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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC SENSORS -

Part 2-1: Temperature measurement —
Temperature sensors based on fibre Bragg gratings

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

IEC 61757-2-1 has been prepared by subcommittee 86C: Fibre optic systems and active
devices, of IEC technical committee 86: Fibre optics. It is an International Standard.

The text of this International Standard is based on the following documents:

FDIS Report on voting
86C/1725/FDIS 86C/1737/RVD

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this International Standard is English.

Documents

Document Sharing Hub

Full document details: IEC 61757-2-1-2021


http://avadocuments2026.com/doc/iec-61757-2-1-2021
http://avadocuments2026.com/doc/iec-61757-2-1-2021

IEC 61757-2-1:2021 © |IEC 2021 -5-

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Supplement,
available at www.iec.ch/members_experts/refdocs. The main document types developed by
IEC are described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 61757 series, published under the general title Fibre optic
sensors, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.
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INTRODUCTION

This document is based on the guideline VDI/VDE 2660 Blatt 2:2020-04, Technical
temperature measurement — Optical temperature sensor based on fibre Bragg gratings —
Recommendation on temperature measurement and statement of measurement uncertainty
[1]'. It was prepared in cooperation with VDI/VDE-GMA Technical Committee 2.17 "Fibre optic
measurement techniques".

The IEC 61757 series is published with the following logic: the sub-parts are numbered as
IEC 61757-M-T, where M denotes the measure and T, the technology.

T Numbers in square brackets refer to the Bibliography.
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FIBRE OPTIC SENSORS -

Part 2-1: Temperature measurement —
Temperature sensors based on fibre Bragg gratings

1 Scope

This part of IEC 61757 specifies the terminology, characteristic performance parameters and
related test methods of optical temperature sensors based on fibre Bragg gratings (FBG) that
carry out temperature measurements in the temperature range between —260 °C and 600 °C.

Generic specifications for fibre optic sensors are defined in IEC 61757.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC 60050 (all parts), International Electrotechnical Vocabulary (IEV) (available at
www.electropedia.org)

IEC 61757, Fibre optic sensors — Generic specification

IEC 61757-1-1:2020, Fibre optic sensors — Part 1-1: Strain measurement — Strain sensors
based on fibre Bragg gratings

ISO/IEC GUIDE 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

3 Terms, definitions, abbreviated terms and symbols of quantities

For the purposes of this document, terms and definitions given in IEC 60050 (all parts),
IEC 61757, IEC 61757-1-1, and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/
e |SO Online browsing platform: available at http://www.iso.org/obp
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3.1 Terms and definitions

3.11

Bragg wavelength under reference conditions

}'Bref

wavelength of maximal reflectance or minimal transmittance of a mechanically stress-free
fibore Bragg grating at reference or standard temperature conditions, without the effect of a
temperature change

Note 1 to entry: The term Bragg wavelength /; specified in the data sheet of the manufacturer of a fibre Bragg
grating normally describes the Bragg wavelength without further details on reference or standard temperature
conditions.

[SOURCE: IEC 61757-1-1:2020, 3.3, modified — transformed to temperature sensing.]

3.1.2

birefringence

optical property of the directional dependence of the index of refraction of an optically
anisotropic material having orientation-dependent refractive indices that lead to different
propagation velocities of light in different propagation and polarization directions

Note 1 to entry: In fibre optic sensors terminology, the term "birefringence" is mainly applied when optical
waveguides with birefringence properties, such as PANDA or bow-tie fibres, are used. Birefringence in fibre Bragg
gratings becomes important only when polarized light is used for the measurement. Because of the properties of
fibre Bragg gratings, this can lead to an additional systematic increase in the measurement uncertainty.

[SOURCE: IEC 61757-1-1:2020,3.22, modified — clarified and Note modified.]

3.1.3

drift

shift of the characteristic curve (or, rarely, change of the characteristic curve parameters)
under the same measuring and operating conditions or reference conditions due to material
ageing or/and mechanical and/or thermal continuous or alternating stress

314

dynamic measurement deviation

AT(¢)

time-dependent thermal measurement deviation resulting from time-varying differences
between the sensor temperature T'q(?) and the temperature of the medium T),(¢) with

AT (1) =T (1) = Tu (1) (1)
3.1.5
FBG peak
reflection peak or transmission minimum in the Bragg grating reflectance or transmittance
spectrum

Note 1 to entry: Maximum peak value is typically at the Bragg wavelength 7.

3.1.6
FBG peak spectral width
full width at half maximum (FWHM) of the FBG peak

Note 1 to entry: Full width at half maximum of the FBG peak is the wavelength range of the spectrum for which
the amplitude is greater than 50 % (3 dB).

[SOURCE: IEC 61757-1-1:2020, 3.7, modified — transformed for temperature sensor.]
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3.1.7

FBG period

A

distance between the periodically changing refractive index zones (grating planes) in an
optical waveguide having an effective refractive index ng¢

Note 1 to entry: The FBG period defines the Bragg wavelength Ay through the formula

_k-Ag

Neff

A for k = positive integer (2)

[SOURCE: IEC 61757-1-1:2020, 3.18, modified — definition extended.]

3.1.8

FBG temperature sensor

fibre optic sensor that uses a fibre Bragg grating as a sensitive element for temperature
measurements

Note 1 to entry: FBG temperature sensors can be used in a series configuration with multiple gratings allowing to
perform distributed measurements.

3.1.9

FBG temperature sensing system

measurement set-up consisting of one or more serial arranged FBG temperature sensors
connected to an interrogation unit consisting of a light source, detector module, processor,
data archive, and user interface

Note 1 to entry: An FBG temperature sensing system normally works as follows: After light from the light source is
sent into the fibre and partially reflected or transmitted by the FBG temperature sensor, it is guided to the detector
module of the interrogator, which determines the FBG peak wavelength. From a shift of the FBG peak wavelength
caused by temperature change, the temperature change can be quantitatively determined in the measuring units.

3.1.10

maximum operating temperature

highest value of temperature at which the FBG temperature sensor meets the specified
performance

3.1.11

minimum operating temperature

lowest value of temperature at which the FBG temperature sensor meets the specified
performance

3.1.12

minimum bending radius

minimum radius at which an FBG temperature sensor is bent without change of the specified
performance parameters

Note 1 to entry: This value can differ from the minimum bending radius given for transport and storage.

[SOURCE: IEC 61757-1-1:2020, 3.16, modified — transformed for temperature sensor.]

3.1.13

parasitic strain effect

non-thermally induced deformation of the fibre Bragg grating during temperature
measurement resulting in a change in the wavelength response of the FBG

Note 1 to entry: A non-rateable deformation of the FBG during temperature measurement occurs as an apparent
temperature change in the response signal and shall therefore be excluded or be assessable. Documents
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3.1.14

reference wavelength

Zref

wavelength response of a fibre Bragg grating to which a specific temperature T, value is
referred

Note 1 to entry: Depending on the evaluation method, the interrogator devices of the sensor often emit different
wavelengths to determine the filter function of the Bragg grating. The reference wavelength is not necessarily equal
to the Bragg wavelength 1. However, because of the small difference between the reference wavelength and
Bragg wavelength, both wavelengths can be used in Formulae (6) to (8) and in Formulae (16) to (20) without
relevant errors occurring.

[SOURCE: IEC 61757-1-1:2020, 3.4, modified — transformed to temperature sensing]

3.1.15
reference wavelength at reference temperature

;“Tref
Bragg wavelength of the fibre Bragg grating for a specified reference temperature T . not

equalto 0 °C

3.1.16
reference wavelength at 0 °C

4Tref,0
Bragg wavelength of the fibre Bragg grating at reference temperature 7, = 0 °C

3.1.17

response time

IR

time after which the difference between the sensor temperature Tq(#) and the temperature of
the medium T\, is smaller than a meaningful defined fraction  of the initial temperature
difference T5(0) — T),, as described by Formula (3)

Ts(1R) =T = 6[ T5 (0) T | (3)

3.1.18

sensitive area

<of an FBG temperature sensor> length of the fibre Bragg grating that is sensitive to the
temperature to be measured and thereby changes the wavelength response of the fibre Bragg
grating

3.1.19
side-lobe suppression ratio

Rg1 s
ratio of the intensity of the FBG peak to the nearest largest side-lobe

Note 1 to entry: It is expressed in dB.

3.1.20

sensor stability

ability of the FBG temperature sensor to keep its performance characteristics under specified
limits within a specified time interval, all other conditions being the same

3.1.21

static thermal measurement deviation

ATy

time-invariant temperature difference in the steady state between the sensor temperature
Tg(7) and the temperature of the medium T\,
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ATih ZTS (f)—TM for t > o0 (4)

3.1.22

temperature sensitivity

S(T)

ratio of the wavelength change Al; of an FBG temperature sensor caused by a temperature
change AT in steady state, which is the temperature-dependent slope of the characteristic
curve Ap(T) expressed in nm/K

Adr

S(T)=—7 (5)

Note 1 to entry: The unit can also be pm/K.

3.1.23

operating temperature range

interval for which the FBG temperature sensor under specified conditions is able to perform
temperature measurements in accordance with the specified performance

3.1.24

thermal time constant

T

I3

time it takes an FBG temperature sensor to reach 63,2 % of the total difference between the
initial and the final medium or body temperature when subjected to a step-like change in
temperature under defined conditions

Note 1 to entry: In many industrial applications, the thermal time constant is also provided for 50 % of the total
temperature difference and for 90 % of the total temperature difference, so as to characterize the dynamic
behaviour of the temperature sensor. The dynamic response of some surface temperature sensors, such as
jacketed thermocouples with a measuring point at the temperature sensor bottom and similar approaches, does not
follow an exponential function but is rather characterized by an initial rapid rise in temperature and a subsequent
slow creep to the final value. For these temperature sensors, the thermal time constant is also specified for 95 %
and 99 % of the total temperature difference.

3.1.25

thermal measurement deviation

time-dependent difference between the sensor temperature Tg(r) and the temperature of
origin to be measured, of the measuring medium or body T),(¢)

Note 1 to entry: For ¢t — o, the thermal measurement deviation is equal to static thermal measurement deviation.

3.2 Abbreviated terms

ASE amplified spontaneous emission

FBG fibre Bragg grating

ITS-90 international temperature scale of 1990
OSA optical spectrum analyzer
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3.3 Symbols of quantities

k number of order (mathematical description)

AL length change of the Bragg grating due to external load in the fibre direction

n index of refraction

Heff effective index of refraction (of the Bragg grating)

Pq incident optical power

Pg optical power of the nearest side-lobe

Pyg optical power of the FBG at /,

RrgG FBG reflectivity

Rgi s side-lobe suppression ratio expressed in dB

SNRggg FBG signal-to-noise ratio

S(T) temperature sensitivity in nm/K

T temperature in °C

Ty reference temperature for 7 =0 °C, at which the FBG has the reference
wavelength 4g in °C

T reference temperature (freely selectable) in °C

Tm actual temperature of the medium/measuring object to be measured in °C

TN actual temperature provided by the standard thermometer

Tref defined reference temperature at which the FBG has the reference

wavelength /.. in °C

T output signal of the temperature sensor (measured temperature) in °C

T4(0) output signal of the temperature sensor at an abrupt change of the
temperature of the measuring body or medium in °C

ATy, static thermal measurement deviation in K

X; i-th measured value

o coefficient of thermal expansion in 1/K

0 part of the initial temperature difference, which has appropriately to be
determined according to the uncertainty of measurement in K

o mechanical stress
strain applied to the temperature sensor (always considered in the direction
of the fibre axis)

De effective photo-elastic (stress-optical) constant

Ao reference wavelength for 7=0 °C in m

B Bragg wavelength in m

AFBGO reference wavelength of the FBG of a temperature sensorat 7= 0 °C in m

ABref Bragg wavelength under reference conditions, mechanically stress-free
operated at a specified reference temperature in m

Aref reference wavelength in m

ATref,0 Bragg wavelength of the FBG at reference temperature 7, = 0 °C

ATref Bragg wavelength of the FBG at reference specified temperature 7, = 0 °C

A FBG period

T, tg3 thermal time constant

& thermo-optic coefficient
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4 Design and characteristics of an FBG temperature sensor

4.1 Fibre Bragg grating (FBG)

A detailed description of the structure, function, principle characteristics and manufacturing
process of an FBG is provided in IEC 61757-1-1.

4.2 Dependence of Bragg wavelength on temperature

As explained in IEC 61757-1-1, the change of the Bragg wavelength caused by a change in
the grating temperature can be described by Formula (6).

8nﬁ OA Gnﬁ oA
A/IB 22(1\ az +I’leff§JAL+2[A 6; +neﬁ§jAT (6)

where

Alg is the Bragg wavelength shift;

T is the temperature;

AT is the temperature difference;

ness is the effective index of refraction (of the Bragg grating);

AL is the change of length of the Bragg grating due to external load in fibre direction;

A is the FBG period.

The first two terms on the right side of Formula (6) describe the effects resulting from the
mechanical deformation (0A/0L) and the elasto-optical response (Ong/0L) of the optical fibre;

these effects are to be considered parasitic in temperature measurements. The last two terms
in Formula (6) describe the effects of temperature on the quantities ng and A.

The term (0A/0T) describes the effect of the thermal expansion of the Bragg grating with
regard to the grating period A. The thermal effect on the refractive index of the optical fibre,
on the other hand, is expressed by the term (Onq/07).

In practice, the effects of strain and temperature are approximately described by the linear
relationship displayed in Formula (7).

A/IB (E,T)

T=(1—ps)'e+(a+§)'AT 7)
where
£ is the strain of the fibre in axial direction;

De is the effective photo-elastic (stress-optical) constant;

o is the coefficient of thermal expansion;

é is the thermo-optic coefficient.

When a temperature change is applied to a mechanically unstressed FBG, a corresponding
shift of the Bragg wavelength is observed in the optical spectrum. In practice, the effect of a

temperature change AT on the Bragg wavelength can approximately be described by the
linear relationship in Formula (8)
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T
=((x+§)-AT (8)

where

g, AL are the Bragg wavelength and wavelength shift;
T, AT  are the temperature and temperature difference;
o is the coefficient of thermal expansion;

é is the thermo-optic coefficient.

4.3 Design features

Fibre Bragg gratings are usually supplied with a so-called primary coating, which protects the
sensor against damage or fibre breakage. If the fibre Bragg grating is applied without
mechanical stress to the measurement object, the fibre sensor usually includes this primary
coating. Since the thickness of the coating is in the range of several tens of micrometres, the
heat transfer from the object of measurement to the sensor is not impeded significantly.
However, the impact of thermally induced deformations of the temperature sensor caused by
the object of measurement shall be considered. The coating can also remain on the sensor
fibre in other installations of the FBG sensor. In certain cases, the coating can be removed
during the manufacturing process of encapsulated temperature sensors, in order to achieve
mechanical decoupling. In these cases, precautions should be taken not to expose the fibre to
corrosion, the so-called stress corrosion.

Depending on the measurement application, an FBG is pre-assembled in steel tubes, ceramic
tubes or other housings to form the complete FBG temperature sensor. The pre-assembly
usually includes gluing, screwing or fastening of the components. It is essential to achieve
optimal heat transfer (heat transition, heat conduction) to the temperature-sensing element,
which depends on both the mechanical and the thermal coupling.

Depending on the measurement task, the temperature sensor may contain a single FBG or a
chain of concatenated FBGs (sensor array). A single sensor arrangement allows local
(pointwise) measurement of temperature, whereas a chain of concatenated fibre Bragg
gratings (so-called quasi-distributed temperature sensors) allows measurement of
temperature profiles or temperatures at different locations on the object of measurement with
a single optical fibre sensor.

When several FBG sensors are concatenated with relatively long connecting fibre cables, the
transmission losses of the entire FBG temperature sensor shall be considered. When
specifying the transmission loss in the FBG temperature sensor, all loss contributions should
be determined, including attenuation in the optical fibre and in the FBG outside the FBG
spectrum as well as losses in connectors and splices. The signal amplitudes in the FBG
transmission spectrum can be reduced by application-specific effects impacting the sensor
quality. For example, transmission losses of serially operated wavelength-multiplexed FBG
temperature sensors should be considered separately.

5 Performance parameters

A single FBG temperature sensor shall be characterized by the following technical
performance parameters. Clause 7 describes the related test procedures to determine the
parameters:

— Bragg wavelength g o (7.2)

— FBG peak spectral width (7.3)

— FBG reflectivity (7.4) Documents
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— side-lobe suppression ratio (7.5)

— signal-to-noise ratio (7.6)

— characteristic curve (7.7)

— sensitivity (7.7.2)

— hysteresis (7.7.2)

— thermal time constant (7.8)

— response times (on request only) (7.8.2)
— sensor stability (7.9)

These performance parameters and additional technical information are needed for practical
applications and shall be provided by the manufacturer when referring to this document. A
blank detailed specification template is provided in Annex A.

6 Test apparatuses for performance parameter determination

6.1 Temperature calibration equipment

Suitable temperature calibration equipment shall be used for determining the performance
parameters and for calibrating an FBG temperature sensor. The principal options are
commercially available stirred liquid baths (up to approximately 550 °C) as well as block
calibrators or the specific temperature calibration equipment shown in Annex B. For higher
temperatures, tube furnaces are usually employed, whose limited thermal properties can be
appreciably improved through the use of so-called compensation bodies (metal inserts) or
heat pipes.

A temperature calibration bath is a uniform enclosure with a stirred fluid that can be adjusted
to various temperature test points. By using a stirred fluid (e.g. water, silicone oil, methanol,
ethanol), baths provide excellent thermal contact, uniformity, and stability for temperature
sensor calibration. They offer a large working volume and flexibility for calibrating temperature
sensors of different shapes and sizes. Typically, temperature calibration baths are equipped
with a reference thermometer for calibration traceability. Depending on the temperature
range, the fluids listed in Table 1 should be used for testing and calibration of FBG
temperature sensors.

Block calibrators use pre-drilled metal inserts for inserting the temperature sensor to be
calibrated. These block calibrators have a removable metal insert with pre-drilled holes where
sensors are inserted for measurement. The insert provides a stable temperature source,
which can be adjusted to different test points. In order to provide sufficiently good thermal
contact between the metal insert and the temperature sensor, inserts with different hole sizes
are available. Typically, block calibrators are equipped with a reference thermometer for
calibration traceability.

Table 1 — Calibration bath fluids

Temperature range Medium

-180 °C to -90 °C Refrigerant R13
-140°Cto 5 °C Pentane
-110°Cto 5 °C Alcohol

-90 °C to 10 °C Methanol

-40 °C to 60 °C Water/glycol mixture
+5°C to 95 °C Water

-30 °C to 300 °C Silicon or mineral oil
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6.2 Optical spectrum analyzer and interrogator

A commercial high resolution optical spectrum analyzer or an optical spectrum analyzer
system specifically designed for FBG spectral analysis shall be used to perform
comprehensive spectral analysis. The minimum requirements for such a device are:

— spectral resolution £ 2 pm for a single FBG under test (< 1 pm for a chain of concatenated
FBGs under test)

— wavelength deviation < £5 pm

— dynamic range = 40 dB

If the entire fibre optic temperature measurement system (FBG temperature sensor and

interrogator) is to be characterised, the tests should be carried out as far as possible with the
interrogator provided.

6.3 Broadband light source

A commercial off-the-shelf high quality amplified spontaneous emission (ASE) light source
designed for FBG spectrum analysis shall be used to perform comprehensive spectrum
analysis. The minimum requirements for such a device are:

total output power: > +3 dBm (> 2 mW) at 840 nm to 853 nm and
>+10dBm (> 10 mW) at 975 nm to 1 050 nm
spectral power density: > -20 dBm/nm at 840 nm to 853 nm and
> -30 dBm/nm at 975 nm to 1 050 nm
output power stability: < 10,01 dB

7 Test procedures of performance parameters

71 Sample preparation and test set-up

The FBG temperature sensor to be tested shall be stored for at least a pre-determined
duration in a standard atmospheric environment of (23 + 5) °C and (50 + 10) % RH before the
test is started. The pre-determined duration should be decided according to the thermal
capacity of the optical fibre sensors to be tested. The sensor shall be installed in the
temperature calibration device according to the manufacturer’s instructions. Installation of the
sensor in the temperature calibration device shall provide homogeneous spatial temperature
distribution in the sensor vicinity and high temperature stability over the measurement time.
The temperature homogeneity and stability shall be significantly better than the specifications
for the sensor under test.

If a temperature sensor that is normally applied to a surface is tested by using the immersion
method, then it should be noted that this test determines only the sensor accuracy and not the
accuracy of the temperature surface sensor in its specific application. Depending on the
requirements for the required uncertainty of the temperature measurement, it shall be decided
whether a calibration bath temperature regulated by a suitable temperature control device is
sufficient or an additional calibrated reference thermometer of smaller measurement
uncertainty is to be used (see also 7.7.1).

Figure 1 shows a schematic diagram of the test set-up that shall be used for all tests.
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1 optical spectrum analyzer (OSA)

computer (optional)

data interface (optional)

ASE source with Y coupler

temperature controlled calibration equipment (see Annex B)
optical fibre

FBG temperature sensor under test

o N o g b~ W N

calibrated reference thermometer

Figure 1 — Principal test set-up for FBG

7.2 Bragg wavelength ig ¢
7.21 Measuring procedure

The FBG spectrum of the FBG temperature sensor shall be measured with sufficient spectral
resolution and under reference conditions. The reference condition shall be the temperature
at the middle of the operating temperature range that the sensor is designed for. The
reference condition shall be established with a temperature calibration device, as described in
6.1. The temperature of the FBG sensor shall be stable (steady state) for the duration of this
measurement, unless stated otherwise. Steady-state conditions are considered to be reached
when no significant systematic variations in temperature occur.

For FBGs with relatively low reflectivity (Rpgg < 50 %), the Bragg wavelength shall be
measured in reflection, whereas for FBGs with relatively high reflectivity (Regg > 90 %), the
Bragg wavelength shall be measured in transmission (Figure 1). For highly reflecting FBGs
(Regg > 90 %), it is increasingly more difficult to determine the peak of the Bragg wavelength
with sufficient accuracy in the reflected spectrum. In these cases, therefore, the Bragg
wavelength shall be determined from the minimum in the transmission spectrum. For
intermediate reflectivity values, either configuration can be used.

In cases where the Bragg wavelength is polarization-dependent, special measurements have
to be carried out (see IEC 61757-1-1:2020, Annex C). Documents
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Alternatively, in case of a symmetrical spectral response, the Bragg wavelength shall be
calculated as the arithmetic mean of the two Bragg wavelength peaks, for example as the
mean of the two wavelengths corresponding to the 3 dB drop-off points.

7.2.2 Evaluation

The Bragg wavelength shall be determined either by manual evaluation of the measured
spectral response or by automatic evaluation using a suitable algorithm for spectral analysis.

7.2.3 Reporting
The following measurement conditions shall be reported:

— reference conditions;

— measurement procedure;

— light source and OSA settings;

— measured or calculated Bragg wavelength.

7.3 FBG peak spectral width
7.3.1 Measuring procedure

The reflection or transmission spectrum of the FBG temperature sensor shall be measured as
described in 7.2.1 but at three different reference conditions: at the lower and upper limits and
at the middle of the operating temperature range specified for the sensor under test.

7.3.2 Evaluation

The spectral width of the Bragg wavelength peak shall be determined from the measured
spectrum according to its definition (see 3.1.6). It shall be determined from a reflection
spectrum, whereby the difference of the two wavelength values at the 3 dB drop-off is taken
from both sides of the reflection maximum. Alternatively, the transmission spectrum can be
used with appropriate spectrum evaluation.

7.3.3 Reporting
The reference conditions, measurement procedure, light source and OSA settings, as well as

the three measured spectral widths shall be reported. The spectra used for evaluation should
be reported on request.

7.4 FBG reflectivity
7.41 Measuring procedure

The reflection spectrum of the FBG temperature sensor shall be measured as described in
7.2.1 but at three different reference conditions: at the lower and upper limits and at the
middle of the operating temperature range specified for the sensor under test.

7.4.2 Evaluation
The reflectivity of the FBG at the Bragg wavelength peak shall be determined from the

measured spectrum according to its definition (see IEC 61757-1-1:2020, 3.5). It shall be
determined from a reflection spectrum (see Figure 2 left) using Formula (9).

Prpg

Repg = 100 % (9)
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where

Py is the incident optical power at the FBG;

Pegg s the optical power reflected by the FBG at the Bragg wavelength Ag;
Regg is the FBG reflectivity.

Alternatively, the reflectivity of the FBG can be determined from the transmission spectrum
(see Figure 2 right) using Formula (10).

Py—P\g
RFBG:P—O'100 % (10)

where

Py is the incident optical power at the FBG;

P,g is the transmitted optical power of the FBG at the Bragg wavelength Ag;
Regg is the FBG reflectivity.
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Figure 2 — Determination of the FBG reflectivity from the reflection
spectrum (left) and transmission spectrum (right)

7.4.3 Reporting

The reference conditions, measurement procedure, light source and OSA settings, Bragg
wavelengths, as well as the calculated reflectivity values shall be reported. The spectra used
for evaluation should be reported on request.

7.5 Side-lobe suppression ratio
7.51 Measuring procedure

The reflection spectrum of the FBG temperature sensor shall be measured according to 7.2.1.
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7.5.2 Evaluation

The side-lobe suppression ratio shall be determined from the measured reflection spectrum
according to its definition (see 3.1.19). Figure 3 shows an example of side-lobes in an FBG
reflection spectrum. Side lobes are defined as any feature in the FBG reflection spectrum that

1) resides outside of the spectral domain comprised by the fundamental FBG peak,
2) exhibits downward concavity, and

3) exhibits a two-sided threshold crossing at a certain width level below the local spectral
maximum of the side-lobe.

The side-lobe suppression ratio shall be calculated using Formula (11).

P\
RSLS::10|09£————] 1
PoL (11)

where

Pg is the optical power of the nearest side-lobe;

P,g is optical power of the FBG at Ag;

Rg| g is the side-lobe suppression ratio expressed in dB.

Extended explanations of FBG side-lobes for different use conditions can be found in
IEC 61757-1-1:2020, Annex A.
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Figure 3 — Side-lobes in the case of a single FBG temperature sensor

7.5.3 Reporting

The reference conditions, measurement procedure, light source and OSA settings, and the
calculated side-lobe suppression ratio shall be reported. The spectrum used for evaluation

should be reported on request. Documents
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7.6  Signal-to-noise ratio
7.6.1 Measuring procedure

The reflection spectrum of the FBG temperature sensor shall be measured according to 7.2.1.

7.6.2 Evaluation

The signal-to-noise ratio shall be determined from the measured reflection spectrum
according to its definition (see IEC 61757-1-1:2020, 3.12). It is determined from the maximum
reflected power at the Bragg wavelength peak and the power level of a side-lobe at a
wavelength shifted by 1 nm from the Bragg wavelength (see Figure 4). The signal-to-noise
ratio is calculated from the ratio of these two power levels.
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(1) side-lobe suppression ratio (see 7.5)

(2) spectral distance of 1 nm from the maximum value of one or both sides of the Bragg wavelength
for (2)

(3) FBG signal-to-noise ratio SNRg

Figure 4 — Signal-to-noise ratio determination
7.6.3 Reporting

The reference conditions, measurement procedure, light source and OSA settings, and the
calculated SNRpgg values at iz £ 1 nm shall be reported. The spectrum used for evaluation
should be reported on request.
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7.7 Characteristic curve
7.71 Measuring procedure

Temperature measurement with an FBG is basically a differential measurement. This means
that from a wavelength shift of the Bragg wavelength

AL =Ag= Aref (12)
a temperature change

AT =T —Tye (13)
is to be derived, where

28 (Tref ) = Aref (14)

is the Bragg wavelength at a given reference temperature 7,,;. The basic quantities 1., and
the corresponding T, shall be specified by the manufacturer and confirmed by measurement.

For simpler data interpretation and handling, a normalization of the wavelength shift should be
performed using Formula (15).

M: lB(T)_lref

7 7 (15)

ref

The characteristic curve shall be determined by comparison calibration. A test set-up
according to 7.1 shall be used. Instead of the ASE light source and the OSA, the interrogator
belonging to the sensor can also be used. A standard thermometer (e.g. reference
thermometer traceable to ITS-90 [2]) and the FBG temperature sensor shall be exposed to a
constant temperature T);, which is generated, for example, in a stirred temperature calibration
bath or a block calibrator (see 6.1 and Annex B). The actual temperature T\, provided by the
calibration device is measured against the standard Ty and compared to the corresponding
FBG peak wavelength 1g(Ty) or the temperature Tq displayed by the interrogator after thermal
equilibrium between the thermometer, the sensor, and the contact material is established.

Comparison calibration shall result either in the determination of individual values /g (7 ;) or
a characteristic formula 1g(7\) by approximation (see 7.7.2). The individual calibration
temperatures shall be set one after the other in ascending order and then in descending order
within the temperature range the sensor is designed for. The measurements with ascending
and descending temperatures serve to determine hysteresis effects.

In order to achieve low measurement uncertainty (see Annex C) in this comparison
calibration, a temperature calibration device shall be used in addition to a suitable standard
thermometer, which guarantees homogeneous spatial temperature distribution as well as high
temporal temperature constancy in the measuring volume (see 6.1 and Annex B). If these
conditions are fulfilled, it can be assumed that T\, = T\ is sufficiently approximated.

NOTE In principle, it is possible to calibrate a surface applied temperature sensor in a stirred temperature
calibration bath. However, this determines only the accuracy of the sensing element but not the accuracy of the
entire temperature sensor in its specific design form and application. Documents
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The smallest measurement uncertainties can be achieved by a fixed point calibration. For
fixed point calibrations the temperature sensor is exposed to a well-known temperature. This
is produced in high purity materials (e. g. metals) which are heated until they are completely
molten and then cooled slowly. A constant temperature exists during the transition stage
beginning at the moment of solidification. Under ideal process conditions, this equilibrium
status, and thereby a constant temperature, can be maintained for several hours. In the
specifications of ITS-90 [2], values are assigned to these fixed points, which are practically
identical to the thermodynamic temperatures. However, a fixed point calibration is very
expensive to conduct and offered mainly by national metrology institutes.

7.7.2  Evaluation
7.7.21 Determination of individual values ig ;(7Ty ;)

If the FBG temperature sensor is used to measure temperatures that coincide exactly with the
calibration points g (7 ;), no additional evaluation is needed. Estimation of measurement
uncertainty shall be carried out according to ISO/IEC GUIDE 98-3.

7.7.2.2 Determination of a characteristic equation ig(7)) by approximation

Usually, the FBG temperature sensor is not used exactly at the calibration points Ag ;(Ty ), but
also at intermediate temperatures. For this reason, the user requires a continuous description
of the relationship between temperature and Bragg wavelength over the entire temperature
range used. This can be achieved by specifying a mathematical formula which is determined
by approximating the measured temperature points.

The temperature characteristic of an FBG is not linear and depends on the fibre type. Since
there is no sufficiently accurate analytical model for the temperature characteristic, the
characteristic curve shall be approximated by a mathematical formula, for example by an n-th
order polynomial fit (see Figure 5). Especially in the cryo- and in the high-temperature range,
polynomials of higher than second order are recommended.
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