-
tated. Also, tolerances related to alignment not as strict as
for SMF fibers. However, high attenuation (1 dB/km)
along with temporal dispersion limiting the use of such
sensing systems to short distances of just few hundred
meters. Contrary, SMF have clear advantage when it
comes to high spatial resolution techniques and fiber
Bragg sensors. The main limitations of SMFs are re-
quirements related to precision coupling and use of laser
sources. Due to low attenuation coefficients (< 0.2 dB/km)
SMF’s are very well suited for remote long range meas-
urement systems. Typically, optical fibers and fiber sen-
sors made of fused silica glass (amorphous SiOz2) and have
high temperature endurance up to 800 — 1000°C.

Temperature fiber optic sensors are classified based
on operation principle, which are commonly:

— Interferometric optical fiber sensors. These sensors
rely on the changes of optical resonator length or refrac-
tive index due to temperature fluctuations. There are
different approaches available including various Fabry-
Perot and Mach-Zender implementations [5-9]. These
sensors generally benefit from high reliability and a
nearly path-independent transmission along optical
fibers. This type of sensors based on interferometric
measurements, which imposes strict requirements to
precision and mechanical vibrations.

— Distributed temperature sensors using Raman and
Brillivon scattering. Optical fiber distributed tempera-
ture sensors enable temperature profile monitoring
along the fiber length. These sensors operate according
to optical time domain reflectometry principle. A laser
pulse is sent through the fiber and the backscattered
light is detected with high temporal resolution. The
intensity of the Raman light provides information about
losses and temperature along the fiber whereas the time
delay provides distance measurements. Both Raman and
Brillouin scattering, which are temperature dependent,
can be used for temperature measurements but Raman
is more practical due to much larger spectral offset
[10, 11]. Rayleigh scattering is not particularly useful
due to very weak effect. Complex design and necessity
for sensitive techniques for scattering measurements are
main disadvantages of these sensors.

— Fiber Bragg sensors. The sensing principle of FBG-
based sensors - wavelength modulation of a Bragg struc-
ture due to temperature change. In other words they rely
on Bragg resonance peak shift measurements. Compared
to other optical fiber sensors, the grating-based tempera-
ture sensors possess good linearity apart from cryogenic
temperatures, where nonlinear behavior prevails. Recent
developments Disadvantage of FBG sensing (and other
fiber sensors as well) is the simultaneous sensitivity to
strain and temperature which gives rise to cross-talk as
typically only one quantity must be measured.

Generally FBG sensors are able to operate at high
temperatures with some examples such as Sapphire-
FBG up to 1800 °C. More information on sensitivity of
optic fiber sensors and operational range, including
FBG, can be found in work [12].

Most commercially available Bragg sensors of this
type are used to measure absolute temperature, mechan-
ical stretch, or measure temperature-compensated
stretch (Fig. 1). Silicon fibers with Bragg structures of
types I (mainly germanium doped and germanosilicates,
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An<10-3) and IT (An ~ 10 -2) are usually used for this
purpose. First type involves monotonous growth while
the second type includes high power single pulse damage
fibers. Type I gratings are suitable for applications bel-
low 300 °C, type II can be stable up to 800 °C and pre-
ferred for high temperature measurements [13, 14]

Using other various dopants it is possible to achieve
wide range of An for Bragg structures. It’s been reported
application of different dopants and corresponding re-
fractive index change: Nitrogen An =10-2—10 ~4, pure
silica An =5 -10-5  Phosphorous An =3 -10-4—
7 -10-4, Lead An =0.09 [15].

Bragg structures can be produced for a wide range of
wavelengths A =450 - 2000 nm, but are usually imple-
mented at the wavelengths that corresponds to trans-
parency windows of optical fibers, namely 850 nm,
1310 nm, 1550 nm. Reflectivity indexes can be achieved
from 1% to 99 % with FWHM of around 0.2 — 2 nm.
Typical Fiber Bragg sensors schematics for strain and
temperature measurements are presented on Fig. 2.

Fig. 1 — Bragg structure
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Fig. 2 — Bragg sensors: a) mechanical stretching, b) temperature

Another advantage of this type of sensors is the
possibility to implement an array of sensors in one
single optical fiber with Bragg structures at different
wavelengths, as shown on Fig. 3.
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Fig. 3 — Array of Bragg sensors formed in a single optical fibre
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The main disadvantage of an array of Bragg sensors
and individual Bragg sensors is necessity of broadband
radiation sources (mainly IR LEDs) and the need to
accurately measure the shift of the peaks of reflected
radiation using optical spectrum analyzers and subse-
quent wavelength multiplexing.

3. BRAGG FIBERS

The Bragg waveguide is an elongated structure of
circular cross-section, in which sections with a high and
low refractive index alternate along the fiber axis and
the thickness of each layer is multiple of 1/4.

A
4n, 5

d,, =(2m+1) 3.1)

where ni2 are the refractive indices of the layers,
m=0,1,2.

In general, the Bragg waveguide is a multilayer of
homogeneous films. Provided that n =const, the layer
matrix can be calculated using equations:

M, =M,, = cos(%ndj;

M, = lsin(z—ﬂnalj;
n A
M, = nsin(z—ﬁnd}

A (3.2)

where d is the thickness of the layer.
For a single layer:

cos [2_7; nd} ilsin (2—ﬂndj
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M = 9 . (3.3)
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The multilayer matrix can be calculated using the formula:

M = M\M,M,..M, 54

Transmission and reflective coefficients can be
calculated using formula:
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Here nwuns—refractive indexes before and after
Bragg structure.

4. TEMPERATURE DEPENDENCE OF THE
BRAGG WAVELENGTH

Bragg resonance, which is the peak center
wavelength of back-reflected light from a grating,
depends on the effective index of refraction of the core
and the grating period. A change in temperature will
directly affect these two indicators.
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where: d is the layer thickness, nes is the effective
refractive index
Also, this indicator can be presented in the form [15]

Ay = (ay+a,)AT . 3.7

Where au represents temperature coefficient of
expansion for silica and its value is approximately
aqd=0.55 10 -6, The second term o is thermo-optic
coefficient an is approximately 8.6 -10-¢ for silica
fibers. The second indicator is far more dominant.

In general, the shift at 1550 nm is 14 pm/C° for
silica fibers doped with germanium [15, 16]. Further-
more temperature response is strongly wavelength
dependent, at 830 nm and 1300 nm shifts correspond to
6.8 pm/°C and 10 pm/°C respectively. Therefore, in
sensing applications Bragg optical fibers can be
effectively utilized for temperature measurements.

4.1 Bragg Temperature Sensor with Laser DFB
Diode

As mentioned above, FBG sensors require precise
wavelength measurements which in many cases
involve spectrum analyzers. Being the most complex
and expensive part of measurement system, presence of
optical spectrum analyzers significantly increase
overall cost of the system. Instead of broadband light
source, such as LED, and spectrum analyzer we
propose to use DFB semiconductor laser as part of the
system [17]. Such lasers are commonly used in
telecommunications and characterized by single mode
operation with FWHM of 100 MHz or less. Utilization
of a monochromatic light source requires temperature
measurements to be performed by measuring the power
of the reflected back radiation. The schematic diagram
for the measurement system is presented on Fig. 4. The
system comprises of a semiconductor DFB laser
operating at 1550 nm, a fiber optic circulator, laser
source power, wavelength stabilization unit, signal
recording unit, a Bragg sensor element at 1550 nm.

Characteristics of the sensor are determined by the
Bragg structure and its reflection spectrum, whereas
the temperature measurement will depend on reflected
wavelength shift. Therefore, the laser source must be
thermally stabilized.

L
3

Fig. 4 — System for temperature measurement utilizing Bragg
sensor: 1 — DFB laser diode 1550 nm, 2 — thermal resistance
and photodiode for monitoring the output optical power and
temperature of the laser crystal, 3 — thermal stabilization unit
of the laser source, 4 —unit for signal acquisition, 5 — fiber
circulator, 6 — photodiode, 7 — Bragg temperature sensor

_@f

3

05027-3



S.M. KUKHTIN, O.S. HNATENKO

Modern laser telecommunication diodes have built-in
photodiode, thermistor and Peltier element which allow
controlling the output optical power and emitting
wavelength with high precision. Stabilization of the laser
source and registration of the optical signal is carried out
by separate units 3 and 4. The operation principle is as
follows: laser radiation from the source 1 is directed
along an optical single-mode fiber to the optical Bragg
sensor 7, whereas the reflected radiation is redirected
using a fiber circulator 5 to the photodiode 6. Due to the
temperature change the Bragg resonance peak will drift
resulting in changes of laser power reflected to the
photodiode 6. So in our case temperature measurements
are conducted via photodiode current.

Considering the measurement technique it becomes
obvious that the parameters of the temperature sensor
and its sensitivity will primarily depend on the spectral
characteristics of the Bragg structure, stabilization
precision of emitting power and wavelength of the laser
source. Modern DFB lasers have thermal wavelength
shift of approximately 0,1 nm/°C and current tuning
coefficients lie in the range of 10 -2 nm/mA, so sensor
accuracy of 0,1 °C should be easily achievable for wide
ranges of temperature measurements.

Appropriate limits at which these sensors can
operate are in accordance to general operational range
of silica fibers for up to 800 — 1000 °C. Operation at
negative temperatures is also possible, but it worth
mentioning that at 77 K sensitivity of bare FBG
reduces by five folds compared to room temperature
exhibiting a nonlinear optical response [18]
Measurement range (spectral position of Bragg peak)
within operational range of the sensor is determined by
Bragg structure characteristics and can be chosen
during fabrication. Small adjustments within 10 °C are
also possible via fine tuning of the lasers wavelength.

The calculations of the Bragg structure and the
corresponding response of the sensor are provided below.

Spectral response and temperature shift calculations
were carried out using formulas 3.1-3.5, 3.7. For this
purpose, typical values of the refractive index of the
Bragg structure were taken. In the first case, the
calculations were carried out for Bragg structure within
silicon fiber doped with germanium using parameters:
modulation of the reflection coefficient AA=5 -10 -4,
number of layers is 1500. The spectral characteristics
and response of the sensor are presented in Fig. 5. Such
sensor has narrow range, but nevertheless should
provide high resolution. It can be suitable for biomedical
applications due to limited spectral range.

Below is an example of a Bragg structure suitable
for wide range temperature measurements
(AT ~ 200 °C). In this case the modulation of the
reflection coefficient is AA=10-2, the number of
layers is 100. The sensor spectral characteristic and
temperature response are shown on Fig. 6.

It should be noted that calculated Bragg spectra
serve as an example. The required spectral response of
the BRG sensor can be tailored to specific needs via
type of fiber/grating and geometric properties of a
grating. It is also possible to create temperature
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measurement systems with multiple BRG sensors that
involve multiple laser light sources and utilize
multiplexing technique.
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Fig. 5 — Spectral characteristics of the Bragg structure and
temperature response of the sensor (A1 =5 - 10 -4, the number
of layers is 1500)

The spectral response of Bragg structure is greatly
affected by the length of a grating/mumber of layers.
Increasing the number of layers will result in narrowed
bandwidth and increased refractive index. However, if the
value of refractive change An is reduced with increased
number of layers it is possible to keep reflective index
unchanged with considerably reduced bandwidth.

Ultimately, increased value of refractive change An
will result in both bandwidth and reflective index
increase. Adjusting these parameters allows flexibility
of sensor design for required purposes.
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Fig. 6 — Spectral characteristics of the Bragg structure and
the temperature response of the sensor (AA=10-2, the
number of layers is 100)

5. CONCLUSIONS

In this work, the main types of fiber-optic
temperature sensors are discussed including their
advantages, principle of operation, limitations and
general overview of optical fibers. This article also
provides overview of FBG sensing technique and Bragg
structures. In this article a simple Fiber Bragg
temperature sensor system has been proposed that
incorporate generally available telecommunication
components and does not require spectrum analyzer. It
is shown that it is possible to effectively control the
parameters of the sensor response by altering the
characteristics of the Bragg structure. Calculations of
spectral characteristics of Bragg structure and
temperature response for narrow range sensor
AT ~ 14 °C suitable for medical application and a wide
range sensor AT~ 200 °C are also presented in this
article.
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Bo0J10KOHHO-OIITUIHUI CEHCOP TEMIIEPATYPHU 3 OPEriBChKOI0 CTPYKTYPOIO
C.M. Kyxtin, O.C. 'materko

Xapriscvbkull HauloHaAbHULL YHIsepcumem padioeniekmporiku, np. Hayrxu 14, 61166 Xapkis,
Vrpaina

BostokoHHO0-0IITHYHI CEHCOPHU 3apeKOMeHIyBaIn cebe SK IHHOBAIlIHA Ta YHIBEpCAJIbHA TEXHOJIOTIS BU-
MIpIOBaHHS PI3HUX (DI3UUHHUX BEJIUYHH, TAKUX K Temreparypa. OKpiM 1boro, 0CoOGIMBI BIIACTUBOCTI OIITHY-
HUX BOJIOKOH, Y JESIKHUX BUIIQJIKAX, POOJISATH BOJIOKOHHO-OIITUYHE 30HIYBAHHS €UHO IPUAHATHAM BUOOPOM
3BaKA0YN HA YMOBH €KCILIyaTallii, TOYHICTb, MOKJINBICTh JUCTAHINHHOI poboTu. ¥V IIiif cTaTTl HAMu IIpes-
CTaBJIEHO IPOCTHI BOJIOKOHHO-OIITUYHUN CEHCOP TEMIIEPATYDH, IO BUKOPHCTOBYE BIIOMBAIOYUN €JIEMEHT
Bperra sik uyrinueuit enement. OCHOBHA IIepeBara 3arporlOHOBAHOTO MIAXOMAY IIOJISATA€ Y BUKOPUCTAHHI IITU-
POKO IOCTYIHMX HEJOPOTUX TEJICKOMYHIKAIIIMHINX KOMIIOHEHTIB, TakuxX Ak P33 srasep ax mpxepesio cBiTiIa Ta
IIUPOKO JOCTYIHI KOMIIOHEHTH BOJIOKOHHOI orrrmku. e ofHiero mepeBaromo maTumMira € METOIMKA BUMIpIO-
BaHHS, KA He oTpefye OITUYHOrO CIEeKTPOMEeTPA, UM IHINMUX TOYHUX OITUYHUX BUMIPIOBAHb, TAKUX SK 1H-
Tepdepomerpia. [loxkasano, Mo peanidyoun pidHi OperriBCbKl CTPYKTYPH IJIA UyTJIABOTO €JIEMEHTA, MOYKHA
3MIHIOBATHU OIITUYHUM BIATYK, TAKUM YMHOM JIOCATAIOYN HEOOXITHUX XapaKTePUCTHK ceHcopa. Po3paxyHkun
JIJIST CEHCOPHOI TOJIOBKU Bperra mpescrasiieH] sk JJIsi JaTYMKa BY3bKOTO T1alIa30Hy, IPUAATHOTO I MEeIH-
YHOTO BUKOPWCTAHHS, TAK 1 IS JaTYWKA TeMIepaTypy 3 IIUPOKUM jgiamasoHoM BumipioBans AT ~ 200 °C.
Taxosk 1151 CTATTS MICTUTH KOPOTKUHN OIJISL/] IIMPOKO BUKOPHUCTOBYBAHMX BOJIOKOHHO-ONTHYHUX METO/IIB BUMI-
PIOBaHHS TEMIIEPATYPH, IX IIePEBATH TA 3ACTOCYBAHHS.

Kmouori ciosa: Cencop temmeparypu, Onrrune BosokHO, Bperisebka crpykrypa, KoeditienT Bigourrs,
P33 nasep.
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