IEC 61757-1-1:2016-02(en)

IEC IEC 61757-1-1

o
®

INTERNATIONAL

STANDARD
% S ,\Q)
f&éé

A\ ON
Fibre optic sensors — @j
Part {-1: Strain measurement — Strain s¢ based on fibre Bragg grati

Edition 1.0 2016-02

=)

gs



https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2016 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or
your local IEC member National Committee for further information.

IEC Central Office Tel.: +41 22 919 02 11
3, rue de Varembé Fax: +41 22 919 03 00
CH-1211 Geneva 20 info@iec.ch
Switzerland www.iec.ch
About the IEC
The Intgrnational Electrotechnical Commission (IEC) is the leading global organization thgt prepares and._publishes

Internatipnal Standards for all electrical, electronic and related technologies.

About IEC publications
The technical content of IEC publications is kept under constant review by the IEC. Ple
latest edjtion, a corrigenda or an amendment might have been published.

have the

IEC Catalogue - webstore.iec.ch/catalogue Electropedia - » oy

The stdnd-alone application for consulting the entire  The world's/leading ictionary of electrgnic and
bibliographical information on IEC International Standards, i 2000 terms and defipitions in
Technicdl Specifications, Technical Reports and other R F terms in 15 @dditional
documerts. Available for PC, Mac OS, Android Tablets and technical
iPad.

IEC publications search - www.iec.ch/searchpub
The advgnced search enables to find IEC publicafions\by a gl 'terminology entries in English and
variety [of criteria (reference number, text, m the Terms and Definitions ¢lause of
committee,...). It also gives information on projects, reglaced ications_isstied since 2002. Some entries have been

and withgrawn publications. collgeted\from earlier publications of IEC TC 37, 71, 86 and
IEC Just|Published - webstore.iec.ch/justpublished

Stay up fo date on all new IEC pyblisations, Ju \bli IEC Customer Service Centre - webstore.iec.ch/cgc
details ajl new publications reledsed. Ayaj aline If you wish to give us your feedback on this publication or

also onc¢ a month by email.

9,

need further assistance, please contact the Customgr Service
ehtre: csc@iec.ch.



mailto:info@iec.ch
http://www.iec.ch/
http://webstore.iec.ch/catalogue
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://std.iec.ch/glossary
http://webstore.iec.ch/csc
mailto:csc@iec.ch
https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

IEC 61757-1-1

Edition 1.0 2016-02

INTERNATIONAL
STANDARD

colour
inside

ors _based on fibre Bragg gratings

Fibrd optic sensors —
Part I-1: Strain measurement — Stfs

&

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

ICS 33.180.99 ISBN 978-2-8322-3188-3

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission


https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

-2- IEC 61757-1-1:2016 © IEC 2016

CONTENTS
O T 1 5
LN I 0 7 16 L@ 1 ] P 7
1 ST o1 S 8
2 NOrmMative refereNCeS. .. . e 8
3 Terms and definitioNS ..o 9
Y121 1o ] 1= 13
5 Structure and characteristics
5.1 Fibre Bragg grating (FBG) .....c.ovuiiiii e
5.2 FBG strain sensor configuration
5.3 Measuring point and installation
5.4 Gauge length ... NG N N
5.5 Strain and reference strain .............cocoiiii NG
5.6 Reference wavelength ... e K NN NN e e\ eneenne
5.7 Stability behaviour.........c.oooii NG NG N N N e
5.1 Drift and creep
5.2
5.3 Hysteresis.................. . -
5.8 Test specimen....................0¢. 0\
5.9 Indication of the measured vz
5.1(
5.11 Non-zero point réla
5.12 Production s
5.13 FBG strain
5.14 FBG s{‘(z}
6 Features an
6.1 gfion detailssand gegmetrical dimensions .......c.ccovvvviiviiiiiiininin e, 21
6.2| Configuratign™fithe FBG_strain sensor...........cooovviiiiiiiiiieceeeeee e o 22
6.3| TeMmperatureXandhhumidity range .........ocooviiiiiiiiiniieeeeee e 22
SN I oY g [=Tox (] a T ) =Yo VU 1T =Y (Y 0 ) S PTRRPRPRN RPN 22
7  F¢atures and characteristics to be measured ...........coooviiiiiii e 22
7.1 Sampling and statistical evaluation .................ccoooiiiiiiii e e 22
T I O SaMPING (o e 22
7.[152 Random sampling ......c.ooeiiiiii e e 22
7.1.3 TYPE S NG e 22
7.1.4 SIES 1S HING . et 22
7.1.5 Individual sample testing ..o 23
7.1.6 Reporting the measuring result............coooiiii 23
7.1.7 Sample CoONitIONING .....ee e 23
7.1.8 Ambient test conditions ... 23
7.1.9 Required type of test for individual characteristics .............cccooiviiiiiinininns 23
7.2 Bragg wavelength dp......ooiii 24
7.2.1 7= 1= =Y 24
7.2.2 MeEaSsUING PrOCEAUIE ... c.uei ittt et et e e e eaas 24
7.2.3 EValUatioN . ..o 25
7.2.4 RGP O ING et e 25


https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

IEC 61757-1-1:2016 © IEC 2016 -3-

7.3 FBG spectral width ... ..o
7.3.1 Measuring PrOCEAUIE ... ...ii it e
7.3.2 Evaluation. ...
7.3.3 REPOIING ..t

7.4 FBG refleCtivity ..o
7.4.1 MeasuUring PrOCEAUIE ... ...ii ittt et e eaes
7.4.2 EValuation. ..o
7.4.3 R PO NG e

7.5 FBG Strain sensitivity ..o
7.5.1 LT ALY =1 PP PPP
7.6.2 Tensile test set-up ..o NG
7.6.3 Measuring procedure tensile test...........cccoovviiiiii AN L DG
7.6.4 Evaluation........ooooi NN RN D .
7.6.5 RePOrting ..o S e SOV NG N

7.6 Gauge factor £ ...oooveeeiiiiiiii e N OGN NG P
7.6.1 General ..o NG N b e N en e
7.6.2 Bending test set-up ..o e N ) N N o
7.6.3 Measurement procedure
7.p.4 Evaluation.........c..cooooiii,

7.6.5 Reporting......ccocoovee 0N

7.7 Maximum strain range at roo

7.1 General .....cocoeviiiiiinnn,
7.).2 Testset-up ....cooooeveiin e,
7.7.3 Measuring ptqced

7.)7.4
7.7.5

7.8
7
7
7
7

7.9
7
7
7.

7.1
7.00:1 General
7.10.2 Measuring PrOCEAUIE ... ...ii it e
7.10.3 Evaluation. ...
7.10.4 REPOIING ..t e

7.11  Other environmental inflUeNCes ..o

7.12 Temperature-induced strain reSPONSe ... ...oouiiii i
7.12.1 BNl e s
7.12.2 TSt SO U e
7.12.3 Measuring PrOCEAUIE ... ...iee ittt e
7.12.4 Evaluation. ...
7.12.5 REPOIING ..t

7.13 Proof test and lifetime considerations .............cooiiiiiii

7.13.1

General


https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

-4 - IEC 61757-1-1:2016 © IEC 2016

7.13.2 MeEaSUING PrOCEAUIE ... ouuei ittt et et et e enas 39
7.13.3 EValUAtiON ... 39
7.13.4 =Y o o] o {1 o o [ PP 40
8 Recommendations for use of FBG measuring instruments ..., 40
Annex A (informative) Further properties of FBG strain sensors..........c.ccoocovviiiiiiiiiinenne, 41
A.1 LT 1= =Y P 41
A.2 Extended explanation of FBG side-lobes for different conditions of use ................ 41
Annex B (informative) Blank detail specification...............ccooiiiii 45
B.1 LT =Y 7= Y
BZ rV’:Cb:Idllibd: actup Uf t;IU FBG Dtldill OCTITOUI .. i i i e
B.3 Operational characteristics of the FBG strain sensor..............,|
B.4 Limiting parameters of the FBG strain sensor..................... :
B.5 Temperature data of the FBG strain sensor....................CL0 0D
B.6 Further information of the FBG strain sensor given upd

B.7
Annex

Annex|D (informative) Applied FBG strain sensors...Z ......00 3 o e Y

DAl General.....cooovveieiiiiiiiiiiiiiiiieieiinnee b e e e e N N e
D.2] Recommended bonding process...... ..\ 7.l AN oo e e
Bibliography .......coooiiiiii S NG S e OO L Y

Figure i g spectrum ... e
Figure i i ing. ifran optical waveguide .............{......
Figure PG array ....oooooviiiii e
Figure 2ty : 3 INES e e

Figure 2 a
(right)] N N oS N N PP P

Figure B
and trg i Aation (10)) oo

Figure i Qf atensile test facility ........coooiviiiii

Figure
and bending mQmeRtieurves (right) ... e

Figure ion of the strain via displacement measurement ......................... |
Figure urface applied sensor on a bended flexural beam .......................... ...

Figure|14:< Test specimen with applied FBG strain sensor............cc.coocceviviiiiiiiiin o,

Figure A.1 — Side-lobes in the case of a single FBG strain sensor.............ccoooviiiiiiiinnn, 42

Figure A.2 — Fundamental peaks and detected side-lobe peaks in the case of serially
MUIIPIEXEA FBGS ..oniiiiiii e e e 42

Figure A.3 — Spectral peaks in the case of serially multiplexed FBGS .............cooovviiiiiiini, 43
Figure A.4 — Parameters to identify fundamental peaks and side-lobes ................ccoocoiiiinni. 43
Figure A.5 — Identification of fundamental peaks and side-lobes ..............coociiiiiiiiiin . 44

Table 1 — Required type of test for individual characteristics..............cocoooiiiiiiiii . 23


https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

IEC 61757-1-1:2016 © IEC 2016 -5-

INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC SENSORS -

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

FOREWORD

1) The |nternational Electrotechnical Commission (IEC) is a worldwide organization for standardi tlon co
all npational electrotechnical committees (IEC National Committees). The objécN of to
interhational co-operation on all questions concerning standardization in the elee{fi {
this end and in addition to other activities, IEC publishes International Stan@ards,
Technical Reports, Publicly Available Specifications (PAS) and Guid

mprising
promote
ilelds. To
iflcations,
hs “IEC

Publ|cation(s)”). Their preparation is entrusted to technical committees; ary interested

in the subject dealt with may participate in this preparatory work. I g nd non-

govgrnmental organizations liaising with the IEC also participate in Ahi closely

with |the International Organization for Standardization (ISO) in agcorda ined by
agrepment between the two organizations.

2) The formal decisions or agreements of IEC on technical mat national

nsus of opinion on the relevant subjects since eac from all

National

t of IEC

for any

ittees undertake to apply IEC Pubjications

regional publication shall be clearly ind

and regional publications. Any diergence

cated in

/ Independent certification bodies provide cgnformity

. IEC is not responsiblel for any

7) No | , employees, servants or agents including individual expprts and
mem FC National Committees for any personal injury, property danage or
othe 8 9 whether direct or indirect, or for costs (including legal fdes) and
expg ing pubh atlon, use of, or reliance upon, this IEC Publication or any other IEC
Publ

8) Attenti i ) Q the normative references cited in this publication. Use of the referenced publications is
indispe application of this publication.

9) Atte e possibility that some of the elements of this IEC Publication may be the sybject of
patept rights: IE not be held responsible for identifying any or all such patent rights.

Interngtiogal Standard IEC 617571 1 has been prepared by subcommittee SC 86C| Fibre

optic s ; fore optiTs:

The text of this standard is based on the following documents:

CDV Report on voting
86C/1322/CDV 86C/1353/RVC

Full information on the voting for the approval of this standard can be found in the report on

voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

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.
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This International Standard is to be used in conjunction with IEC 61757-1:2012.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

reconfirmed,

withdrawn,

replaced by a revised edition, or
amended.

IMPORTANT — The 'colour inside’ logo on the cover page icates
that |it contains colours which are considered to prrect
undefstanding of its contents. Users should therefo ing a

coloyr printer.
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INTRODUCTION

It has been decided to restructure the IEC 61757 series, with the following logic. From now
on, the sub-parts will be renumbered as IEC 61757-M-T, where M denotes the measure and T,

the technology.

The existing part IEC 61757-1:2012 will be renumbered as IEC 61757 when it will be revised
as edition 2.0 and will serve as an umbrella document over the entire series.

@%
S
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FIBRE OPTIC SENSORS -

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

1 Scope

This pj
fibre E

specifig

This sfndard specifies the most important features and characteri
for strai '

proced
and ch
from th
arang

A blan

2 N

The fo
are ing
undate
amend

IEC 60
http://v

aracteristics of the corresponding measuring instr
e FBG. This standard refers to the measuremen
b of frequencies.

detail specification is provided in Annex

irmative references

lowing documents, in whole ori ely referenced in this docume
ispensable for its g . ed vreferences, only the edition cited appli
d references, o) 8/ referenced document (includin

ments) applies.

050 (a
ww.electrope

Electrotechnical  Vocabulary (availab

IEC 60

IEC 60

IEC 60874-

opticallfibres amd . cables — Part 1: Generic specification

IEC 61[300<2 (all parts), Fibre optic interconnecting devices and passive components -

or more
eneric

sensor

ines the
ures for their determination. Furthermore, it specifies basic p 3 meters

signal

nt and
ps. For

g any

e at

test an

IEC 61

d measurement procedures — Part 2: Tests

757-1:2012, Fibre optic sensors — Part 1: Generic specification

Basic

IEC 62129-1, Calibration of wavelength/optical frequency measurement instruments — Part 1:
Optical spectrum analyzers

IEC 62129-2, Calibration of wavelength/optical frequency measurement instruments — Part 2:
Michelson interferometer single wavelength meters

IEC TS 62129-3, Calibration of wavelength/optical frequency measurement instruments —

Part 3:

Optical frequency meters using optical frequency combs

IEC TR 61931, Fibre optic — Terminology
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ISO/IEC Guide 99, International vocabulary of metrology — Basic and general concepts and
associated terms (VIM) Terms and definitions

3 Terms and definitions

For the purposes of this document, the definitions given in IEC 61757-1:2012, the
IEC 60050 series, IEC TR 61931, ISO/IEC Guide 99 (VIM), as well as the following apply.

NOTE Long period gratings, non-uniform gratings, angled gratings, and FBG in polarization maintaining fibre are
not considered.

3.1
FBG
fibre Bragg grating

phase [diffraction grating integrated in optical single-mode silica-bg
categofy B of IEC 60793-2, to selectively reflect a very narrow ra
transmiitting others

ling to
$ while

Note 1 to entry: To achieve this characteristic, periodically spaced zofie to have

differenf refractive indexes slightly higher than the core.

3.2
FBG strain sensor

device| that uses one or more fibre Bragg gra
measurements

strain

Note 1 tp entry: Different configurations are possik

3.3
B
Bragg|wavelength

wavelgngth of the F
transmfission minimum

pak or

Note 1 r to its

installat

o entry: |If

Ao
refere
wavelg FBG after installation or at the beginning of measurement to the

ignt conditions

3.5

Repe
FBG reflectivity

ratio of the incident optical power P, to the reflected optical power PﬂB at Bragg wavelength 13

Note 1 to entry: The power transmitted to the FBG strain sensor is less than the incident (input) optical power due
to losses in the fibre at the connector and even in the grating. The definition of the FBG reflectivity should therefore
use the incident optical power P, (see formulas in 7.4.2,) that represents the measurable part at the connector of a
fibre optic sensor.

Note 2 to entry: P, depends on the measurement device and has no absolute characteristic value. From the
user’s point of view, the reflectivity is important if operational or installation conditions exist that influence the
reflective characteristic.

3.6

transmission loss of an FBG sensor

loss of power of the transmitted optical signal passing along the optical fibre, the fibre Bragg
grating and the components to connect an FBG strain sensor outside the FBG spectrum
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Note 1 to entry: When considering transmission loss in an FBG sensor configuration, all parts that contribute to
the reduction of power, for example transmission losses due to joining and connecting techniques, have to be
considered. The transmission spectra of the grating can show a reduction of the grating transmissivity due to
influences on grating performance. Such propagation losses in the grating should be considered separately. The
entry only applies to wavelength multiplexed FBG strain sensors double-ended for in-series connection.

3.7
FBG spectral width
FWHM of the reflection peak or transmission minimum at Bragg wavelength

Note 1 to entry: FWHM of an FBG spectrum is the wavelength range of the spectrum over which the amplitude is
greater than 50 % (3 dB) of its reflectance maximum value at 1z (see Figure 1).

20
A=

3dB

0 (W}

Intensity (dBm)

\
U

1 546,25

IEC
Key
(1) ak and largest side-lobe (called relative side-lobe level)
(2) j see 3.12) from the maximum value of one or both sides of thg Bragg
(3)
acteristics of the Bragg grating reflectance spectrum
3.8
side-lgbes

reflection peaks aside the Bragg wavelength peak of an FBG spectrum

Note 1 to entry: Side-lobes are also called side modes.
Note 2 to entry: Side-lobes shall be considered according to conditions of use (see Figure 1 and Clause A.2).

3.9

relative side-lobe level

ratio of the maximum value of the amplitude of the specified field component in a side-lobe to
the maximum value in a reference lobe

Note 1 to entry: The reference lobe of an FBG is the peak power at the Bragg wavelength Ag; peak power of the
largest side-lobe in the FBG spectrum is the related field component (see Figure 1).

Note 2 to entry: Relative side-lobe level is usually expressed in decibels.
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3.10

width level

relative amplitude difference between a local maximum and a specified amplitude, at which a
spectral feature is evaluated for a two sided threshold crossing for purposes of defining that
local maximum as either a fundamental peak or as a side-lobe

Note 1 to entry: The width level is applied as an evaluative relative threshold to a local maximum.

Note 2 to entry: Width level is expressed in decibels.

3.1

peak width
width over v =
defined by the W|dth Ievel parameter

eshold

Note 1 tp entry: The quantity FBG spectral width is defined as the spectral widt s al mode
and will|be equal to or greater than the peak detection algorithm’s peak width requireigen a\tF level is
defined ps 3dB.

Note 2 tp entry: The peak width requirement is applied in conjunction with th €
fundamgntal peaks from side-lobes in an array spectrum where side-moges™awbexat an'ab
than adjpcent fundamental peaks.

6 igtinguish
olute amplitude higher

Note 3 tp entry: Peak width is expressed in nanometres.

3.12
SNResp
FBG sjgnal-to-noise ratio
ratio of the maximum amplitude of the
lobe amplitude at a wavelength distan

t side-

Note 1 tp entry: SNRggs shall
and depending on the grid nu
generat¢d by the measure
importarce for the use of a

Note 2 tp entry: Th
range.

Note 3 t

process
. Noise is
ve great

e visible

3.13

FBG s
ratio of
equation

by the

Note 1 to entry: FBG strain sensitivity describes the response of an FBG to uniaxial strain deformation A¢ of the
grating area. The strain response is represented by the photo-elastic coefficient p. For practical use, the gauge
factor k is introduced as a linear approximate for (1 — p). In this case, the sensitivity can be considered as a linear
function for a uniformly non-integrated stretched grating area (see 7.6), i.e. only the optical fibre and coating are
deformed.

Note 2 to entry: Frequently, this term is defined, for practical reasons, as the peak shift (A1 in nm) over the
introduced strain change (A¢ in um/m) related to a specified reference wavelength A,

Note 3 to entry: Strain sensitivity can be superimposed by temperature-induced deformation of the optical fibre.

Note 4 to entry: If the strain sensitivity gets a non-linear characteristic because of the set-up of for example a
strain transducer, higher order terms may be used. The calibration function and the parameters have to be defined.
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3.14

k

gauge factor

ratio of the relative change in wavelength AA/l, to a mechanical strain Ae¢ introduced to an
FBG strain sensor and expressed by the dimensionless gauge factor £ measured by the
manufacturer

o
Ao
Ae

k=

Note 1 to entry: The gauge factor k£ is used by manufacturers to express the strain response of their products.

Note 2 tp entry: The gauge factor £ considers all influences of the FBG strain sensor o
can vary with the selected structural form of the strain sensor (e.g. Bragg grating fibre
or FBG ptrain gauge) and therefore has to be distinguished from the strain sensitiyi
optical flbre (see 3.13).

train sengitivity. It
ng layer
ing in the

Note 3 to entry: The gauge factor £ for an FBG strain sensor assumes a stic. idgring the
whole njeasurement system (sensor, device, cabling), it can be separatel ines D 5 of the
measurdment system. It is only valid for defined conditions. In the cg Y 2 istic |(e.g. by
creeping effect in the strain transfer), the gauge factor k is considered asdi i d permissiblg error.

3.15
gauge|length

length |within which a strain will cause_a chang
sensor

ed value of the FB({ strain

Note 1 tp entry: The gauge length depends on thexFBG stra or configuration, see 5.2.

3.16
minimum operating radiyu
minimym radius that an
parameters

mance

3.17

FBG s
maxim
mecha

stated

Note 1t

Note 2 f
measure

4pecified

3.18
A
FBG pgriod
distance between the periodically varying refractive index zones (grating planes) in the fibre
and expressed by 4

Note 1 to entry: The FBG period defines the Bragg wavelength (see 3.3) by the equation

P

B 2'}’leﬁ

3.19

fatigue behaviour

change in sensor properties as a result of sinusoidal load alternation under reference ambient
conditions
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Note 1 to entry: The relevant sensor properties specifying fatigue behaviour are the zero point displacement
(see 3.20) and the change in the reflection spectrum of the FBG strain sensor as a function of the number of load
cycles.

3.20
zero point
initial value of a measurement cycle to which all following measurement values are referred

Note 1 to entry: The zero point is also called null set.

Note 2 to entry: The zero point shall be recorded for all types of measurements (static, dynamic). In case of off-
line measurements, where recording devices are switched-off or disconnected, continued measurement shall be
referable to the zero point.

3.21
temperature influence to an FBG strain sensor
change in Bragg wavelength (3.3) of an FBG strain sensor subject to only

Note 1 tp entry: The temperature-induced strain is observed as an apparent

Note 2 to entry: The term "temperature sensitivity" is not used because_it efers toNemperatine
whereaq the characteristic here considered is related to “temperature cmpe

rement,

3.22
birefringence
optical| property of an optically anlsotroplc materi ieqtation-dependent refractive
indiceqd that leads to different propagation velogii ctions

Note 1 tp entry: Birefringence is a property of optical

Note 2 {o entry: For fibre optic sensors, the terpa~lbire 'n

birefringent property are used, for,example panda or ; )
3.23
polarization depende

is correctly used when optical fibfes with

dependence which oc [ Cross
section g lipti ith ™t of splitting the back-reflected Bragg specfra into
two un i fra
Note 1 { : {arizati sendance of/Bragg wavelength can also occur during writing of the fibre Bragg
grating i € ide in the
cladding. hted.
Note 2 t : - pendence of Bragg wavelength can also lead to measurement uncertainty pf Bragg
wavelen N BG reflectivity.

4 Symbols

For thg purposes of this document, the following symbols apply.

h thickness of the deformed object of measurement

Lot optical power intensity of the reference fibre

k gauge factor k

I, L length

Lo original length of the object of measurement

Ly length of the object of measurement after deformation

Le length of the free fibre inside a strain transducer

Lg length between the anchoring points of the FBG strain sensor to the object of

measurement (gauge length)
n refractive index of the waveguide
Neff effective refractive index of the Bragg grating (see 5.1)
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Pe effective photo-elastic constant

P photo-elastic constant

Py incident optical power

Py optical power of the FBG

Rrsg reflectivity of the FBG

Riet reflectivity of the FBG reference fibre

s distance of the fibre sensor from the surface of the object of measurement

SNREgg signal-to-noise ratio of the FBG

T temperature

mean value

=1

Xi i" measured value

physical parameter (e.g. temperature, strain or pre

auge

&
Neff

€oF

€0ss

ness

5 Structure and characteristics

5.1 Fibre Bragg grating (FBG)

Fibre Bragg gratings are phase diffraction gratings inscribed into optical waveguides. They
are frequently produced using UV-light (e.g. by an excimer laser at 248 nm). The fibre is
exposed to an interference pattern of this UV radiation. UV photosensitive processes then
produce changes in the refractive index of the fibre core which is susceptible to these. The
interference pattern is an image in the fibre core of a periodically changing refractive index.
Incident and transported light along the fibre is additively superposed for a certain wavelength
at these points (constructive interference); this spectral part of the incident light is reflected.
In the transmitted light, this wavelength (denoted Bragg wavelength 1g) is attenuated
according to FBG reflectivity. Figure 2 shows the principle of a fibre Bragg grating in an
optical waveguide.

The value of the reflected Bragg wavelength g is determined from the Bragg condition:
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Ag =2 ngg - A (1)

According to Equation (1), the Bragg wavelength /g of the FBG depends on the effective
refractive index of the FBG and the FBG period A. The spectral width of the Bragg wavelength
peak is essentially determined by the number of grating periods and the magnitude of the
refractive index modulation.

According to Equation (1), the FBG is susceptible to changes in the FBG period and in the
effective refractive index, which may essentially be affected by changes in strain and
temperature. The Bragg wavelength Ag changes (is "shifted") with changes in the FBG period
A, or with changes in the effective refractive index neg.

sion or
brature

The wavelength is shifted to higher values when the glass fibre gratingis| placed\ip. ten

the termmperature increases. The opposite process occurs for compr
decredse. These effects on the quantities n.¢ and 4 are described i

where
X is 4

nj ny>n,
Reflected light Transmitted light
_.;‘ Bragg wavelength .;‘
2 % 0,1...1nm %
£ =3 £
T ﬂ, . ﬂ, . | y ﬂ
As Ag

IEC

Figure 2 — Operation principle of a fibre Bragg grating in an optical waveguide

Fibre Bragg gratings are employed in strain measurements in such a way that only the
changes in strain along the fibre axis and temperature changes are relevant (the effect of the
temperature as a perturbing term is treated in 7.12).

It follows that the general variation of the Bragg wavelength is given by:
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on oA
& [ oL o ]

(3)
2| g Ot Haff oA AT
oT oT

The first term in Equation (3) describes the effect resulting from the mechanical deformation
(04/0L) and the elasto-optical reaction (dn.r/dL) of the optical waveguide. The second term in
Equation (3) describes the temperature effect on the quantities ne; and 4.

The te 3
grating period 4. The thermal effect on the refractive index of the optica
hand, is expressed by the term (0nex/0T).

0 01 o[ Do aprayyra D - - EXD3 0 9

In pragtice, the effects of strain and temperature are approxi linear
relatiopship:

(4)
Custon these
combir \ G . The measured wavglength
change does not permit discrimination\betw S i in strain or in tempdrature;
specia
Since gach Bragg grating d inng f Bragg
wavelgngth different fro ) several
tempefature or strain Wi gure 3
shows|an example of & nerous
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ported

gure 1):

lenpth of the fi B
Brggg wavelggk i
reflectivity in
FB{

full spectrum;

malterial parameters of the cladding material;

operating temperature range (see 7.10);
stability under environmental influences;

type of inscription process (e.g. inscribed before coating, during drawing process,
recoated, inscribed through the coating);

signal-to-noise ratio in dB (see 3.12);

grating profile (e.g. uniform or apodized)

polarization induced uncertainty of Bragg wavelength in pm (see Annex C);
polarization induced uncertainty of FBG reflectivity in % (see Annex C);
polarization induced uncertainty of FBG spectral width in pm (see Annex C);
distance between consecutive FBGs of an FBG array;

accuracy of the markers indicating the position of the FBG in the fibre;
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pre-tensioning of the FBG strain sensor;
water resistance capability.

FBG strain sensor configuration

The FBG strain sensor can be made of various materials and with various forms:

as a segment of optical fibre with one or more FBG strain sensor/s (in the following
denoted Bragg grating fibre). Several successively arranged FBG are also called an FBG
array;

as an FBG strain sensor where the connecting fibres of the FBG element are fixed to the
object of measurement at anchoring surfaces/points of defined distance (commonly called

an EXtensometer or straim lrdnbduu—:r},

— as pn FBG embedded in a protective material which constitutes a tr btween
the|l sensor element and the object of measurement. The transitigR_zon€ flat or
plahar, commonly called an FBG strain gauge, a patch or a pad

The manufacturer should define the length used for the deterrkinatio ; ctor. In

case df an extensometer or strain transducer (see Figure \ ‘ efined

betwegn the two attachment points (Lg in the Figure 4); how strain
transdiicers, the fibre is glued to the anchors, whigh h - e millimetres or
centimetres. The free fibre length Lg might be diffe ;this eads to a prohlem in
calibrafion. Users should know which length for calibrati y'the manufacturer.
G temperature
Optical fibre en ’/sensor
\( O vz
Protective tube
Anchoring & Anchoring
int A >.,\ - point B
< > \/ Lead in
\ Lg fibre

5.3

The pr bupling

to a photonic device is called an FBG strain sensor installation. Independently |of the

particular material and form, the FBG strain sensor is attached to or embedded in the|object

of measurement in one of the following ways:

continuous structural contact: the FBG strain sensor and the object to be measured have
friction-locked bonding on a continuous surface; the FBG strain sensor is intended to
measure the averaged strain or one component of the strain experienced by the object at
the continuous surface;

discontinuous structural contact: the FBG strain sensor and the object to be measured
have friction-locked bonding at distinct anchoring surfaces/points (set of anchoring
surfaces/points) with a non-bonded gap in between; the FBG strain sensor is intended to
measure the averaged strain or one component of the strain experienced between the
anchoring surfaces/points.

The connecting leads or cables exiting the FBG strain sensor have to be placed so that
neither the object of measurement is obstructed nor the measurement signal interfered with.
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5.4 Gauge length

The gauge length is the length of an object of measurement over which the sensor gathers
information. In the case of a strain sensor, it is the length within which a strain will cause a
change in the measured value of the FBG strain sensor. The gauge length depends on the
FBG strain sensor configuration.

In the case of a point-wise fixed FBG strain sensor (by gluing, welding, clamping at distinct
anchoring surfaces/points), the gauge length is determined by the measuring distance L
between the two attachment points or sequence of points on the surface.

rain is
e fibre

For an
averaded, converted and measured. This gauge length is usually not thg
Bragg prating length.

5.5 Strain and reference strain

The strain ¢, which is commonly quoted in strain metrology, i p : in and
descrihes the extension or contraction AL, referred to its Origin ject of
measufement when subjected to a known mechamcal or the

(5)

When measuring consecutive deformatioh: aitiple loadings, diverse reference
systems may be required to calculate/the straing:] rain components are referred|to the
respective initial length of the obJect of melast em [ ablished after previous loading. This
strain yalue is designated/the g " strain ¢, and for small variations in gtrain it
is approximately calculated

The FBG wi 3 sensor registers the strain applied to the element Via the
proteciiv ng material or the bonding medium. The strain measuyred by
FBG strdj affected by the plastic/inelastic behaviour of such materials.

When [Bragg.grating fibres are used, inadequate strain transfer can lead to deviations. In
consequence; an incdrrect strain response by the object of measurement occurs.

5.6 eference wavelength

Diverse evaluation methods and different devices result in different wavelengths being
recorded for the same filter function of the Bragg grating. In the context of this standard,
therefore, the result of the wavelength measurement after installation of the FBG strain
sensor with the specified device will be denoted the reference wavelength Ao.

The reference wavelength does not necessarily have the same value as the Bragg wavelength
specified by the manufacturer of the FBG. Because of the very small difference between the
reference wavelength and the Bragg wavelength, either wavelength value may be used in the
following equations without introducing significant error.

If the reference wavelength is measured when the measurement cycle is started, this
wavelength measurement can be considered as the zero point measurement value (see 3.20).
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5.7 Stability behaviour
5.71 Drift and creep

Stability, in general, is the ability of a measurement system to maintain its metrological
characteristics and meet other specifications over the intended time of operation. Stability, in
the context of this standard, describes the property of the applied FBG strain sensor to keep
its optical characteristics constant over a period of use determined by the objectives, or to
show only a small permissible deviation.

Variations in the measured value might occur:

. L L . . , \
—  whemthenmateriatstomncermedare subject tofong=termrstress{creep);

— without loading stress (zero point drift).

This may be caused by the slow progress of chemical or physiga datic ithin the
materials used (e.g. ageing), or by a change in the initial physical coqQdii ). prature
or hunidity).

Creep [is a quantity that depends on the materials employ and the
type qf operation, and can only be determined . ,urrent
experigence, the error contribution as a consequenge of creep re hin the

p onding

Drift is he drift
error df an FBG strain sensor is negligibt ] i ; nce for
this st i by for
examp uld be
stated.

5.7.2 | Shape stability ©

¢ should
ty of an FBG element depend on the manufagturing
e grating. During further processing of the FBG into
an FBG n sensor, variations can occur in the spectral response,
which s of the required stability characteristics in consequehce. A
spectryim is a o He side-lobe maxima are at least 5 dB below the main peak.
The spegificatign & BG applies to the condition of the FBG strain sensor on delivefy.

For cofrect ope
occur. [The spectral
proces

Hysterpsis'in material science describes a particular material behaviour whereby the material
does njotwreturn to its original state, or does so following a time delay, once the input lopd has
been removed. This means that the output value for an elasto-plastic deformation behaviour
does not depend only on the input value but also on rate-dependent processes.

When the strain (or temperature) changes, the silica-based FBG’s peak commonly shifts
without showing hysteresis effect. Coatings of silica-based FGB strain sensors, or protective
material in which FBG strain sensors are embedded and constitutes a transition zone between
the sensor element and the object of measurement (according to 5.2), may cause hysteresis
effects. If hysteresis occurs for repeated or cyclic conditions within the specified operation
range of the sensor, the amount of hysteresis should be described.

5.8 Test specimen

Here, flexural beams, plates or other objects are designated as test specimens upon which
the FBG strain sensors are installed in order to determine and verify their properties. The
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concept "standard test specimen" is used in connection with calibration and testing. For the
general description of measuring procedures, the concept "object of measurement” is used.

5.9 Indication of the measured values

The variations in the Bragg wavelength induced in the FBG are scanned by a connected
measuring device (measured values) and processed for metrological use (result of
measurement). It is customary for the measuring device to supply the optical input signal for
the sensor and also to record the sensor response signal.

5.10 Zero point related measurement

The cdncepts "zero point measurement" and static or quasi-static measure
denotd all measurements where the measured value refers to an initial @
see 3.20).

ent, respegtively,
point,

The following influencing factors shall also be considered:

— drift in the measuring instrument;
— melhod of evaluation:

diverse evaluation methods (measuring devices) can resulf arent offset quantities
with respect to the zero point. In case of replagcem n of the measdring device, tHe zero
poipnt offset between the old should be determined
corfespondingly;

— crepp of the applied sensor.

The sc ake place in a route neutral manner,
so that d\of the optical connectors or splices do
not affe¢ 0 point checking is recommended.

5.11
For non- i ic measurement, the measured values are not
referre i Thi eriodic

oscillati

5.12
An FB

5.13

An FB( strain sensor standard type is a batch of FBG strain sensors with identical physical
properiies’(geometrical dimensions, manufacturing process, materials used, post-procéessing,
Bragg wavelength).

5.14 FBG strain sensor series

A series is a batch of FBG strain sensors for which the materials used and the manufacturing
processes are identical, but which may show differences in their Bragg wavelength or
dimensions.

6 Features and characteristics to be reported

6.1 Construction details and geometrical dimensions

The features to be quoted shall be referred to the appropriate sensor configuration according
to 5.2. The pertinent configuration shall be named.


https://iecnorm.com/api/?name=ace6dd612eec30383bcf7b3299abd0f2

- 22 - IEC 61757-1-1:2016 © IEC 2016

The geometrical data for length, width, height and distance of the sensitive element from the
object of measurement, as well as the relevant dimensions for assembly, shall be reported by
the manufacturer.

6.2 Configuration of the FBG strain sensor

The configuration of the FBG strain sensor according to 5.2 shall be reported by the
manufacturer. If more than one configuration is reported, features and characteristics
measured according to Clause 7 shall be given for every configuration.

6.3 Temperature and humidity range

The mpnufacturer shall report the temperature and humidity ranges for age, installation

and opleration.

6.4 onnecting requirement

r. If a

It shal|l be indicated whether or not the sensor is supplied
: radius

connegtor is used, the type shall be indicated according tg

permitied for laying the connecting leads shall be stated. W ¢ to the
leading cable, compatibility regarding the diameter of i ie} b€ ensured.|Splice
losses|occur through faulty matching. If there are /splice Iosse inform
about the fibre parameters and this additional attehuation. can be
operated from one side only, the mapufact 3 or the

conneg¢tion. This can be the case when FBG a i e of

7 Features and characteristics

71 SBampling and stat

711 Sampling

The following sa@ug %

— random samplin

according to the intended scope of testing:

— typg testing;
— serjes te

— ind)vidual sampletesting.
Many of the énsor properties can only be determined on an installed sensor. A

statistipal evaluation shall be performed in this case. The number of sample sensors as well
as the [dateof the evafuation should be noted.

7.1.2 —Randonrsampiing

The requirement for performing random sampling is the assumption that the characteristic
follows a Gaussian distribution. All sensors chosen for characteristics testing shall belong to
the same production set. A significant number of samples (at least five) shall be selected. The
result of a random sampling test is valid for one production set.

71.3 Type testing

The type test is a random sampling test as in 7.1.2. Here, the result of testing at least five
specimens of this type is declared valid for all production sets.

7.1.4  Series testing

The series test is a random sampling test as in 7.1.2 whereby the result is determined for a
single specimen out of a sensor series and declared valid for the whole series.
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7.1.5 Individual sample testing

Here, each specimen of a sensor series or just a prototype of a unique FBG strain sensor

shall be tested.

7.1.6 Reporting the measuring result

The result of the series tests, type tests and random sampling tests is expressed as the
arithmetic mean value with its corresponding standard deviation. The form of the statement of

the standard deviation shall be specified.

If sen

f the n

determined values x4 to x, of the sensors.

X

- 1
X =— ;
n

n
i=1

The stéandard deviation (of the individual value) is given by:

71.7

The se€
which
adopte

7.1.8

All tes
of pars

7.1.9
The re

rs X, to X, are tested then the characteristic is quoted as the mean value X0

4

h equilibrium with the environn
6 hours in such environment shd

— Required type of test for individual characteristics

hent in
uld be

values

Design-specific features and characteristics

Type of test

Operating temperature and humidity ranges

Series test

Bragg wavelength

Individual sample test

FBG spectral width

Series test

Reflectivity

Type test

FBG strain sensitivity

Random sampling test

FBG gauge factor

Random sampling test

Maximum strain range at ambient conditions (see 7.1.8) Series test
Fatigue behaviour Series test
Minimum operating radius of curvature Series test

Temperature-induced strain response

Random sampling test
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7.2 Bragg wavelength /g
7.21 General

The following characteristics of an FBG spectrum shall be measured as requested by this
standard or on request of the customer:

— Bragg (peak) wavelength in nm;

— FBG spectral width in nm;

— FBG reflectivity in %;

— relative side-lobe level in dB;

— FB signal-to-noise ratio in dB;
— A Ao, first poles (minima) of the Bragg grating reflection peak (se
— polprization induced uncertainty of Bragg (peak) wavelength;

— polprization induced uncertainty of FBG spectral width;

— polgrization induced uncertainty of reflectivity.

_od== Spectrum<CH1 (\1)
t g i
0 —26 N
g 10> T
© NN \U.
E ; M
D T
5 E
2 : T
E AP 1N
1 568 1 569 1570 1571 1572
Wavelength (nm)
IEC
NOTE thepratical algorithm of the device. The spectral resolution, the scan rate
and b 3 of the device determine the precision of the peak wavelength.
flection spectrum of a FBG [calculated (left)
and measured spectrum (right)]
7.2.2

For FEGwith a lower reflectivity (Regc < 50 %), the Bragg wavelength shall be measuired in

H = RO HEY Y ik £l EHWE LR faYaWRVARN o o [ <l HE S
reﬂeCt . T Ul LIL=AARAALL =] IIIUIIUI IUIIU\JLIVILy \l\FBG JU /U’ VT Ure  ULrmetT rnariyu, 1t O]a” be

measured in transmission. In fact, for highly reflecting FBG (Regg > 90 %), the maximum of the
Bragg wavelength peak becomes progressively more difficult to determine exactly. In this
case, the transmission minimum shall be used for Bragg wavelength measurement. For
intermediate values of reflectivity, either configuration can be used.

Alternatively, in case of a symmetrical spectral response, the Bragg wavelength shall be
calculated as the arithmetic mean, for example between the two points of the 3 dB drop-off
(see Figure 5).

All measurements shall be performed when the FBG strain sensor is unbent. The Bragg
wavelength of the FBG shall be measured with sufficient spectral resolution and reported. The
measurement method used and the corresponding uncertainty (spectral resolution) should be
reported. In case of polarization effects, special measurements have to be carried out
(see Annex C).
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7.2.3 Evaluation

No particular evaluation is necessary.

7.2.4 Reporting

The measured or calculated Bragg wavelength and the measurement procedure shall be
reported. On customer request, the typical FBG spectrum shall also be reported.

7.3 FBG spectral width

7.3.1 Measuring procedure

The FBG spectrum of the FBG strain sensor shall be measured wijt
resolufion. The measurement shall be performed when the FBG strain

pectral

Becausge local inhomogeneous variations in the state of straip_within tf cause
spectral width to change, strain measurements have to con3|er thi ssik ges in
the spectral width can occur when they are used as FBG s \ e 5 for a
variation in spectral width can be found

— in the installation itself, where different forces (strain states)w
— where delamination occurs;

— when an effective inhomogeneous g

The cdnstancy of the spectral width ha rtainty
when ysing mathematical evaluation pri Qr X can be
affected by different influencing quantities, , i i strain
and continuous oscillation ehaviou

The spectral width can of the
ts in the fibre at the location of the FBG. [Taking
ge of polarization states of the optical jsource

illuminating optical soUrceNf bjrefri i
measufements ; G s i
often grovides st mdicati ’ dition of the sensor.

Although polarizati ay result from either inhomogeneity during the original
manufacture o ~ nogeneous bonding of the FBG into the strain sensor deyice or
inhomggenedus b i o strain sensor device to the host structure, all should be
considgeret ' e’and will degrade measurement accuracy (see 5.7).

7.3.2

The mleasured FBG”spectrum shall be evaluated according to the definition (see 3|7 and
Figure| 1. @nd Figure 5). The spectral width shall be determined from a reflection spgctrum,
whereby the difference of the two wavelengih values at the 3 dB drop-oif Is taken irom both
sides of the reflection maximum. Alternatively, the transmission spectrum shall be used with
appropriate spectrum evaluation.

7.3.3 Reporting

The typical spectral width shall be reported. On customer request, the FBG spectrum shall
also be reported.

7.4 FBG reflectivity
741 Measuring procedure

The FBG spectrum of the FBG strain sensor shall be measured with sufficient spectral
resolution. The measurement shall be performed when the FBG strain sensor is unbent.
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7.4.2 Evaluation

The measured FBG spectrum shall be evaluated according to the definition (see 3.5):

Repe = 2FBS 4100 % 9)
R
Fy—-P
Repg = "B %100 % (10)
P,
-30 B
—~-35 —]
£
m
2 40
2
B
S 45 |
E 1
-50
-55
517 1518 1519 1520 1521
Wavelength (nm)
IEC
Figu 3 e FBG) reflection spectrum (left, Equation (9))
7.4.3
The typical reflectiw : e¢d. On customer request, the FBG spectrum shall also
be repprted.
7.5
7.51
The strain sénsiti describes precisely the response of the FBG strain sensor to the applied
strain.|The\functionality may be non-linear. The strain sensitivity is commonly determiped by
tensile| strain test. The sample has to be loaded by uniaxial tensile strain using apprppriate

tools to uniformly stretch a fibre segment with the fibre grating on it. Tensile test provides the
exact strain characteristics of an FBG loaded by uniaxial strain. For calibration procedures,
the resolution of the reference measurement system should be at least 5 times better than the
specified measurement resolution of the sensor under test. It has to be ensured that the
measurement uncertainty of the reference measurement system allows excluding systematic
measurement deviations. If the measurement uncertainty of the testing facility is worse, it
shall be documented.

The elongation of the specimen under test may be measured by a precise extensometer, for
example Fabry-Perot or another type of interferometer. It is also common to use a reference
strain gauge applied to the surface of the test specimen at a place where sample deformation
is the most representative of FBG deformation. This method, however, suffers from strain
transfer error that might be caused by choice of an inappropriate method of fixing, primarily
the adhesive. The use of a physically and application-independent reference system such as
image correlation or speckle pattern interferometric system is recommended. Optical
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non-contact measurement methods allow the measurement of surface displacements of all
parts of the applied sensor (sensor with coating, fixing material, sample material). The choice
of the optical method depends on the requirements with respect to strain range, strain
resolution, and environmental conditions.

Strain sensitivity ascertainment can also be used to determine the gauge factor & of strain
sensor samples (see 7.6). If the strain sensor is attached to a material to be evaluated, and if
the tensile test facility is equipped with a measurement system (e.g. digital image correlation
system or a system based on speckle interferometry that is physically independent of the
evaluation methodology to determine the strain response), influences of involved materials
such as coating, adhesive, etc. on the strain sensitivity characteristics can be evaluated.

Particdlarly in the case of long-term strain measurements, determinatio strain
sensitiyity should consider the influence of temperature and humidity &f{ . Testing| under
combined mechanical, thermal and environmental loads is recomme

7.5.2 Tensile test set-up

A test|sample clamped in a load-bearing facility that intrg
Figure|7) shall be used for determination of the strain se

: n (see
under test shall

be insfalled centrally (applied sensors on a sample, te Nt inCipal diredtion of
stress.| The sample should be well-aligned and fixed/in ication
axis to| coincide with the strain direction of the sensor tq be ch ized. i all not

introdyce bending in the sample during |oading.

Tensilg testing machine shall meet th
ASTM [E8/E8M or ISO 7500-1.

ample

|_

9,

/ Encoder
Brush servomotor
IEC

Figure 7 — Example set-up of a tensile test facility

If special types of FBG strain sensors are to be used, for example long gauge length types,
other set-ups may be used for the tensile test facility. The operation principle and the
standard uncertainty of that facility should be documented and provided upon request.

7.5.3 Measuring procedure tensile test

The strain sensitivity shall be determined by applying uniaxial strain to the sensor sample.
The strain range should be varied in at least 5 equidistant steps from the minimum to the
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maximum strain specified for the sensor. This should be performed in at least three stretch
and release measurement cycles.

Reference ambient conditions shall prevail during the measurement with a temperature
stability of at least 0,5 K to avoid temperature-induced change of the sample’s Young-
modulus. The temperature stability has to be improved if special requirements for the sensors
to be tested are present. After proper storage, the FBG strain sensor shall be installed on the
standard test specimen or in the testing device under standard conditions, according to the
manufacturer's instructions.

The installation conditions (type of bonding) for the determination of the strain sensitivity shall

be mecghanicalh—identical-to-the-installation-conditions—for-the-operation-of-the-sensor
Y t t t E P t -

7.5.4 Evaluation

The strain change A¢ shall be determined from the measurement [ qnge in
length] This is done according to Equation (5). The strain sensit zor(ding to
3.13 as:

(11)

The FBG strain sensitivity is often /a
extremes of temperature or strain). The
be the|same as the gauge factor, becaus :
the FB|G strain sensitivity that only cofisiders the

narrow (manufacturer specified) operating .

eXx/Shape (particularly |at the
presented by (1 — p) nged not
s"only a linear approximation to
esporse for the FBG strain sensor|over a

7.5.5 Reporting

The sfrain sensitivity
waveldngth Am
reportgd.

7.6 Gauge factor

ional correlation between relative change in
as well as the measurement procedure shall be

7.6.1
Gauge kJs-i ad as a linear approximate for practical use. In concrete terms, the
strain pensitivj 3 gtrain sensor needs not to be linear but can deviate from g linear

function. For'a gasy statement of the strain measurement result, the gauge factor i used
under flefined conditions. The use of the gauge factor has been established in past decades.
Manufactdrers prowde it for the|r strain sensor products and define for specified application
nsure
the stability of the gauge factor for all specified conditions and that all specified environmental
and long-term influences on the strain sensitivity are within the uncertainty band of the gauge
factor.

Common practice to determine the gauge factor k£ of strain sensor products is the four-point
bending test. Depending on the availability of the testing facility, both the four-point bending
test method and the tensile test method can be used. Specific requirements concerning the
material onto which the sensor is installed have to be considered for the choice of testing
method.

Particularly in the case of long-term strain measurements, determination of the gauge factor &
should also consider temperature and humidity effects. Testing under combined mechanical,
thermal and environmental loads is recommended. The determination of gauge factor k£ should
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be referred to a strain sensitivity measurement to define permissible error. This uncertainty
band takes into account deviations from the strain sensor characteristics.

7.6.2 Bending test set-up

A flexural beam shall be used for the measurement of the gauge factor k& of applied strain
sensors. The sensor under test shall be installed on the beam in the principal direction of
stress. A four-point bending test set-up should be used to provide linear strain and stress
distribution in the middle of the beam and constant bending moment between the inner points
of load application. This avoids inhomogeneities in the beam material influencing the sensor
due to changing bending moment. The sensors shall be installed centrally on the flexural
beam. Appropriate test facilities are proposed by ISO 14125.

Bending shall be generated by controlled displacement, and not by usip i s~1n order to
avoid ¢reep effects of the flexural beam. The loading device (see Figt \all be rigid. As
little tdrsion as possible shall be generated in the flexural beam. ¥ i induced
into sgnsor under test shall be in the strain range between — pm/m,
chosen

accordjng to the material of the flexural beam. The stra issible
elastic|range, which is 70 % of yield strength (Rpo ) for metalli erials. [ rength
of othgr materials shall be defined according to releva E 5 P7-4 or
ASTM |D3039/D3039M, or has to be defined by testg. i with a
measufement uncertainty of 0,5 % at maximu ithjn / erating range of the flexural

beam, [the strain shall not exceed an u rtainty

Bending moment Ei P2

@®

P-a/2

est layout (left) for the 4-point bending test with scheme of
lateral force and bending moment curves (right)

Test facilities should allow introducing static strain over several load steps.

The bending of the flexural beam shall be measured by a displacement measurement
(see Figure 9).
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Key
(1) Sufface under compression

(2) Sufface in tension

Figure 9 — Determination of the strain via easurement

The surface strain for the measurement on thée the flexural beam ¢an be

expressed as:

(12)
The SLerace strain_fo tan be
expressed as: @
(13)
Becausge the FE | beam
(see Figure-10),
The ¢ i .
g-_ 05-h . (14)
P05 h+s 0SS
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IEC

0,5h distance of the flexural beam surface from the neutral axis

N distance of the sensor from the surface
(1) flexural beam with marked neutral axis
(2) sensor under test attached on the surface

Figure 10 — Whole-surface applied sensor on a beam

7.6.3 Measurement procedure

The gquge factor k£ of an FBG strain seg 2 in one of the following ways:

a) applying strain to a flexural beam upgn wkij der test is installed, or

b) att i i a distance of Ly which are displaced
axi

Load [can be € 2 Step-wise load introduction is
recommended to avoifhchanges i properties of the tensile test sample|or the
beam material. The nymbe as fo be defined according to the load range that
the sepsor has . i range hould be varied in at least 5 equidistanf steps
from the minimu S specified for the sensor. This should be performed
in at [least three QY s measurement cycles. Approaching and c¢nstant
controlling the load ste d be digsplacement-controlled to avoid creep effects.

Refere| i i shall prevail during the measurement, with a tempegrature
stabilit‘F ‘ avoid temperature-induced change of the sample’s Young-
modul ture stability has to be improved if special requirements for the sensors

to be testedharepresent. After proper storage, the FBG strain sensor shall be installed|on the
standa 9ECI or in the testing device under standard conditions, according|to the
manuf ructions.

The instaltation conditions (type of bonding) for the determination of the gauge factor k shall
be mechanically identical to the installation conditions for the operation of the sensor.

The sensor under test shall be subjected to prior loading at least three times alternately in
positive and negative directions. The prior-load shall produce a level of strain that lies by at
least 10 % over the strain used for the measurement of the gauge factor &. If a sensor cannot
be loaded in a negative direction, then only positive prior-load should be applied.

The flexural beam with the FBG strain sensor shall be adjusted to the zero position; the
measured value Ay shall be recorded.

A positive strain of 1 000 um/m +100 um/m shall be generated.
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/10 pos
unloaded and the value 1, recorded again.

The measured values and &,s shall be recorded. The test specimen shall be

A negative strain of -1 000 um/m +100 um/m shall be generated.

The measured values

B and &g shall be recorded. The test specimen shall be
0

neg
unloaded and the strain as well as the value iy shall be recorded again for the purpose of a
plausilyititychreck:

Testing the gauge factor for negative strain can be waived if the sensg uitable

for the|determination of negative loading.

If the FBG strain sensor is also usable for negative strain, then the g ' nall be
deternfined for the negative strain range as well. The nopi S hlue of
1 000 pm/m £ 100 pm/m.

7.6.4 Evaluation

If the reference strain is to be deter strain
shall initially be determined from th This is
done dccording to Equation (5).
If a bepding strain is applied, initially the d ’ e shall
be corfected. The mean va
The gquge factor & fo 9 mmeirically with regard to positive and ng¢gative
strain is determined usg - 9 i
AL
+ ||
pos /10 neg
- (15)
|A5| +|Ag|
pos neg

7.6.5

The strain gavgefactor £ and the measurement procedure shall be reported.

7.7 MaxXimum strain range at room temperature
7.71 General

Maximum strain range is reached when one of the following criteria apply:
— the gauge factor k£ of the FBG strain sensor under the appropriate strain deviates by more
than the specified uncertainty;

— the largest side-lobe in the spectrum does not lie at least 5 dB below the Bragg peak
(see (1) in Figure 1);

— the spectrum shows a structure no longer amenable to evaluation.
7.7.2 Test set-up

The same test methods as recommended for measurement of strain sensitivity should be used
(see 7.5) to determine the maximum strain range at room temperature.
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A flexural beam or a tensile strain test sample with known strain behaviour shall be used to
generate a defined strain. In the main stress axis, the strain ¢g shall be adjustable between
—100 000 um/m and +100 000 um/m, where a tolerance of +2 000 um/m is permitted. The
uncertainty of the set strain shall have a maximum value of 1 %. The strain shall continuously
be adjustable. Load can be introduced continuously or step-wise. In case of continuous
loading, the strain rate shall be adjusted in such a way that changes in the strength properties
of the tensile test sample or the beam material are avoided. Step-wise load introduction is
recommended to avoid changes in the strength properties of the sample or the beam material.
In case of stepwise loading, strain steps should be adjusted at least in steps of 5 000 um/m.
Within the operating range of the flexural beam or the tensile strain test sample, the strain
shall have a variation < 0,5 %.

7.7.3 Measuring procedure

After proper conditioning, the FBG strain sensor shall be installed on,the fl ¢ or the
tensile| strain test sample under standard conditions accordir agturer's
instructions. The installation on the beam shall be carried out such 7 [sensor
can bel compressed and tensioned. If the FBG strain sensor is Only suitab 3 sitive|strain,
then te FBG strain sensor shall only be loaded in the posjtive\straindirestion\e tensile
test m¢thod shall be used.

The sgnsors shall be connected to the measuring ing
shall be recorded.

pectra

The tgst specimen shall be defor i til the
specified strain is achieved. Within this \ ' pectral
changg¢s may not be reached. The posifive | tensile
strain pt the tensile test specimen shall wlated based on a mechanics equafion for
deflected flexural beams, SU 3 j cedure
accordjng to 7.5.

If the testing equipm i \ ' rion is
reached, the ma{n%m S ined in the test shall be reported as maximum sjtrain.

7.7.4 Evaluation

By transforming Eg the~expression for the strain ¢ is obtained:

A5=% (16)

In cas¢ of using a flexural beam to determine the strain in surface-attached FBG strain gauge,
the thickness of the fixing material that causes a distance of the FBG strain sensor from the
bent surface of the object of measurement shall be taken into account. The bending strain &of
of the object of measurement is then estimated by using the following formula (see 7.5 and
Figure 11)

05-h

o2 17
05 h+s 0SS (17

¢OF =

7.7.5 Reporting

The maximum strain range determined using the recommended bonding technique shall be
reported. The FBG strain sensor spectrum for the unloaded state and for the maximum strain
range shall be reported on customer request.
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7.8 Fatigue behaviour

7.8.1 Test set-up

An apparatus shall be used which can generate a sine-shaped alternating load with locally

constant strain. The strain amplitude shall be adjustable.

For surface-applied sensors, the local constancy of the strain over the usable bending surface
shall be <5 % of the amplitude. During the experiment the variation in strain levels shall be
<5 % of the set amplitude. The apparatus shall keep the mechanical zero point stable

throughout the whole period of the experiment to < 1 % of the set strain amplitude.

7.8.2 Measuring procedure

The measuring procedure is as follows:

acdording to the manufacturer's instructions. The test condition

b) TheLtest specimen with FBG strain sensor shall be dyn@
ten '
shgll be recorded.

ditions

niaxial
pectra

c) Th je and
fre}uency. The amplitude, frequency and orded.
Thijoughout the entire experim ant. A
temperature measurement, i \ shall ensure that the¢rmally

ind
d) Up
loa
poi
cyd
the
fun

-

1
=

IEC

certain
e zero
" load
hether
le and

Key
1 FBG strain sensor
2 neutral axis of strain

3 test specimen

Figure 11 — Test specimen with applied FBG strain sensor

7.8.3 Evaluation

Fatigue strength is given when the measured amplitude, after a certain number of load cycles,
is reproduced such that its value varies during the experiment only within the gauge factor &

tolerance. Fibre fracture is a failure criterion.
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The zero point variation is determined as a function of the number of load cycles and th
of strain under constant experimental conditions.

7.8.4 Reporting

Loading conditions and the number of load cycles achieved shall be reported.

7.9 Minimum operating radius of curvature
7.9.1 Measuring procedure

The FBG strain sensor shall be placed in the loading equipment and bent at a given

e level

radius

(e.g. using a tube of known diameter). If the structure of the sensor perm (e.g.~fqr FBG
strain gauge), the test shall be performed in the direction of the fibre and at 90 tonit'|During
testing| the sensor shall exhibit an acceptable spectrum according to<5. . After
the tedt, the FBG strain sensor shall be examined visually for delary i 3 ectrum
shall be measured and checked for significant distortion. If the sensor flational
after this test and recognizably undamaged, then the given r as the
smallept radius of curvature. The test should be repeated at least threes

NOTE PBignificant spectral distortion is present if the implemente urement
instrumgnt is no longer able to determine the one-to-one Bragg

7.9.2 Evaluation

This experiment requires no specific éyalu

7.9.3 Reporting

The smallest radius of cupie C ic%FB stfain sensor is still functional shall be
reportgd as the minimum i ature.

7.10 Temperature a

7101 Genera@

FBG sfrain sensofs\ k e and humidity limits which shall not be exceeded to
ensure i tinguish between temperature and humidity ranggs for
— stor

— ins

—  0p€

Temperature)*and humidity limits are a consequence of the fact that FBG strain sensors
consist of{materials that show degradation effects due to temperature and humidity infllences
(Bragg glatillgb, puiymcl and—ottrer bylliilciib llldicliaib). Thos,FBG—straim—sensors are

suitable to only a limited extent. The individual temperature and humidity ranges are defined

as follows

— for storage and transport:
Temperature and humidity range for storage and transport is the range in which th

€ non-

applied, delivered, packed FBG strain sensor can be stored for at least one year after

delivery. In this period of time, the technical specification shall not vary.
— for installation:
Temperature and humidity range for installation is the range in which the FBG

strain

sensor can be installed and the specifications according to the data sheet are maintained.

Professionally performed installation is a prerequisite.
— for operation:
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Temperature and humidity range for operation is the environmental range in which the
FBG strain sensor installed according to the manufacturer’s instructions can operate, and
its specifications stated in the data sheet are maintained for the period of operation.

7.10.2 Measuring procedure

The test to determine the temperature and humidity range for storage and transport shall be
carried out in an appropriate climate chamber at the lower and upper limits of the specified
ranges for a period of at least 1/10 of the designated lifetime of the sensor or an adequate
ageing technique. The FBG strain sensor shall then be tested by measuring and evaluating
the FBG spectrum under load within the specified strain range.

The tef P y g 3 ed out
in an appropriate climate chamber at the lower and the upper limits of {f ifi anges.
The FR i i g th ification, with
approgriate bonding material recommended by the manufacturer, 3 c 4 upper
limits of the specified ranges. The FBG strain sensor shall then b surihg and
evaluating the FBG spectrum under load within the specified stpai 3

The teft to determine the temperature and humidity range<or ope ied out in
an apropnate climate chamber at the lower and the QUL i S i s. The
FBG i aterial
recommended by the manufacturer. The test shall b€ jexs a period of 1/10 of
design ' se, accelerated test under
elevated conditions according to the JE eri i period
of two [months shall be carried out. Th B asuring
and evpluating the FBG spectrum under lead Wi

NOTE [This is a simple proof test of the specified e Ma . i i specific
durability tests for specific appli¢atis e i

7.10.3| Evaluation

No particular ev@o

7.10.4| Reporting

The de¢termined a d_bdmidity ranges and related test conditions for sjorage,
installgti arati be reported.

711 A eVireH bal influences

Other [ 3 influences such as radiation (e.g. sun exposure or exposure to
y-radiafi i icgt’or chemical attacks might affect the sensing characteristics of tHe fibre
Bragg |grating. Th|s could occur by changing the transmission characterlst|cs of the fibre, by
changi 5.

If these environmental influences are relevant, corresponding measuring procedures have to
be applied, and the behaviour has to be clarified.

7.12 Temperature-induced strain response

7.12.1 General

Temperature-induced strain usually occurs in FBG strain sensors because they can have
quite complex structures whose material can undergo thermally induced deformations, and
thus cause the Bragg grating to experience a strain.
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The effect of a thermal influence on the intrinsic spectral response of an FBG is described in
3.18 and 5.1, Equation (4). The temperature-induced strain response of an FBG strain sensor
is determined by

— the thermal expansion of the material forming the complex sensor structure, and

— the change in refractive index of the FBG with temperature.

Both contributions affect the Bragg wavelength of the FBG and consequently the strain
indicated by the recording device. This leads to a zero point error. In order to add the two
contributions together, conversion into wavelength or strain is necessary. The sum of

temperature gradient and thermal expansion results in the apparent strain &s:

(18)

of the
rature-

induced strain and is denoted en off - 1he temperature-indueed fibrexspecific apd has
a typical value of 7,8 x 10" (valid for wavelength 50 nm and stgndard
singlemode glass fibre, e.g. SMF 28). The thermdl expansign’ o~of the bare fibre material
(third term in Equation (18)) can be neglected e ' ili ibrg’in any plastic cpating,
the thermal expansion could rise substanti i & >, due to the temperature
dependency of the thermal expansid ) Y polymers, Young modulus
drops even faster with temperature. In ure’effects’ of FBG strain sensors|will be
stronggést at low temperatures and gt redbiced at elevated temperatures. The
magnitude of this effect depends on th f palyer and its glass transition tempergture.

Consid
standa

r many

(19)
For a § igve the
final re e recording device is the sum of the apparent strain gnd the

mechahi W. Usually, the aim of the measurement is the mechanically induced
strain. |In order tQ/obtain_this, the apparent strain shall be subtracted from the recorded strain
values

7.12.2| .‘Test set-up

The temperature-induced strain is determined in a temperature chamber, an oven or a
thermostat in the expected temperature range without introducing strain. The leading cable
shall be suitable for the required temperatures. FBG strain sensor should be attached in the
way as common for later installation. Materials with a well-known coefficient of thermal
expansion and an adequate temperature correction for this material should be used.

The thermal coefficient of expansion of the FBG strain sensor material shall be known or
specified by the manufacturer.

The required equipment for the temperature measurement of the test specimen shall have an
uncertainty better than 0,2 K.
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7.12.3 Measuring procedure

At least five FBG strain sensors shall be investigated. The number of test samples as well as
the temperature steps shall be reported. The number of test specimens shall be reported. The
temperature steps should be chosen adequate to the temperature range, and the number of
cycles should be recorded.

The FBG strain sensor located in an appropriate temperature-controlled unit is heated to the
highest temperature. Next, the temperature shall be varied either in progressive steps or
linearly in such a way that thermal equilibrium is reached before the measured strain value is
recorded. At temperatures between 0 °C and 100 °C, condensation on the sample shall
strictly be avoided. It is recommended that the measurements be carried out at decreasing
tempefatures. The temperature and Bragg wavelength change of the FB in sensqr shall
be recprded during this process.

7.12.4| Evaluation

The temperature-induced strain &, is simplified according to th

Enetr (20)
Here, ¢1;m is the coefficient of thermal e FBG
strain g¢ensor.

The mean value and the Standar@d deviafi ' psured
values| For the compl 1 > andard
deviatipn are required.

7.12.5 Report@

The temperaturesi S sented
analytipally or grap i d.

7.13 Proqof te

7.13.1

Long-term ( grating >stability and thus reliable strain sensor function can have serious
implicdtions, given potential applications that are critical to optical fibre sensors. The term
"lifetim fcet i ; ; i i chine,
tool, or device can be operated properly within the specified performance. The service life
ends with the failure of the considered object. The term "failure rate" is alternatively used for
"lifetime" of an FBG strain sensor to express its reliable function for the intended use under
defined operating conditions.

The service life is determined by a number of optical, mechanical and environmental
influences:

— Optical influences: regardless of any pretreatment prior to UV excitation of the optical
fiber, some thermal decay of the grating occurs over time, even at room temperature. The
extent to which this decay occurs depends on the fibre and grating type, whereas all
grating types written in non-hydrogenated fibre are stable at room temperature over many
years. The presence of hydrogen may lead to an increase of the optical loss in the FBG
and reduce the optical transmissivity. One approach to stabilize the grating, called
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accelerated ageing, is to pre-anneal the grating at a temperature that exceeds the
anticipated serviceable temperature of the grating strain sensor.

— Mechanical influences: these can be divided into two main categories:

a) intrinsic cause, determined by the glass strength in the elastic region (without
considering any flaws or defects);

b) extrinsic causes, initiated by damages during the manufacturing process of the fibre
(flaws, micro cracks on the surface) or during preparation for use as strain sensors
(mechanical damaging of surface protecting layers).

— Environmental influences: these can lead to attacks during storage and operation, for
example by aggressive media, UV radiation, temperature shocks that can act as sources
of ptress—fracture—breaking—the—materialbenrds—and—eausirg—fature—ofthe—FBG,; strain

serjsor.

For FBG strain sensor use, manufacturers set in their specificatiQn i in and
physical loading to exclude damaging mechanical influences Ire the
expected FBG service life.

In ordgr to ensure the expected service life without getting”ea } i ity) due
to physical defects that influence the mechanical performance, the i should

be propf tested by using mechanical test methods to y

If a lifgtime (quantified in days, months, years) o1 ¥ ufg i service
stress |under well-defined environmeptak cond S i in ageing
experiments are required to evaluat fatigue
behavipur accurately. However, it is no ssib , bxactly

becauge of its probabilistic nature due fo statistisg

7.13.2| Measuring procgduxe
In ordgr to avoid infan i : ai_seyisor samples, proof tests should be applied
accordjing to IEC i079
In ordgr to estima

accordjing to IEC QY
made.

h tests
uld be

Design ¥, the samples preparation and strain rates are propoged by
IEC 60 93-1-31 and IEC 60793-1-33. In case of intended axial |tensile
loading S gngth of FBG strain sensor samples should be applied according to
IEC 60j793-1- tatistical data on fibre strength. In order to estimate the [failure
probalility (erssuryi probability) for FBG under complex loading condition, dynamic and
static tsts according to IEC 60793-1-33 should be applied. These tests provide valueq of the

stress corrosion parameter n used for reliability and lifetime calculations in IEC TR 62048.

7.13.3 Evaluation

Testing results should be evaluated by means of statistical quality control distribution
methods. In literature, two approaches have emerged for analyzing and predicting grating
decay using accelerated ageing data: the ageing curve and the power-law approaches. Both
are based on similar physical principles, using probabilistic methods.

The power-law approach for empirically derived crack growth is considered the most
reasonable experimental procedures to represent the fatigue behaviour. The expected lifetime
is expressed in terms of measurable parameters. The measuring procedures are based on
static and/or dynamic fatigue tests described in IEC TR 62048 developed for optical glass
fibres in telecommunication. Because the strength values in glass fibre Bragg gratings are
statistically distributed, a two-parameter Weibull probability distribution is preferably used to
describe the survival (or failure) behaviour of the FBG strain sensors. |IEC TR 62048
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describes how the parameter n and B are obtained from the fatigue testing results. Service
lifetime or service failure rate can then be calculated from the determined failure probability or
survival probability.

From Weibull’'s empirical law, the flaw distribution is given by the equation:

1 o

F(o) is_the cumulative failure probability and is defined as the probability of breakage below

stress [evel o; therefore, 1 - F(o) is the probability of survival. For a group o es, the
cumulative probability of failure is calculated by F = (i — 0,5)/N, whexe i ... N.
Equatipn (21) represents the coordinates of the axes of the Weibul of the
curve [is called the Weibull shape parameter n, which represe of the
distribytion and is used in lifetime models of optical fibres. i rs, the

lifetime can be calculated depending on the applied testing m 1 ious 8ss lgvels o
as a function of failure probability F (see IEC TR 62048).

7.13.4| Reporting

For prgof tested FBG strain sensors, the maximum, sgres i hich the sensolf works
reliably shall be stated.

If lifetime was calculated/estimated,
dynamjc fatigue testing) should be repg
lifetimg

hod (proof testing, static or
anical load limits ensuring the expected
mental

conditipns.

8 Re

In order to char , measuring devices shall be employed that will
determ nds on
the ac strain
sensor d less
sophis ectrum
analyz to the
manufag or to
approgriate.caligafi { 129-3.
Stabilify, lineakit e shall
be of 2

In casb—ef-suspected polarization—seffe i snded—toveri sse—polatization

effects by using polarization measuring equipment.

For a better assessment of applied FBG strain sensors or any FBG strain sensor configuration
according to 5.2, an optical measurement unit should indicate or record the complete
spectrum of the reflection or transmission signal. From this data, the Bragg wavelength, the
reflectivity and the spectral width (see 7.2 through 7.4) may then be determined. The spectral
resolution of the measurement unit is of particular significance. It is affected by the spectral
width of the light source (e.g. for a laser, FWHM) or by the spectral resolution of the
monochromatic device.

In order to be able to compare measuring results of different measuring devices, information
about the sampling and calculation method used should be available.
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Annex A
(informative)

Further properties of FBG strain sensors

A.1 General

In this standard, all the essential characteristics and features relevant to metrological practice
have been taken into account. The user has therefore been given the opportunity, for proper

installation, to reliably operate the measuring site and to evaluate results correctly.

In addjition, there are further properties of sensors that shall be consjd
parameters and under special conditions. These include:
— wayelength drift;

— creep;

- k(g
- k(7);
— the|effect of nuclear radiation;

— UVijresistance;

— resjstance to micro-biological and
The manufacturer of the fibres shall ex

drift pfocesses are of minor importapce.
measufement at an elevated temperature.

The ogtical signal of the ¥ip
connegting leads. Thug
the fibres, polarizatio
displag
strains

tions where large transverse forces
- Polarization effects lead to zero
he zero point related measurement of small

rticular

d FBG,
point

on the
act on
point

e FBG
e FBG
by, for

1

Specifi strain sensors, for example embedment of th

strain Y mposite structures, can lead to perturbation of th
spectra due {o tran yre influences. Such perturbations have to be avoided
examp i i He sensor coating. If this is not possible, the amagunt of
perturad 3 3e’ estimated, considered and evaluated.

In ordé¢r to decide whether a strain transducer is applicable under specific situations, the

epoxy psed and the ¢oating material should be noted.

A.2 Extended explanation of FBG side-lobes for different conditions of use

Side-lobes shall be considered for two different conditions:

a) for a single FBG used as sensor, where it can be assumed that the wavelength of the
fundamental peak is calculated as the arithmetic mean between the two points, 3 dB down

from the maximum power (see Figure 1), and

b) for an array of FBGs, where each peak can be at a very different power level, with some

fundamental peaks from one FBG below the level of side modes on other FBGs.

Condition 1: Single FBG strain sensor

Side-lobes can be defined as any feature of the FBG reflection spectrum (see Figure A.1) that
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