=
i,

The Abdus Salam
) International Centre for Theoretical Physics

THA

# “_‘
)
2 Mo

SMR 1829 - 21

Wi inter College on Fibre Optics, Fibre Lasers and Sensors

12 - 23 February 2007

Fibre Optic Sensors:

basic principles and most common applications

(PART 2)

Hypolito José Kalinowski

Federal University of Technology
Parana, Brazil

Institute of Telecommunications
University of Aveiro, Portugal

Strada Costiera | |, 34014 Trieste, ltaly - Tel. +39 040 2240 | | |; Fax +39 040 224 163 - sci_info@ictp.it, www.ictp.it



PO

Fibre Optic Sensors:
basic principles and most
common applications




devices
"OF'S technology is really about modulation

making light interact with the environment in
controlled repeatable and, finally, useful fashio
stimulus was originally scientific curiosity coupl
the glimmer of application."

Brian Culshaw,
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Outline

Fibre Optics Sensors: General

More on Components and Devic

Detection Techniques
Applications

pects
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) Devices

Fibre based devices:

— Couplers

— Wavelength Multiplexers

Hybrid devices (have fibre transition):\
— Isolators

— Polarisers
— Modulators
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) Fibre / Devices Coupling

Light must be coupled between different fibre and/or
integrated optics devices and/or discr omponents.

Low Loss (Insertion Loss) required to préserve
optical power for sensing interaction and detection.
Coupling Types

— Fibre — Fibre (splices, connectors, butt-coupled)

— Fibre — waveguide (usually butt-coupled)
— Open air (lens focusing)

Power dividers or combiners: fibre couplers



) Laboratory Use

Fibre — Device butt coupling

Lens (open air) coupling



Prototypes, Products:
Optical Connectors

T=0~-

. s
DIN - PG
DIN-APC/HRL10 |

& 4

Avio-PC

AVIO - APC

E2000 - PC
E2000 - APC
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Couplers - Characteristics

P,

/F”f 2x2

input P

Characteristics to take into account:

Number of ports

Insertion loss and division ratio

Insertion loss: attenuation of a signal at one port from another input port

Insertion loss (dB) =10 log (P_1/P_3)

Division (or splitting) ratio: % of the input power at each of the output ports
100.P 3/(P 3+P 4)%,100.P 4/(P 3+P 4)%

Directivity

Wavelength dependency

Fiber type (single-mode or multi-mode)

Cost
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) Couplers - Characteristics

P,

P-I
1“-%'“%-_
‘Jtput

Excess loss: signal attenuation above the minimum one required for the

achieved splitting ratio.

Excess loss (dB)= 10 log P_in/(} P_out)

Directivity (aka isolation): signal attenuation at one of the input ports
different from the one at which signal i1s being injected

Directivity (dB) = 10 log P_1/P 2
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Couplers orking Principle
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Coupled fibres




Resonant Coupling

=0~
N2oe

Two fibre cores are closely placed

A resonant coupling is created and op
transferred from one core to the other (dif
evanescent field from core 1 induces field
it progressively builds up

pOWEr 1s
e model,
on core 2),

Cladding Glass Wavequide 1

Port 1 Port 2
zap - 5 microns
Port 4 D Port 3

ih_j::l‘““‘ Single mode cores

Coupling Length
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Resonant Couplers

The coupling length increases with the distance between cores
The coupling length strongly depends on the wavelength
From the exciting to induced fields (cores), thereSSgphase change

[El,-:uut] _ [Jl—u j@ _[El,ij
E; ot o Ji—a) \By

E; ..t are the output fields, E; ; are the input fields
o is the coupling factor

Port 1 Port 2 Port 2
_“: W — Port 1
Fort 4 Port 3 Fort 3

The couplers are symmetrical , such as in the direction 1->2,3 there is
an equivalence between schemes; however, in the opposite direction,
joining 2 similar signals in 2 and 3, will only result in 1 signal of
amplitude equal to the mean of both their amplitudes!!!
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A * 2071 — Qloss Z
.I!': } Pi(z) = A;A] =cos*(Kz)e” ¥
% 22 — loss 2
Py(z) = AgAj =sin®(Kz)e
~
Guide 1 Guide 2 L= ifBy =6,
Guides 1and2  § 2K
are close enough o N 77 N i o T
that the optical  §# = g
wave in each - 3 &P (0ossl)
guide is coupled # W
to the modein  § =
the other guide | i
5
L

Interaction length ——>

By the end of the coupling length, all energy is coupled to other guide

It carries on like this periodically
In this way a 3dB coupler is defined with half of the coupling length, and

there on successively

PN y P3N Ly2
2 e P2

N a P72
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) A-selective Couplers

By correctly drawing the coupler®sJength, a ~100%
light coupling, coming from differen can be
achieved.
 Typical insertion losses are < 1.5dB
« High bandwidths: 30-50nm

« Common Operational Bands : 980-1550, 1300-1500, 1550-
1600, ... (telecommunications windows)

power power
transfer transfer

1530 nm (signal) combined output 1310 nm + 1550 nm 1310 nm

—_—

920 nm { p) 1560 nm
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1310 nm

1550 nm

http://www.cem2.univ-montp2.fr/~moreau/
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_oupler Technology
Input Power . Transmitted - . B
Pir mo— g - Remove a ing b e
— == ——~d. '
Pp=— 2’ : —t / Slica Block \
Back-reflected Power Coupled | Optic{ A “Cladding
(a) @ | Core Spacing P )
<
Drawing Time () L
140 160 . 180 200 %M%
g 10 7S 7Y —— &
ﬂ
08 7 N\

© 0.6t A \
E BA 1 | " (b)
EZS 0.2 ¢ ralll [
0 R / \/
14
Fused fibres Polished half-block
Low cost, mass production Can have better characteri
fixed coupling ratio variable coupling ratio
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Star Couplers

Star Coupler Reflective Star

It’s Slmply a Coupler Where Input Fibres Cutput Fibres
each input 1s partially
presented on each output

Main drawback: power on he same fore
division by 28

Fused fibre technology or
sequential concatenation

Fused Fibre Star Coupler

Plan view

. s [

Sideview = Higher RI
Lower Rl

Planar (Free Space) Star Coupler . Mixing Piate Coupler

I
~ Lower RI

17
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Intrinsic loss causes power (scattering)
drop at same division level

18
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) Polarisation Beam-splitters

Sometimes i1t’s needed to split two polarisations from a beam
of light

I — Birefringent Materal Air
extracrdinary ray extracrdinary ray
. - - | - %’059
\_J n“?a;
ordinary ra',r-'-. |:|0|ari5mg ordinary ray [+
| [ Beamsplitter ¥ Bdﬁ?;:ﬁ; 3

Glan-Thompson Prism Prism ?‘Bﬁﬁﬂi fﬁ-ﬁ’;et

ar A

by
%

— Also made with fused (lapped)
coupler technology using high
birefringence fibres

Side-Polished
High-Birefingent Flbres
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— Some materials can rotate
the polarisation of
incoming light.

— With two linear
polarisers, it can block
light transmission coming
in the counter-propagating
direction.

— Insertion losses ~1dB

Isolators
—
Faraday effect

Forward Direction

Folarising filter Faraday Rotator

fverltcalj -
@0

Electric Field
Direction

Reverse Direction

( }@ }’fjﬂ

E|ECIFIC Field
Direction

Polarising filter
(rotated 45 degrees)

*

)

Electric Field
Direction

Electru: Field
Direction

20
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% Circulators
Many applications for directing light\(e.g.:
reflective sensors, fibre Bragg grating S :‘?r

| — Better handling of available power as com | D
two optical couplers \
. . . Port 1 .
Can be built based on isolators, are usually micr s
optical based devices
Low Insertion Losses <1.5dB
Port 3 Faraday Rotator Port 3 T Faraday Rotator
A B B A _
Polarising . Polarising
beamsplitter Port 7  beamsplitter Port 2
cube cube
it
Port 1 Port 1
Reflector ‘: Reﬂecb
prism L — prism \ L ||
Birefringent % t Birefringent Birefringent £ Birefringent
walk-off block walk-off block walk-off block walk-off block
Phase retardation Phase retardation

plate plate



A~

e L
-\.x\._'_-_’f’

In many cases it’s necessary to
control a field’s polarization
Line up with the main axis in a
birefringent fibre, etc.
We can build such device, based
on a birefringent fibre loop

In a fibre loop, the suffered
tensions and compressions by
the fibre bending, are in many
cases enough to cause
birefringence

By rotating the axis, we can get
changes on the electrical field
orientation
Typical devices have two or three
loops

Piezo-electric devices can squeeze
the fibre on some points, altering
its birefringence

— Tension
/ L-Dl'l'lp-rE'E'Elﬂi'l

\/

Input Fibre

End vTew\

mounting plates
hinged at the base

J—

Polarisation Controllers

?Contrc 1

Control1 Controld
+ Gonftrol +80°

Quarter Half Quarter
Waveplate Waveplate Waveplate
Fibre Loops

hY

b ]

Cutput Fibre

Side View

‘“Fﬁ_::ff;f

1',-

I
el
|f"'J
e

22



A~

) Modulators

Necessary to change dynamicall
or phase of light.

Signal Processing (trigger, lock-in,
synchronisation, ... )

intensity

23
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j Modulator Types - Working Principles

Electro Absorption Modulato

Acoustic-Optic Modulators

Electro-Optic Phase Modulators
— Mach Zehnder
— 2 x 2 Couplers

Pockels Effect
Piezoelectric
Faraday Effect

24
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Electro-absorption modulators

_

A p-n junction when inversely polarized, absorkg light (receiver principle);
when not polarized, it presents minimal absorptio
depends on the used material’s gap (defines cut-off freq

only absorbs wavelengths shorter than the cut-off wavelengthi er energies)

exhibits linear response (useful for analogical modulation )
“on-state” insertion losses in the order of 9 dB, as an isolated component
exhibits insignificant losses (1dB) when coupled to lasers or other devices.

Electric field: E_. () = B (t) Jdit) ﬂ};p(% ]_tl[d[f]]]

dft) 1 I 0 I 1 1 datai't)

| o chirp parameter, d(t) given by, for

1 example, as an digital signal:
........... .I =
|
|

dit) = (l-m)+m - datalt)

¢

P_.it)y=P (t)-d(t) =P it) ((l-m)+m - data(f))



Acousto-Optic Modulator

-0~
N

When an acoustic wave travels thru a material, 1t induces

compression and expansion zones.

causes gratings

Controlling the sound’s frequency and intensity (€
is electronically generated) the grating strength cant

— light and sound frequencies are very different (e.g. f|

, since the wave
chosen

ight=200THz >>

foouna=200MHz), so is their speed (for quartz, e.g. v}, ~2E8 ==
Vung~O0E3) which results in wavelengths one or two orders‘of magnitude
apart (.. Ay ~1E-dme A (| ~1/3E-5m =>4,/ A =30)

Important Factors on Bragg refraction
— the incidence angle is equal to the refraction angle
— There must be constructive reflection between two optical waves
A acoustic wave, A optical wave, 0 incidence angle

S ni
SN & = H

26



Common Structures :
Bragg Modulator

Acoustic absorber
Incident light e st
phase front . . . ; .
/ (VYY)

“soundl” ivadvels

um

Reflected
(diffracted)
light

Acoustic transducer
{(vibrator)

Advantages:
- can operate with high powers
- the refracted signal intensity is:

-proportional to the acoustic wave intensity

- can modulate one or more different
wavelengths at the same time

- the Doppler shift can be used to change the

signal's wavelength

Acousto-Optic Modulator

\ Debye - Sears

Acoustic absorber

rder = 3
y “sound Ei'.fa'v'es
/ i Order = 2
Incident’ ight = - leﬁra;’:ed
phase front e Order = 1 ¢
——
Order=10

Acoustic iransducer

(vibratar)

Disadvantages:

-relatively high insertion losses

-require a relatively high drive current
-the modulation frequency must be
inferior to the acoustical wave frequency,
therefore it has a low value

27
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Electro-Optic Phase Modulators

Applied electric field changes the refractive index

— the index’s variation is directly related
media, and therefore with the signal’s phas

— can also lead to an intensity modulator

ith optical path through the

Metal

Slab Waveguide

cnal

Strip \
InputSinnalg\\

—

* Output Si
i —

Ll

F

Electrical Contacts

LiNIOz

E_.it) = E () exp[jAyp datal(t)]

N4

Electrodes

e
B

\

Coupling ration depends on the
relative phase between field in
each core -> Intensity modulation
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Most common modulator for
telecommunications (available / low cost)

Very high modulation frequencies
~10’s GHz)

Based on the delay between two arms
that will induce phase rotations in the

order of 180°

—If there’s no delay, constructive
interference will happen

—If there’s 180° phase delay, there
will be destructive interference
Normally implemented on integrated
technology due to the necessary precision
on the guide length
The more common material is LiN1O;,
but there are other materials

Mach-Zehnder

~N

29

Slab Waveguide

DELAY
inpuy output Signal
— -

Electrical
Metal

Contacts —e=

Slab Waveguide

e

Strips
InputSigna<‘—_

—ﬁ

Elecirical Contacts —————pu= !

LiNiOs

Cutput $ignal

— 1




Mach-Zehnder

A~
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The output power depends on the phase difference, AD, between
the two arms of the modulator :

P_.it) =P it)-dit) = Piﬂ[f]-cﬂsz[ifll[f]]J

AD (£)-AD,(F) il 1 i 4
AT = L = 2 AD = 5(;—&“- (.::’.::fa[f}l—;]] with ext = l—;arctan[lf[ .'?:Iﬂﬂd])

extinction ratio
considering k=|A®1|/ |AD2|, we will have

k=-1 - ideal AM modulation (Phase opposition == 10 |':"3':fextin.:|;:'
modulation)

k=0 - Chirp Modulation (only one of the arms is Chirp Signal
modulated) i.:I;l +AD,

k>-1 - Phase modulation (Both arms modulated with ~ O= Sg0} S """
the same current) -1 T2

30
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Mach Zehnder

dAB
Alpha Factor : relation oy = dt
between the N | Py,
modulation’s phase and P dt
intensity ‘
L+ £ L
- T 7O TR tanAd
JI:I":I:'I:-i.Eui_ﬂ"llr:l- — R A0AWL: o
E— ﬂ As an alternative, there are 2 other parameters:
| -k
o 40
k= - symmetry factor

g = -L0sign(e)  Chirp Signal
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Piezoelectric Modulators

Mechanical uniaxial pressure changes
the refractive index of the fibre

— Tensicn

Phase changes between the two
orthogonal components

U,
Piezoelectric ceramics can modulate
the phase of the optical signal on the
fibre.
Fibre Coll

Usually frequency fixed devices, due
to mechanical resonances

(a) - »
Phase Shift Clrcurnferential Height D

(rad/Vtum) Resonance Resonance

1 ——

0.1 ————++

ok 00kk  Frequenzyf..
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Crystals with electrically co
birefringence

LiN103, KDP (NH4H2PO4), ADP(
Require high modulation tensions (1000V)
High loss, at least 2 of the power

Pockels Cells Modulator

(vertical) Electrical (h tal)

Gt#ntac o~

il £
— :ﬁ: ;I:I-‘

/

U —

33
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Faraday Effect Based Modulators

The modulator 1s based on the ®araday effect

— The used material causes variable polari
rotations |

— Slow and expensive

Faraday Rotator

~_ Electro-Magnet controlled Polansing filter
Polarising Tifter (rotated 90 degrees)

(vertical) TN

) / \

):@ ) R

%LK—‘ ] S~
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ode Couplers

\

Single  Double
Mode Mode
Flbre Flore Damper Damper
®, \ L 0y - O
. v \\ ‘ %:-4 2
:\-:g]d Q: Slica \'\ m;:le
® Py faveling  LPy,
Mode Acoustic Mode
Stripper Flexural Stripper

Plezo-Ceramic Disc Wave

o Flexural acoustic wave couples core and cladding modes
© Re-coupling to core mode after given length
© Modal intensity (phase) modulation
o Pass over a Bragg grating
o Dynamic control of the reflected optical channel
®  Linteraction = 28 mm,
¢ =46um, RF =2 MHz




