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Optical fibre sensors
Technology and Strategy

i

Brian Culshaw
Department of Electronic and
Llectrical Engineering
Strathclvde University

General outline

* Fibre sensors - the basic ideas

* Some examples of the predominant
applications

* Current strategic view of the technology
{mine!)

* The future, technologies and applications
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Which optical parameter to
The fibre sensor: 99 :
measure?? - the modulation ?
o * Spectral content - no new spectral
m._;\ Wnsi o dursusn compongnts
e T e * optica! phase / delay
o s e R T * non linear mechanisms - ncw spectral
ou
vt Ty ndmucacci components
=== S * intensity {sometimes via polarization)
T T i
O 85
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Spectral content modulation

+ Bragg gratings:
— physical meastrements, femperature, strain
* Colours of dyes:
- chentical measurements - pif, oxvgen vtc
* Needs:
~ known soirce characteristics and adequately
precise spectial monituring
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Bragg gratings
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Optical phase/delay
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Non linear mechanisms
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Optical fibres as a sensing and Fibre optic sensors - some
measurement technology applications
T + Have many unique features: @
— disiributed. quasi distributed and point Medical, biomedical, environmental and
measurenent capability chemical
- ibility with ' it o
comp.(mb:h!y M’.’ mcny nevw {(wd oldly structural monitoring
Sunctional materials ) )
- ¢ operate over long distances. wide areas measuring clectromagnetic ficlds
— electromagnetically passive, intrinsically safe gyroscopes and hydrophones
.« But must take their technological place & — but first - some of the other features....
o
N lf““‘ ta Gproelecironics Division 0

Optical fibres : point, distributed

_ﬁ quasi-distributed sensing..
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Optical fibres : distributed
sensing is unique..

modulated
,input light

-

AW

5 measuund field
'
AK}

) _L
j signal display - measurand
‘processing [\A\/\ as functioh of position
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Optical fibres : distributed
sensing applications..

* Raman scatter - distributed temperature
sensing - conunercial instruments

* Brillouin scatter - distributed temperature
and strain - commercial instruments

* Microbend - experiment instruments for
moisture detection

ol
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Distributed moisture ingress

FIBRE GPTIC DISTRIBUTED MOISTURE INGRESS OR pH SENSOR
fmucrobend sensory

Oplca hore

pAisve cone

OTDR sensing - the basic idea:
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Moisture sensing - results:
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Chemical and Environmental

sensing - sone observations

* many indicator based optrodes (fibre is light
guide):

. c};;ﬂc.ully uctive lugion
Upllcﬂl/ﬁble:
» some special systems using unique features
of fibres e.g attenuation [or distant
measurements
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Fibre optic gas measurement:
Methane detection
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Structural monitoring:
Bragg grating arrays

Brags wadag comsers
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Switch unit *,

Flir'rd‘lt ke

W Figurn §: The baslc form st of the Bbre Bragp grutiug wray based va
& w switch el addvencug wrchiteciurs.

yitieng  Optoclecironics Diviiien
i

Structural monitoring:
another way - optics and ultrasound

Saurce and deector ¢onfigurations for proof of principle
el '
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Structural monitoring: .
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Fibre sensors:
applications areas:

-
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Fibre sensors: Strategic points:

+ Technology is relatively mature
— (first patents in niid 1960's)

« Sensors is an applications specific art
— small companies, niche orienfed

« Applications engineering to specific need is
both challenging and time consuming but..,

- plees”

Optoelectromes Division




Fibre sensors: Some future thoughts

_f- Incorporate the combinations ol

- new technologies from fibre aptic
communications

— old physics from spectroscopy and optics

— microengineering

~ applications unalvsis: identifiing the gaps and
needs

5
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Fibre sensors - multiplexed
arrays and amplifiers

1emver mb arTay

aptical input ‘
—rrrr———

sutput

pumplins

Schom nde of ete architorinre for smplified ssuser array.
Thebecmion of the amplifiors com be varisd tn optimise
neles parformance
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Tuneable fibre laser

B
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Atr path tuneable laser

oupIK
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Mechanical uning

2aih block
i MOVING mifror . i .
| — * precision engineering
- ‘E * possible fo avoid mode
focusizg .  fioping
o movement s any gain block

range cmi.
* good noise and
linewidth

Tuneable lasers
some general characteristics

power outputs 1-10mW

* tuning range typically 3% depending
sorewhat on gamn medium (30 1o 100nm)
— tuneable DI onfy few mm

* wavelengths 1.3, 1,55 micron ranges

typical. Can also use Nd at 1.06 microns

* tuning speed usually slow (msec o see)
linuted by filter, cavity tuining capabilny

3 Optotlecivones Diviren
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Multiphoton spectroscopy:

)
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high cnergy
pun]) thigh gy) modulated light at

prabe energy
-

R

input pholons e

‘,,./

probe (low energy . - .
I (low encryy) interachon region

(at difference energy)
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Multiphoton spectroscopy in
fibres:

_.- overlap assured (and this 1s very important)

— even in an open path cell - spatial colerence
+ can use the fibre windows for long range
transmission
— but can detect al wavelengths outside these
regions
« but the process is non-lincar and calibration

b o is an issue - fittle used 1o date

Non reciprocal effects

i - established components such as isolators

(and circulators?)

one way oplics

« new components such as non reciprocal
MIrTors

Opioelecironica Drvition

[F o0 Opioelecironics Diviston N 2
i
: . Loop mirrors - also known as
Non reciprocal mirrors
ZYroscopes...
. . . . . X Polarisar?
» Ensure exact replication of returned polarisation T
* A saif acfusbing polansation controlls
~ ahvmys grve 5 back the arthagone! state /
npul 30p usually only needed in {yroscope
)
*_“"'D launch \
T oplics mirrat
b apiier g it ; l 7 Fiore loon
45°F
rol-llor."d %
I Gptoelecironics Devision n cwins Oploelecironics Division -
Near field devices Tapered fibre probe
e
+ Feature ability 10 resolve sub wavelength Eiched geometny —
distances 4 1o deaectar PR
evaescent field of TI Y f'f'l‘;“*lf'u ——
S R - | e e
\ B T "'\\7\ \\
=T e |
. T Y [ _<iase up of lip e
Toput cohereni gt - to dereror -.“,5/ radiua nm © e
shus pra ¥-obe for photon tunnelling microrcope
Prmspte ol phaloan maellog anerescape }%
Opioelectremcs Lavistan " n‘-:": s Opteelecromes Division 1




Near field devices

-5t

* Some actual and potential applications:
— surface characterisalion complementing
scanning tunnelling microscopy
~ chemical probes into biological cells and
similar nanometre 1o micrametre scale objects

¢Z€

Ve fced Opioelecironics Division

And other technologies??

oy
Hinirs 18

* LIGA offers its own unusual dimension

silicon MEMS has demonstrated switches,
miTors ete.. ...

- implications for sensing??
* anew guiding and manipulating sub micro-

optics scale technology, not yet really
exploited

¥ Optoelecironics Division

_ﬁ LIGA spectrometer - an example

facusang &l agtive
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Other odd ball detection systems:

» Four wave mixing in detection crystal for
multipath interferometry (e.g... from
multimode {tbres)

Time gated source acting also as detector

— ele. elc.

+ But few used in earnest as yet

< Opioelectronics Drvision

And what does the sensor
engineer do about it

-

* We can’t be expert in all {or probably any!)
of these ( and orher) lechniques!
So..
* We need to be aware ol the potentizl
offered by the wide range of available
techniques

and ...

&

We need 1o be able to apply as necessary

Optoelectrones Dhvision

Fibre optic Sensors - some
conclusions

4

&

Moest of the techniques are well established

Applications engineering is the principal
activity

+ Some new technologies from other domains
will ke important

The skill hes in fitting the need to the
technology and making everything cost-
clfective

v Optoglecronics Dwision
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Fibre Optic Systems for Remote
Gas Spectroscopy - possibilities

_i and pitfalls

Brian Cuishaw,
Strathclyde University,
Glasgow
Scotland

£

(ﬁ;ﬁ-;};}' Optoelecironics Division
5

r

Fibre Optic Systems for Remote
Gas Spectroscopy

o0 iy Oproelecironics Division N

+ Gas spectroscopy - the basics

» Where do fibres come in?

+ Mid IR or near IR - some comparisons
« System concepts using fibres

+ Some examples

» Where next??

_é Gas Spectroscopy - the basics

-1 -k 4 L 1
Q% Frequency - devistion from centre i candard dd

9&‘?54 Oproelectronics Division
i

Gas Spectroscopy - the basics
Modulation techniques

)

HALF W

T

LINESHAPE

Diode laser characteristics

J smusoom
BOOULATIH

laser frequency
light output

1

SLOW SCAN THRGH GH [ T

ABsORPION L t current current ['
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Gas Spectroscopy - signal output
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" e
frequency ampiélucde

signal amplitude
——

backgroaml
amgrilide
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Air path tuneable laser

-2

Mechanical tuning

gain block

moving pumor L. . .
v precision engineering
\‘E possible to avoid mode

outpul

foi'nsmg
Optics

1w Oproeleciranics Division

D —

maovement
range cm.

hoping
any gain block

good noise and
linewidth




Tuneable fibre laser

# tusicable rvauesceurty

coupbed Mrer ‘/’

= Convertient
architecinre

o narrow lines, low
noise

gain block

« fibre or semiconductor

Fibre Optic Techniques remote
spectroscopy - Why use optics?

—@0 Flectro chemical detectors, while well
known, have their limits:
- poisoning, safety, range limits, vulnerability
» Optics:
- with fibres have range to km., intrinsic safety,
no local power supply, ruggedised sources

» mode hoppin .y
N FRING - but: cost, confidence, producability???
inevitable (&
53 i
%_;F?;: Optorlectronics Divinon . q':;g:ﬁ-\';‘g Optotleciranics Division N

Fibre Optic gas spectroscopy
Detection SNR - near vs. mid IR

« mid IR has much sronger lines
But:

* near IR has compenents and infrastructure,
especially lasers
» source spectral density is the ultimate SNR
& factor
%;?Q;’«_ Optoelecironics Divisnign
]

Varying source linewidth vs. gas
line width - the near IR contrast

l absarptlon v, linewldih
D% 1
I ®
5 |
i@
-3 4
[ E_ 01
| 3¢
I X5 oo
i B2
e
§5 0001
f (o
= 0.0001
: 4 80l 0L 1 W 100 1006 19000
% souyce linewidu relalive Lo gus line

wa Optoelectronics Division

Fibre Optic Techniques for gas
Detection SNR - near vs. mid IR

* The laser linewidth s <<Q.1 ol the gas
inewidth

* An LED linewidth is typicallv many times
104 the gas linewidih. so that:

 amid IR line can be several thousand times
stronger but still practicaily overwiielmed
by a near IK line

&

[ Optoelectronics Dnvision
1

Fibre Optic Gas Spectroscopy
where do the fibres come into it?

= Optical fibre components can be modified
to accommodate near IR measurement
systems but

* semiconductor and other lasers are special
(market for semiconductor gas spectroscopy
tasers= 1000 compared to 200,000,000 for
CD reading laser!) laser is expensive and
influences svstem concept

Oproelectronies Division
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Fibre Optic Gas Spectroscopy
basic fibre architectures
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Fibre optic (remote) system
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Gas cell design for remote
systems - as simple as possible

GRIN benses pureus casing
sngle mode Abres I beanos
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locagng ferrules swmnple voluine

(few e feugih)
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Gas cell design: some other

5

W
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factors
" gu "
g & 1 onput
GRIN ten3 ‘

MULTIPLE REFLECTIDNS IN COLUMATING MICRC-OPTIC CELL

Facusng
GRIN 'l 1
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" AR caming
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CAPLARY S e 2288 piH
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Remote cells - a practical version

e
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Signals from methane
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Basabine Cusignal Typical resulls -
. OMEGA, system
e / showling slgnals
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Signals from - other gases??

This ks & sbectlott. oreee

%  Nwnerous passibilitles for optlod R e sddrrsing of gas apedes

rﬁm;‘:,, Optoeictronics Lnaswn
H

Multiple gas spectroscopy -
maore pl’() SPGCI'S
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Measurements in Gas Turbines
Doppler shifts - 0XYgen lines

AT
&

[P ) Optoeleciromes Diivrsten

Fibre Optic Techniques for gas

spectroscopy -

other prospects

Gas velocity
from spectral
shift

1 1
Py b ey i bl

A Optoelecironics Division

-

Measurements in Gas Turbines

4 Gptoelectronits Divisian

Fibre optic remole spectroscopy -
some other concepls

purmp thigh mergy)
modulated light at

probe acrgy

/

wipul photons

/

probie tluw eniergyl

;

\ileracLion fEgionN

\ar difference energy!

Multiphoion speclroscopy - keeping I In the fibre....
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Interrogating using a fibre..
Local frequency conversion

Fibre optics in remote
gas spectroscopy

“grem” npul
P i —
/ Doubler or Electronlc detection

x4 aystal
Plbre optic feeds Lo detection Zoe g
prabe hean

. -
tuned & N H

- —-
-~ Edectronic detectivn
puing beam Miser oysial
fOxed X

Lot ucthon 2ones

TV Opioeiectronics Division
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s+ Oproelectranics Division

+ The possibilities:

_ immensely flexible implementation at useful sensitivity
levels for toxic and hazardous species in remote /
difficuft environments

» The pitfatls

— there are almost always other approaches which are

betler established
+ Tinally - very competitive when applied to the
appropriate problem in the appropriate way
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Fibre optic technigues for siructural
measurements - an introduction

Brian Cuishaw
Department uf Electronic and Elecirical
Ingineering
Strathelyde University
Glasgow
Scotland
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gEE Optoelecironics Division

_ﬁ General outline

* An idea of the general principles:
— length, strain and temperature

+ Exploiting opuical delay in strain measurement,
the benefits and pitfalls

* Using other aptical properties of fibres

* Introducing some of the techniques

* Comments on where, when and how

g * Other techniques to be introduced later

Oproelecironics Division

i

Here we concentrale on
Optical fibre strain measurement systems.

* Optical fibre strain measurement can:
— Operalc over extreme s ranges (loa fewso}
~ be configured in gauge lengths from pn (o kim
~ be embadded into mamy materinds, GRP, CRP, conerete
- operate over wide teniperature rapges {ta 30077y
- unterrogate over loog lengths (1o 100kan' ) without EAN

and, finctionaliy fibre strain pwavircinent can:

= provide new Rmchons  imultiplexed, integrating and distnbuted
= work [rom de to 100MHz o thereabouly

Optoelectronics Division

Different measurement functions with
fibre optic strain gauges....

Onginal field as a function
of position

measurand

3 ) T T

posilion

Sampled strain field
Pont sensng’ efechical
sham gauges, Bragg gratings,
EFFLin fibres

s2
53 5085 g

field

measurand

position
Opivelectronics Division

Different measurement functions :
integrating, quasi distributed, distributed

measurand

z Iiegrating an uveruge meassement
2=
Quasi distribuled. 42 o,
£< |
sectional averages e bt
position
= H,‘ K
e 3 Legee
R e e e
Fully distributed conitmusus
s 1o
positiar repieseniation ihrough a
= window furrchiun
]
g _ -
£3
Olptoelretronies I pusition

Integrated vs. point strain
measurements:

25 Sensitive (o different parameters... .
A B C B E
| ! |

gl L] I3

Point wain sensors at A, B, C, D will miss the crack -
and will show the same stress as if the erack were abaent. ...

%4'5

Gpivelectrenics Division
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Measuring length and strain using
optical fibres: Length measurement

-

- in the fibre:
e L »
optical phase change ~ (L.AT.8np ST+ AL.n g). {2m/A)
Note: temperature about -10ppm/&K
stram about 3 | ppm-pe

— outside the fibre: —
TR T —

Same relationsiup, but now applied to materiaf in the gap

m{ Cploelectronics Divizion

Measuring optical delay:
the laser as a clock and light as a tape
measure - optical interferometry

-

Mach Zetnder matched end
- -~
N P NI, * AMfeasure changes of smail
fraction of A (ie 1077 )
Michelson ‘\f@neclors periodic in
- —

R Michetson
output fringe pal
e — ? (duat peam)
-— ﬂhpannu reflsctor =
“natched end 5
Fabry Penat g
pr: ferometers 0 am aifference 4

wavelengths

Measuring optical delay:
using sub carriers...

taser dlode ;’.:ﬁ,‘;ﬁ;‘. photadiads
fo———————— -y sticrowave sub-carrier phase
rc::f;:; balanced © 'i," (sume basic response!i|
e sub mtcron dynanc. sub mm
%‘@ﬂ e » shafie resolution

4 output ignal

-8

Measuring optical delay:
the Bragg grating as a reflection
wavelength modulator

Fora! active

fipre core ragy gnwnm Flbr, chadding
7 grarmg: introduced by photorefractive
pe via UV laser:

t T

apeical

gt

» s quesl dlstriuted brngth cenpors
timte domumn reflectomany . :

e
_ pioosacond pulses giw e JT AP, R W
& sub nem vesolufion :
1 ¥

K g

cisss  Optorlectronics Divivon TEpr ] e gt .

Reflecied spectrum when
graving period ix Ay /2 ralecind A

vz Oproelectronics Division

« proven stability, rapeatability
* used in lelecommunications

Basics of in NtHs Bragg grating geometry

Incident tranymitied
spectivm — spacirum

tong naTewband wavelangth selective coupher

Some comments on Bragg gratings ... ..

« Commercially available components

» Response is intrinsically that of the fibre

+ Precision wavelength measurement and calibration is
essential

» can multiplex to around 16 per string

» temperature: strain crosstalk must be accommodated:

— temperature reference, do mEasiements

¢+ packaging must be designed lor application

R Optoeiectronics Division

Multiplexing Bragg gratings:
strings of sensors in a single fibre

E

Bragg grating sensors

optoelectroruc / \
interTogation
=

& o
unit ; / = 1= = =
b o £ a Bt

*
. =) & =] = s

( .
=) = & = =S

. ] =

Switch unit .

7 = & £ =)

Fibre oplic links
COptoeleciromes Divisian




Multiplexing Bragg graiings:
simple installation architecture

data bus

swsor_ LA e
T

stucﬁf Peint Sensor Systems line sensor elements

. Ty
P - = T
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Lihe array sensor systems
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Bragg gratings:
some examples of trials under way...

Graphics of rest sies and innallations 1o be added

Oproelecironics Doasion

Measuring length ouiside the fibre
The "KEPI

Optical Signai Epoxy Encapsd g, Tube

pest o

The Dexilality in e encapsulating le 15 imponant

Simple, mechunically versunie. commerciaily avaiabie

5 Oproeiecironics Davision

The EFPI:
First optical fibre strain rosette

ki

struciure 19 which leads

luas ngardkhe and saitor Rores

sermo regions
tplicadio
lnads

Jormat has been
repenied using

Bragg grotings..
16

Point strain measurement using optical
fibres

%- Some overall comments:

— Bragg gratings most common Lormat
— EFPI principal alternative
* do same job as strain gauges but

— can multiplex onto single ibre (Bragg to about
16, EFP1 10 aboul 4)

—and temperature crosstalk is an issue (as with

i ALL strain sensors}
N 6

e Optoeiectronics Liinon
I3

Fibres in Composites - embedded sensors
though none of these is a Bragg grating... ...

-

pretures of embedded fibres with conectors, crosr rection, with flying leads 1o come

Y Gptoelectrosics Divisian
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To integrated, distributed measurements:

_! + SOFQ : an integrated measurement system-
— gauge lengths [rom about 30c¢m to 100m

— proven stability to Sum over years

- commercially proven over 1000 installed

— use - sensing bridges, wnnels, dams ete.

— compatible with building site use and
installation in concrete

v Optoelecironics Division

The SOFO operating principles:

rolarenic . o

B overalt system diagram
tost struchure Lost M ﬂ

cRup e

the sensor itself

portablareceiver  guiputto P13

P
W

o

o vy Oploelectronics Division

A e
A

The SOFO - some resulls:

i

results from SOFC i luding ¢quipment pic. site pic. graphs

Optoelectronics Division

1

The SOFO for ac measurements:
microwave sub-carrier inferrogation

dynantic measuremenis - this will be mainly graphs

Cproelectronics Division 2

Optical time domain reflectometry:
Basic ideas of distribuied measuremenis

maodulated
input light
=

measurand field

v display - measurand
_ as function of position

signal
processing

i 4 Oproelecivonics Diisian

l IR R EERAAASY

Distributed measurements using loss
modulation introduced in the fibre

rupraseriative Ratigh scattaring site ciadding
—

LIRS . + .
= e The OTDR {oplical time domain
il reflectometer) trace
capiued acksculer vplical Rore core refarance shenustion - wipeiurbed e
guided backseatter in fibres o L

Opraelecironics Division 24




Stimulated Brillouin scatter:
distributed measurements using frequency
modulation

-

v Stimututed Briftoum scaner
depends on STRAY (and, of

COurse, temperuiure)

,7'. . .
TR rree W
_-.-‘...L.

o e 1 s e iy
"scasudc phuman meyy

el S PR * Aeasures microwave firequency
srwve iR offsets - iricky nstrusmentanon
-~ [ErTr—
RAMAN S * Commerciully wvnlable (Japan

Nendnew vcamering pracesio inopticaiives  and Switzarfand)

+ 10ug, 7K over fow meires

&

*ra to [0Ckm
QY Optoefecironics Division unge o 4

P Jrom a starting frequency of ~ I3GHz
&

Yy vy Opiolectronics Division %
H

Measuring length and strain using
optical fibres: Strain measurement

* Stimulated Brillouin Scatter:

— measures acoustic velocity via optical
wavelength (assumed known and fixed)
Av, =K, e+K, AT

A.f..‘-'BS - Avac /. Ahghl\ﬁbn*-‘a’lﬁg}uﬁbrevac/ lh‘g,hrﬁbrel

Afsps ~ L 2MIZK and 58kHz/ue at A tighrair = 1.3 m.

Stintulated Brillowin scatier:
- a sensor application in marine ropes with a
very advanced OTDR

Brliouin OTDR w15 o micirine ropes - NEL pictures. inchate some graphs oo

WL Opfoelectronics Divinion

Y

Sa..
oplical fibre need 1o KNOW Temperature
{TC-~0.50pmP C} and
@4‘- model, not only thermaily
&69 compensare!!

Some final thoughts on temperature:

Structure 1o be monitored
(TC typically 10-50 ppm? C)

Temparature changes introduce
sirain on fibre, but siructure ix
not strained . need o distinguish

3 strained from unsirained structure

clamping poirts

Oproeiecironics Division

8

Later you will hear about other
technigues to measure:

* Chemical effeets in structures using
distributed loss modulation oplcal fibre
SEnsors:

— water, pIf changes, liquid hvdrocarbons

* Some mechanical probes based on
ultrasound und similar techniques for
detecting structural deterioration

&8y » Need to fit the technique to the ned.
o

sy Optoelecrroncs Dnagian

s 2

Optical fibres for strain measurement:
Jinally. some overall observations

* Diverse range of tibre based technologies
available (mare than [ 've mentioned here!)
» Most measure LENGTH, some measure STRAIN

All need temperature compensation and / or
temperature measurement for low frequency

All need to be tailored to a specific requirement

some available commercially (SOFO, Brillouin,
some Bragg. EFPI)
major issues, packaging, application com patibility

Cptoelecironics Dinision
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