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A mi familia.





There is a rak in everything,

that's how the light gets in.
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Abstrat

This thesis investigates the appliation of enoding onepts to the design

of optial sensors based on �ber Bragg grating (FBG) devies. Spei�ally,

we present the design, haraterization and experimental validation of ustom

enoded sensing devies that an be designed and manufatured as super-

strutured FBG (SSFBG) devies.

The aim of this thesis is to enhane the apaity and the overall performane

of the optial sensing systems based on onventional FBG sensors. To do so,

three enoding methodologies of SSFBG sensing devies have been proposed,

aiming to endow eah sensor with additional information useful to identify eah

sensor even under overlapping onditions. An enoded FBG-based sensor is a

FBG struture whose shape has been tailored after an orthogonal odeword in

suh a way that their entral wavelength an be distinguished unequivoally

from other signals in the spetrum.

The design of enoded SSFBG sensors is performed by modifying the re�etion

spetrum of multi-band FBG devies, this is ahieved by translating orthogonal

odewords into the amplitude and phase terms of the FBG sensors.

Amplitude enoding of SSFBG sensors onsists in translating the binary optial

orthogonal odewords (OOCs), developed for optial-ode division multiple-

aess (OCDMA) ommuniations systems, into the re�etion pattern of the

devies.
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Amplitude & phase enoding has been proposed in two di�erent approahes: in

the �rst one, ustom amplitude and phase odewords (ak, fk) were spei�ally
devised to exhibit orthogonal behavior by ombining the two odewords. The

dual-wavelength tunable interrogation tehnique was also spei�ally designed

to retrieve the di�erential measurement of the sensors and e�etively deode

their information. The seond approah uses the disrete prolate spheroidal se-

quenes (DPSS), whih are mutually orthogonal sequenes developed for om-

muniations systems. We demonstrated the use of this strutures as orthogonal

sensing elements with de�nite phase and amplitude patterns.

The manufaturing and experimental validation of the proposed SSFBG de-

vies were arried out to prove the overlap-proof performane of the devies.

The entral wavelength of the sensors is suessfully retrieved in the three

methodologies, additionally, the error of the sensing system was haraterized

in terms of the design parameters.



Resumen

Esta tesis investiga la apliaión de oneptos de odi�aión al diseño de

sensores óptios basados en redes de difraión de Bragg de Bragg (FBG).

Espeí�amente, se presenta el diseño, la araterizaión y la validaión exper-

imental de dispositivos de deteión odi�ados personalizados que se pueden

diseñar y fabriar omo dispositivos FBG súper estruturados (SSFBG).

El objetivo de esta tesis es mejorar la apaidad y el rendimiento general

de los sistemas de deteión óptia basados en sensores FBG onvenionales.

Para ello, se han propuesto tres metodologías de odi�aión de dispositivos

de deteión SSFBG, on el objetivo de dotar a ada sensor on informaión

adiional útil para la identi�aión de ada sensor inluso en ondiiones de

superposiión. Un sensor odi�ado basado en FBGs es una estrutura FBG

uya forma se ha adaptado a una palabra-ódigo ortogonal, de tal manera

que su longitud de onda entral se puede distinguir inequívoamente de otras

señales en el espetro.

El diseño de los sensores SSFBG odi�ados se realiza modi�ando el espetro

de re�exión de dispositivos FBG multibanda, esto se logra traduiendo las

palabras-ódigo ortogonales en los términos de amplitud y fase de los sensores

FBG.

La odi�aión en amplitud de los sensores SSFBG onsiste en traduir las

palabras-ódigo "Optial Orthogonal Codewords" (OOC), desarrolladas para

sistemas de omuniaiones de aeso múltiple por división de ódigo óptio

(OCDMA), en el patrón de re�exión de los dispositivos.
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La odi�aión en amplitud y fase se ha propuesto mediante dos enfoques

diferentes: en el primero, palabras-ódigo de amplitud y fase personalizadas

(ak, fk) fueron diseñadas espeí�amente para exhibir un omportamiento or-

togonal obtenido por la ombinaión de dos palabras-ódigo. La ténia de

interrogaión basada en una fuente dual sintonizable fue espeí�amente dis-

eñada para reuperar la mediión diferenial de los sensores y deodi�ar efe-

tivamente su informaión. El segundo enfoque utiliza las seuenias "Disrete

Prolate Spheroidal Sequenes" (DPSS), que son seuenias mutuamente or-

togonales desarrolladas para sistemas de omuniaiones. Se demostró el uso

de estas estruturas omo elementos de deteión ortogonales on patrones

espeí�os de fase y amplitud.

La fabriaión y validaión experimental de los dispositivos SSFBG propuestos

se realizaron para demostrar el rendimiento de los sensores inlusive en ondi-

iones de superposiión espetral. La longitud de onda entral de los sensores

se reupera on éxito en las tres metodologías, además, el error del sistema de

deteión se araterizó en términos de los parámetros de diseño.



Resum

Esta tesi investiga l'apliaió de oneptes de odi�aió al disseny de sensors

òptis basats en xarxes de difraió de Bragg de Bragg (FBG) . Espeí�ament,

es presenta el disseny, la arateritzaió i la validaió experimental de disposi-

tius de deteió odi�ats personalitzats que es poden dissenyar i fabriar om

a dispositius FBG súper estruturats (SSFBG) .

L'objetiu d'esta tesi és millorar la apaitat i el rendiment general dels sis-

temes de deteió òptia basats en sensors FBG onvenionals. Per a això,

s'han proposat tres metodologies de odi�aió de dispositius de deteió SSFBG,

amb l'objetiu de dotar a ada sensor amb informaió addiional útil per a la

identi�aió de ada sensor inlús en ondiions de superposiió. Un sensor

odi�at basat en FBGs és una estrutura FBG la forma de la qual s'ha adap-

tat a una paraula-odi ortogonal, de tal manera que la seua longitud d'ona

entral es pot distingir inequívoament d'altres senyals en l'espetre.

El disseny dels sensors SSFBG odi�ats es realitza modi�ant l'espetre de

re�exió de dispositius FBG multibanda, açò s'aonseguix traduint les paraules-

odi ortogonals en els termes d'amplitud i fase dels sensors FBG.

La odi�aió en amplitud dels sensors SSFBG onsistix a traduir les paraules-

odi extit "Optial Orthogonal Codewords" (OOC) , desenrotllades per a sis-

temes de omuniaions d'aés múltiple per divisió de odi òpti (OCDMA) ,

en el patró de re�exió dels dispositius.
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La odi�aió en amplitud i phase s'ha proposat per mitjà de dos enfoaments

diferents: en el primer, paraules-odi d'amplitud i fase personalitzades (ak, fk)
van ser dissenyades espeí�ament per a exhibir un omportament ortogonal

obtingut per la ombinaió de dos paraules-odi. La tènia d'interrogaió

basada en una font dual sintonizable va ser espeí�ament dissenyada per a

reuperar el mesurament diferenial dels sensors i desodi�ar efetivament la

seua informaió. El segon enfoament utilitza les seqüènies "Disrete Pro-

late Spheroidal Sequenes" (DPSS), que són seqüènies mútuament ortogonals

desenrotllades per a sistemes de omuniaions. Es va demostrar l'ús d'estes

estrutures om a elements de deteió ortogonals amb patrons espeí�s de

fase i amplitud.

La fabriaió i la validaió experimental dels dispositius SSFBG proposats

es van realitzar per a demostrar el rendiment dels sensors inlusivament en

ondiions de superposiió espetral. La longitud d'ona entral dels sensors

es reupera amb èxit en les tres metodologies, a més, l'error del sistema de

deteió es va arateritzar en termes dels paràmetres de disseny.
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Chapter 1

Thesis overview

1.1 Bakground

One of the biggest disoveries in the reent deades is without a doubt the

optial �ber. Optial �bers, in priniple seen as a low-loss waveguide, revolu-

tionized the teleommuniations �eld by inreasing the quality and apaity of

information transmission. Later, the invention of optial �ber ative devies

suh as lasers and ampli�ers potentiated the �eld, allowing the implementa-

tion of �ber based opto-eletroni systems reduing the losses related to light

oupling between bulk omponents and �ber waveguides. However, a major

breakthrough in the opto-eletronis �eld ame after the disovery of photo-

sensitivity in optial �bers with the invention of a new in-�ber devie alled

the Fiber Bragg Grating (FBG). An FBG is a very funtional devie, reated

inside the optial �ber thanks to its photo-sensitivity. FBGs allowed to per-

form �ltering and re�etion tasks with high e�ieny and reduing the use of

bulk omponents and therefore the losses in the system. For instane, FBGs

are used as seletive �lters in ommuniations setups, as de/multiplexers in

wavelength division multiplexing (WDM), hirped FBGs are used to ompen-

sate the group delay in transmission links; among other funtions we an name

also optial proessing, pulse shaping, or mode loking; funtions that are very

ommon and important in teleommuniations.
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Chapter 1. Thesis overview

FBGs have then revolutionalized the teleommuniations �eld but sine their

invention they have been also onsidered to potentially work in sensing sys-

tems, whih is where this thesis work is foused. FBG sensors have many

advantages over their eletronis peers: they are light weighted, small sized,

immune to eletromagneti interferenes EMI, able to work under high radia-

tion environments and have linear response with low insertion losses, moreover

they are naturally multiplexed in wavelength so that a number of sensors an

be arranged in a single optial �ber. Therefore FBG sensors have been widely

investigated and even implemented in high teh engineering projets to assess

ivil strutures health for example, or to instrument the aerospae and oil &
gas industries [1℄, [2℄.

The wavelength detetion in optial sensing systems plays a key role in the

design and usability of the FBG sensing systems. Consequently, many inter-

rogation setups and multiplexing tehniques have been studied [3℄. Regarding

interrogation setups, the most popular approahes are: passive �lters [4℄, where

the main idea is to map the wavelength variation of the FBG sensors to a power

shift. This is ahieved by plaing the ut-o� wavelength of the �lter near to

the sensor resonane. Ative �lters are also employed [5℄�[10℄, in this system

the �lter is swept over the working range of the sensors in order to detet the

position of the re�eted wavelength. The analogue approah would be the use

of tunable soures [11℄, [12℄, whih are also swept over the operational spetrum

of the sensors deteting the wavelength position of the sensors. Several addi-

tional interrogation setups have been also proposed, see for example [13℄�[19℄,

from whih it is worth mentioning that a ouple of proposals do inlude ode

division multiplexing (CDM) onepts in the interrogation of FBG sensors.

The approah employed in [18℄, [19℄ employs odi�ation in the sense that it

modulates/enodes the LED soure, using a PRBS (Pseudo-Random Binary

Sequene) generator; then, it synhronizes the enoded soure with the re�e-

tion spetrum from eah sensing element in the array in order to perform the

orrelation between the sent and retrieved patterns. One they have orrelated

the sent and retrieved signal from eah sensor, they map the orrelation am-

plitude to the given hange in the FBG wavelength obtaining a measure of the

environmental variable over the FBG devie. The advantage of this method

relies in that it disriminates signals from various FBG sensors while avoiding

the utilization of a tunable soure, reduing the ost of the system.

Equally important in sensing systems are the multiplexing tehniques, whih

are basially the arhiteture of the sensing network. For `onventional' FBG

sensors these arhitetures are basially divided into wavelength division- and

time division-multiplexing (WDM, TDM). WDM is the natural multiplexing
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sheme of FBG sensors beause it onsists on alloating a given wavelength

spetrum to eah sensor in the spetrum in order to prevent overlapping be-

tween them. TDM, on the ontrary, is based on deteting eah sensor signal

depending on their arrival time to the interrogation system. Therefore, WDM

approahes use a broadband soure to illuminate the sensing array, while TDM

tehniques require a pulsed signal. Also used is the ombination of these mul-

tiplexing methodologies, for instane WDM+TDM have been used to inrease

the number of sensors interrogated, and with the same purpose it has been pro-

posed the use of WDM and TDM ombined with spatial multiplexing (SDM).

These approahes are pratially realizable even when they inrease onsider-

ably the omplexity of the interrogation system.

With time, the manufaturing proess for the FBG devies have matured and

therefore more versatile devies are realizable. A perfet example of this is the

super struture Bragg grating (SSFBG), whih is a grating struture fabriated

as a modulation of the refrative index of the optial �ber [20℄. With this kind

of devie, it is possible to onstrut di�erent and omplex re�etion pro�les

(manipulating the re�etion strength and the phase-shift over the devie band-

width). SSFBGs with intriate re�etion spetra have been manufatured for

instane to be used in optial ode division multiple aess (OCDMA) sys-

tems [21℄, [22℄. In suh approahes, SSFBG devies are used to en/deode the

information transmitted through a ommuniations link.

1.2 Motivation and Thesis Struture

In order to improve funtionality of the optial sensing networks, it is expeted

to deploy the highest possible number of sensors, reduing the overall ost of

the system from the point of view of prie per sensing element. WDM and

TDM multiplexing tehniques have been historially exploited to overome

this. It is also desired to solve the problem of overlapping sensors (When

two sensor wavelengths overlap, onventional detetion systems are unable to

trak them down, leading to wrong measurements and referening problems in

the system). The proposed approahes regarding this, are deision algorithms

that try to weigh the possible ontributions of two sensors to the overlapped

measurement. This is done through bio-inspired omputational algorithms

that often have to be trained and are omputationally onsuming.

Chapter 2 is an introdution to the main onepts regarding �ber Bragg grat-

ing sensors. Their theoretial desription is provided along with their synthesis

method. Also, the manufaturing and wavelength detetion proesses are de-
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sribed. In the following paragraphs, the main ontributions of this thesis are

listed and framed inside the thesis struture.

In this thesis, generally, we propose the use of enoding onepts borrowed

from ommuniations systems to ompose the shape of FBG sensors in order

to endow eah sensor with additional information. The enoding of the sensors

makes it possible to identify eah sensor in the network, even under overlap-

ping onditions between them. In this way, a solution is o�ered to the above

problems: as the sensors are mutually orthogonal between them, they an be

deteted even when they are totally overlapped. And, as a onsequene, more

sensors an be alloated in the sensing network, see illustration in Figure 1.1,

sine a ombination between our Code Division Multiplexing (CDM) tehnique

and onventional WDM, TDM approahes an be ahieved. Figure 1.1 shows

a general desription of our CDM-WDM approah. The onventional senario

is depited in the upper plot: a number N of onventional FBG sensors are

alloated in the available spetrum. Eah sensor has a working wavelength

range (∆λBn), and a guard-band (∆λGB) is neessary between the sensors to

prevent overlapping. The lower part of the Figure represents the proposed

CDM-WDM approah, where the working range and the guard-bands an be

maintained, being the di�erene that eah sensor is designed with an orthog-

onal shape regarding its neighboring sensors. Hene, overlapping is allowed

between the orthogonal sensors and onsequently it is possible to double or

triple the number of sensors interrogated in a sensing network by using simple

odewords families with two or three members as we will prove further in this

work.

Partiularly, we have �rst explored the amplitude enoding of FBG devies. In

Chapter 3, a family of optial orthogonal odewords (OOCs) was proposed to

shape the super strutured FBG devies. In suh an approah, the odeword

length is diretly related to the total bandwidth of the sensor so the smallest

possible odewords were seleted. Considerations regarding the manufaturing

and pratial feasibility of the sensors were analyzed through simulation. Also

simulated was the detetion proess of the sensors, whih is based on the

orrelation properties inherent to the odewords. Finally, a set of amplitude

enoded SSFBG devies was manufatured and experimentally validated to

allow detetion of the sensors under the overlapping senarios. The sensing

system is also haraterized to the point of isolating the error produed by the

addition of overlapping sensors. The experimental results show very little error

obtained at the expense of doubling the apaity of the system.
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1 2 3

1 2 3

S1 S2 S3 SN

S1 - S2 S3 - S4 S5 - S6 Sn - SN

GB GB

Figure 1.1: A representation of a CDM-WDM ombined multiplexing senario is presented.

In this example, by assigning eah pair of sensors with orthogonal shapes, the overlapping

between eah pair is allowed. Therefore the operational spetrum alloated for eah sensor

ould be shared and the number of sensors in the array ould be doubled.

Chapter 4, shows how, by inluding two variables in the design of the ode-

words, the orrelation properties of the SSFBG sensors are enhaned, this

helps to redue the interferene between multiple sensing elements in the sys-

tem and therefore to minimize the error indued due to the overlapping be-

tween the sensors. We have proposed here the ombination of amplitude and

phase odewords to design a set of three sensors. The omplex enoding of

the sensors omes along with a spei� interrogation setup, based on the use

of a dual-wavelength tunable soure, able to perform di�erential deoding of

the manufatured devies. This approah was also experimentally validated,

aomplishing the manufaturing and detetion goals.

The di�erential interrogation setup proposed in this thesis is able to retrieve the

magnitude and phase responses of intriate optial devies in a sanning-way

(ommon to sensing systems). In Chapter 5 we have therefore demonstrated

the approah versatility to suessfully interrogate a set of sensors based on

the disrete prolate spheroidal sequenes. Whih are omplex strutures with

very de�nite phase and amplitude patterns.
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Chapter 1. Thesis overview

In the �nal Chapter the summary of the thesis is provided as well as some

remarks regarding the future work.
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Chapter 2

Introdution to �ber Bragg

grating devies and appliations

Given the deep development in the teleommuniations �eld during the last

deades, optial �ber and optial �ber devies have been also widely inves-

tigated. One of the most developed and settled optial devies is the �ber

Bragg grating (FBG) whih arries out �ltering and seletion tasks in a pretty

e�ient way. This �ltering apaity, ombined with their manufaturing and

pakaging simpliity makes FBG devies a very useful, ommon omponent in

optoeletroni ommuniations and sensing systems[1℄, [2℄.

2.1 Fiber Bragg gratings

A �ber Bragg grating is a disturbane indued inside the optial �ber ore

of an optial �ber. This disturbane a�ets the optial �ber refrative index

in a periodial fashion. This periodial disturbane, when meeting the Bragg

ondition, ats as a built-in �lter around a �xed wavelength, also alled the

Bragg wavelength[3℄. For an uniform �ber Bragg grating devie, i.e. assuming

that the optial �ber is entirely mono-mode and does not have any losses at

9
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Figure 2.1: Sketh of the mono-mode Bragg grating re�etion in a Bragg grating devie,

the grating ondition of oupling between the forward- and ounter-propagating modes is

satis�ed for m = −1.

the Bragg wavelength, the Bragg ondition has an e�et over the inident

wavelength de�ned by the equation (2.1) [4℄ (see Fig. 2.1).

β2 = β1 +m
2π

Λ
(2.1)

Where β1, β2 are the mode propagation onstants for the forward- and ounter-

propagating waves, m is the di�ration order and Λ is the disturbane peri-

odial spaing of the Bragg grating. The propagation onstant is de�ned as:

β = 2π
λ
ηeff with ηeff , the e�etive refrative index of the optial �ber. There-

fore, from equation (2.1), the resonant wavelength for re�etion of a mode of

index ηeff,1 into a mode of index ηeff,2 is presented in equation (2.2b):

−2πηeff,2
λ

− 2πηeff,1
λ

=
−2π

Λ
(2.2a)

λ = Λ(ηeff,1 + ηeff,2) (2.2b)

In equation (2.2b) the di�ration order was assumed to be m = −1 sine

we want to represent the oupling between the propagating and the ounter-

propagating modes, i.e. we onsider a mono-mode optial �ber. Therefore we

also onsider that the two modes are idential (ηeff,1 = ηeff,2 = ηeff ) obtaining
the familiar Bragg equation ((2.3)):

λB = 2ηeffΛ (2.3)
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2.1 Fiber Bragg gratings

Figure 2.2: Shemati representation of the working priniple of �ber Bragg grating de-

vies. Inident light gets di�rated by eah Bragg grating, whih has a spei� wavelength

resonane. The re�eted spetrum ontains the wavelengths mathing eah Bragg grating

while the transmitted spetrum ontains all the remaining wavelengths.

Where λB is the Bragg wavelength, re�eted by the the optial �ber built-in

grating. Figure 2.2 shows the working priniple of a �ber Bragg grating devie,

an inident broadband spetrum goes in an optial �ber with three uniform

Bragg gratings written along its ore, the re�eted spetrum omprehends the

three wavelengths mathing the Bragg ondition, while the omplementary sig-

nal goes through the optial �ber. The analysis of a grating is performed by

means of the oupled mode theory [4℄�[6℄, whih basially desribes the ou-

pling between the forward and bakward propagating �eld envelopes, namely

u(z, δ) and v(z, δ). In the uniform grating ase, the oupled mode equations [7℄

an be analytially solved by onsidering onstant index modulation and pe-

riod, so that it an be assumed the boundary onditions u(0, δ) = 1 and

v(L, δ) = 0, meaning that the re�eted wave is 0 in L = δ, then the re�etivity

of an uniform FBG as a funtion of the grating length L and the wavelength

λ is given by (2.4):

R(L, λ) =
q2 sinh2(γL)

∆β2 sinh2(γL) + γ2 cosh2(γL)
(2.4)

where q is the oupling oe�ient, β = 2πη0/λ the propagation onstant,

∆β = β − π/Λ the wavelength vetor detuning and γ2 = q2 − ∆β2
. Note

that at the Bragg wavelength, there is no wave vetor detuning ∆β = 0 so the

re�etivity is Rmax(L, λ) = tanh2(qL). In summary, the optial �ber Bragg

11



Chapter 2. Introdution to �ber Bragg grating devies and appliations

grating is de�ned mainly by three parameters: the Bragg wavelength λB, the

e�etive refrative index ηeff and the oupling oe�ient q(z) (2.5) [8℄.

q(z) =
π∆ηac(z)

λB

exp

[

i

(

Θ(z)− 4π

λB

∫ z

0

∆ηdc(z
′)dz′ +

π

2

)]

(2.5)

Shown in equation (2.5) is the relationship between the oupling oe�ient

and the refrative index modulation, the magnitude of the oupling oe�ient

is proportional to the amplitude of the index modulation (ηac) and the phase

is related to the average index hange (ηdc).

2.1.1 Synthesis of �ber Bragg gratings

The oupling oe�ient q(z) desribes the refrative index pro�le along the

ore of the optial �ber. It has a diret relationship with the re�eted spe-

trum: generally, the modulus of the oupling oe�ient |q(z)| determines the

amplitude of the grating or index modulation and its phase arg q(z) provides
the grating phase envelope. Thus, regarding equation (2.5), amplitude of the

grating is related mainly to the `a' omponent of the refrative index mod-

ulation (ηac) and the phase is a�eted by the average refrative index pro�le

(ηdc) and the geometrial phase Θ [9℄.

The synthesis of �ber Bragg grating devies onsists in �nding the grating pro-

�le, i.e. the omplex oupling oe�ient q(z), from a given re�etion spetrum.

Synthesis methods are useful not only to design a Bragg grating from srath,

but also to haraterize the manufaturing proedure or evaluate already manu-

fatured devies. Some synthesis approahes are based in the Fourier transform

from the weak grating approximation [10℄, nevertheless this is only an approx-

imation valid for Bragg gratings with re�etivity values lower than 10− 50%,

produing large errors for strong gratings. A more onvenient approah for

performing the synthesis of �ber Bragg gratings is the so alled layer peeling

method [7℄, [11℄, whih is an iteration-based method that treats the grating as

a disretized stak of omplex re�etors ρj with j = 0, 1, . . . , N . It is based

on ausality: it alulates initially the oupling oe�ient for the �rst grating

layer, then, onseutively the �elds are propagated to the next layer and the

algorithm goes to the initial position sine the e�et of the �rst layer has been

"peeled o�", the proess is iterated until the entire grating onstrution.

The layer peeling method is the most diret and simple method to obtain

the omplex oupling oe�ient q(z) of a FBG devie, besides it is the only

e�etive mehanism to design FBGs of high re�etivity or omplex spetral

12



2.1 Fiber Bragg gratings

shapes. Therefore it is the method used in this thesis work to design the super-

strutured FBG devies whih are omposed by more than one re�etion band

and, they may or may not have disrete phase values distributed along the

grating. The design methodology is �rst foused on the design and spetral

de�nition of the sensors shape, and then the omplex oupling pro�le q(z) for
eah spei� design is obtained and sampled to suite the manufaturing system

harateristis.

2.1.2 Sensitivity of �ber Bragg gratings

The dependene of the bak re�eted wavelength on the e�etive refrative

index and the periodiity of the perturbation makes it possible to use FBGs

as sensing devies. The reason for this is that both, the e�etive refrative

index and the periodiity of the Bragg grating, are a�eted by environmental

hanges in strain and temperature. The wavelength shift due to temperature

and strain is written down in equation (2.6), where the �rst term desribes

the wavelength shift due to elongation of the optial �ber ∆l, while the seond
term relates the wavelength shift aused by a temperature hange ∆T .

∆λB = 2

(

Λ
δηeff
δl

+ ηeff
δΛ

δl

)

∆l + 2

(

Λ
δηeff
δT

+ ηeff
δΛ

δT

)

∆T (2.6)

Fiber Bragg gratings are the ideal sensors for strain and temperature, given

that these variables a�et diretly the fundamental features of the grating

devie, besides, the output sensitivity is lineal regarding these variables. Dif-

ferent and innovative tehniques have been developed for instane to enhane

the sensing properties of the FBG sensors and to measure diverse physial

variables [12℄, [13℄.

FBG temperature sensitivity

Temperature e�et on the Bragg wavelength is represented by the seond term

in equation (2.6). This hange is explained as given by equation (2.7), where

αΛ is the thermal expansion oe�ient that for standard mono-mode optial

�ber is αΛ = 0.55e−6
, αη is the thermo-opti oe�ient with an approximated

value of αη = 8.6e−6

∆λB = λB (αΛ + αη)∆T (2.7)
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Chapter 2. Introdution to �ber Bragg grating devies and appliations

Hene, the sensitivity of a �ber Bragg grating manufatured in standard mono-

mode silia optial �ber with entral wavelength around 1544 nm is approxi-

mately 14.1 pm/◦C

FBG strain sensitivity

On the other side, the �rst term of equation (2.6) desribes the wavelength

shift due to hanges in the elongation of the optial �ber, this shift is given by

the equation (2.8):

∆λB = λB (1− pe) εz (2.8)

with:

pe =
η2
eff

2
[p12 − ν (p11 + p12)] (2.9)

Where pe is the e�etive strain-opti onstant, p11 and p12 are omponents

of the strain-opti tensor, that relate the grating spaing and the hange in

the refrative index with the applied axial strain. They exhibit typial values

of p11 = 0.113 and p12 = 0.252; ν is the Poisson's ratio with typial value

ν = 0.16 and the e�etive refrative index is ηeff = 1.482, εz is the axial

strain applied to the optial �ber. So, from equation (2.9) the sensitivity of a

�ber Bragg grating manufatured at a enter wavelength around 1544 nm is

about 1.2 pm/µε.

2.1.3 Types of �ber Bragg gratings

Fiber Bragg gratings are de�ned by di�erent features regarding the type of

�ber, its material or even their manufaturing proess, this variations yield to

di�erent types of FBGs that have a very de�nite appliation. In this setion,

we desribe some of the most useful kind of gratings on the subjet of sensing

systems.
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2.1 Fiber Bragg gratings

Uniform Bragg gratings

Uniform Bragg gratings are the most ommon devie and are desribed by

onstant Bragg period (Λ) and onstant index modulation amplitude (∆η) as
well as the perpendiularity of the grating regarding the z-axis of the optial

�ber. Thus, it is the ideal devie to be used as a pass-band �lter [14℄, [15℄,

sensing devie [16℄�[18℄ or as a high re�eting mirror [19℄, [20℄.

Apodized Bragg gratings

One of the main requirements when designing a FBG devie is to selet a nar-

row set of wavelengths around the theoretial Bragg wavelength. Nevertheless,

this is not always the ase and re�etion side-lobes appear often in the design

of a simple Bragg grating. An apodized Bragg grating is a speial grating

intended to minimize the amplitude of the re�eted side-lobes.

There are di�erent apodization tehniques, whih basially onsist in onen-

trate the interferene at the enter of the FBG and gradually minimize the

e�et to the sides of the FBG. e.g. a Gaussian or a osine pro�le. Using

these pro�les it an be ahieved a redution of the side-lobes amplitude above

20 dB. Whih is espeially useful in dense wavelength division de/multiplexing

(DWDM). Some manufaturing tehniques of apodized gratings are: the sym-

metri strething method [21℄, whih varies the intensity of the grating by

strething the �ber around the enter of the gratingn, the use of a speially

designed phase mask was also demonstrated [22℄, the mask is designed to have

variable di�ration e�ieny when illuminated with a uniform UV beam.

Commonly, the apodization of the spetral pro�le of FBG sensors is a desired

harateristi. The main reason for this is that the identi�ation method for

FBG-based sensing systems relies on the peak detetion of the re�eted wave-

length, therefore the ideal FBG sensor would re�et power only at the Bragg

wavelength and nothing or very little power at other wavelengths (sidelobes).

High power sidelobes are not only harmful to the detetion of FBG peaks

themselves, setting a tight detetion threshold to pereive whih is the atual

Bragg re�etion. Also, the presene of a sidelobe with onsiderable power

ould a�et the readout of neighbor sensors if the sidelobe reahes the opera-

tion wavelength range of another sensor in the array under a WDM sheme for

example. In suh ases the power of the sidelobe an be added to the power

of a Bragg re�etion band, ausing an error in wavelength.
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Chirped Bragg gratings

A �ber Bragg grating with hirp is, basially a longer Bragg grating struture

in whih the spaing period of the grating Λ varies ontinuously [23℄, [24℄. The

e�et an be approximated to have a hain of uniform gratings at di�erent

Bragg wavelengths so their re�eted spetrum will be broader. The applia-

tions of this kind of FBG are related to �ltering out a big part of the inoming

spetrum or ompensating the amplitude of a broad portion of the spetrum,

also ompensating the group delay as a funtion of wavelength [25℄.

Tilted Bragg gratings

As mentioned before, the ustom way to insribe a Bragg grating is perpendi-

ular to the z-axis of the optial �ber beause the re�eted mode will be travel-

ing in the ounter-propagation diretion so the losses are minimized. Another

possibility is exatly the opposite, where the Bragg grating is written into the

optial �ber at a ertain angle [26℄. This an be done with the objetive of

rejeting the bak-propagation or enhaning the oupling of modes traveling

in the ladding of the optial �ber.

Superimposed and Super-strutured Bragg gratings

Superimposed and super-strutured �ber Bragg gratings are terms used often

indistintly, although very similar re�eted spetra an be obtained using eah

one of these tehniques, there is a fundamental di�erene between them.

Superimposed Bragg gratings (Moiré gratings)

Superimposed Bragg gratings are obtained through multiple insriptions of

Bragg gratings at the same spatial loation in the optial �ber. The manu-

faturing proess onsists simply in writing eah Bragg grating onseutively.

Manufaturing di�erent gratings in the same region of the optial �ber has two

main onsequenes, �rst, the re�etivity of the gratings beame lower eah time

a new one is written, due to the strongly non-linear growth of the refration

index aused by the UV �ux, and seond, the wavelength of the previous grat-

ings is shifted to longer wavelengths due to the hange indued in the e�etive

index with the reation of the new grating. See for example [27℄, [28℄
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2.1 Fiber Bragg gratings

Super-strutured Bragg gratings

Super-strutured Bragg gratings an ahieve re�etion spetra very similar to

the ones obtained through multiple Bragg grating insription but they are

radially di�erent in their manufaturing proess. A super-strutured Bragg

grating is manufatured by exposition of the optial �ber to a strong UV ra-

diation, to obtain a modulated index pattern ∼ |q(z)| along the length of the

grating. In general, a super-strutured Bragg grating features a omplex re-

�etion pattern both in amplitude and phase, whih is written by translating

the UV writing beam along the Bragg grating length, see [29℄. The manu-

faturing of super-strutured FBGs is very useful nowadays beause with the

rapid growth in optoeletronis there are more spei� appliations that an

not be optimally solved with the simple uniform Bragg grating, however it is

desired that a single devie addresses di�erent tasks at the same time, [30℄ is

an example of the versatility and omplexity that an be ahieved with super-

strutured FBGs, they have manufatured highly omplex devies with phase

and amplitude patterns to perform �ltering and enoding tasks in an atual

ommuniations system [31℄, [32℄. It is notable that the manufaturing feasi-

bility does not get ompromised, the same phase mask tehnique used to write

the majority of Bragg gratings nowadays an be used to manufature these

omplex strutures, only adding a ontrolled translation platform to move the

UV inident beam over the optial axis.

2.1.4 Manufaturing of FBGs

The �rst requirement in the manufaturing proess of �ber Bragg gratings

is related to the photosensitivity of the optial �ber, i.e. the ability of the

optial �ber to hange its refrative index when exposed to light radiation.

A more thoroughly explanation on the photosensitivity is given in [33℄. In

the general ase, a Silia �ber (SiO2) doped with germanium (Ge) exhibits

more photosensitivity than the ommon silia �ber. Higher photosensitivity is

ahieved by soaking the doped �ber in hydrogen [34℄�[36℄ in order to di�use

the hydrogen moleules into the ore of the optial �ber. Besides, in the �ber

setions non-exposed to UV radiation, the hydrogen di�uses out, whih means

no absorption losses at the teleommuniations windows.

The manufaturing proess has evolved onsiderably sine the writing of the

�rst grating [33℄, [37℄, This approah arried out the internal writing of the

grating by using a high power beam at the wavelength where the optial �ber

is photosensitive. In this proess, the inident beam beomes di�rated with
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UV laser beam

Optical FiberGrating pattern

UV laser beam

Figure 2.3: Shemati representation of the interferometri tehnique used to write a

grating externally, in general, two beams are split and then interseted at the optial �ber

region to reate a pattern that depends on the inidental angle and the wavelength.

its Fresnel re�etion, and reates an interferene pattern (a stationary wave)

inside the optial �ber a�eting permanently its refrative index.

On the other hand, external writing has been widely researhed, di�erent ap-

proahes have been proposed, whose priniple is to put the optial �ber under

the interferene of two light beams. When the two beams interfere at a ertain

angle (see Figure (2.3)), they generate a periodi pattern that is translated to

the refrative index in the ore of the �ber aording to Λ = λUV /2 sinϕ [38℄�

[40℄. The main inonvenient with this tehnique is its high suseptibility to

mehani vibration.

Other approahes have been arried out to suessfully write Bragg gratings

into the optial �bers ore, for instane, point by point manufaturing is in-

tended to write the grating one step at a time [41℄, [42℄, this is of ourse a highly

preision-dependent tehnique that requires very stable fousing systems and

translation platforms. Sine the grating period is sim0.5µm the error in the

platforms should be in the order of nanometers.

Phase Mask tehnique

A highly e�ient tehnique that is largely used nowadays due to its versatility

and easiness of implementation, is the Phase-Mask tehnique [43℄�[45℄ whih

onsists on the use of a one-side orrugated silia plate with a ontrolled grating

ethed in their orrugated surfae at a periodi spaing ∆PM . This ething is

designed to favor the ±1 di�ration orders generating a di�ration pattern

in the proximity of the phase mask. The phase mask spaing is designed so

that Λ = ΛPM

2
. Figure 2.4 depits the writing proess using the phase mask

tehnique, this tehnique allows to minimize the inauraies due to mehanial
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2.1 Fiber Bragg gratings

Figure 2.4: Shemati representation of the Phase-mask tehnique used to write �ber Bragg

gratings.

vibration and, sine the �ber an be swept in the writing proess, it allows to

manufature larger devies easily. On the ontrary, its main disadvantage

relies in its lak of �exibility given that a di�erent phase mask is required to

manufature gratings at di�erent wavelengths.

Automati Phase mask tehnique

The system used to manufature all the �ber Bragg grating devies presented

in this thesis is loated at the Photonis Researh Labs. (PRL), Universitat

Politènia de Valènia. While this system is mainly based on the phase mask

tehnique, it also has a series of �exible parameters to improve the versatility

of the method allowing to manufature many omplex devies with a wide

range of re�etivities and index pro�les. This system is thoroughly desribed

in [46℄. This system is based on the sanning of the �bre/mask relative position

(see [47℄). So it uses a single uniform phase-mask mounted in a translation

platform, as depited in Figure 2.5, to write almost any realizable omplex

index pro�le required in the Bragg grating. A key feature of this manufaturing

system is the use of a ontinuous UV laser beam, driven through a shutter

devie to obtain a pulsed beam, to reate the Bragg pattern in the �ber, this

allows to ontrol the growing of the grating by ontrolling the relative phase

alignment between onseutive UV pulsations to the �ber [46℄ (i.e. any two

in-phase pulses will ontribute to the growth of the grating while two pulses

out of phase reate a fading e�et in the grating). Another important feature

of the manufaturing system is the inorporation of a fousing system allowing

the ontrol of the e�etive width of the beam impating the optial �ber in
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Figure 2.5: Representation of the manufaturing system at the Photonis Researh Labs.

The laser pulsation is ontrolled by an optial shutter, the UV beam is direted through a

set of mirrors and lenses to the phase mask in order to write the grating devie.

both x- and y-axis. This is useful to set the maximum distane permitted

between the phase mask and the optial �ber during the writing proess and

also it allows to gain preision in the manufaturing of omplex Bragg grating

devies.

2.1.5 Measurement of �ber Bragg grating sensors

A large part of the suess of FBG devies is the simpliity of their measure-

ment. When used as sensors, the haraterization of optial �ber Bragg grat-

ings is straightforward beause it is only neessary to obtain the information

related to the wavelength peak of the sensors. Negleting the power of eah sen-

sor in the re�eted spetrum saves a lot of work sine less importane is given

to power �utuations in the network due to new onnetions in a given sensing

network or losses between strethes of optial �ber. For this purpose, the best

measurement instrument is the optial spetrum analyzer (OSA). In ommu-

niation setups, on the other hand, it is often required to measure the phase

and temporal response of the Bragg grating devies (although in most of the

ases their spetral response is enough). There are di�erent tehniques useful

to measure ompletely the pro�le of �ber Bragg grating devies. In this se-

tion we treat brie�y the optial frequeny domain re�etometry (OFDR), the

modulation phase shift and the optial low oherene re�etometry (OLCR).
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TLS
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FBG under test
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Meas. 
   interferometer
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Figure 2.6: Optial Frequeny-domain Re�etometry setup to haraterize optial devies.

TLS: Tunable laser soure, PBS: Polarization beam splitter, PC: Polarization ontroller.

Optial Frequeny Domain Re�etometry

OFDR is a well known tehnique used not only to haraterize optial devies

but also to be used in large sensing systems given its notable spatial resolution.

As a haraterization tehnique, it features a spatial resolution of ∼mm over

distanes of 1 km approximately [48℄�[50℄, and a relatively fast measurement

with high sensitivity and spetral resolution. This is, to a large extent, due to

the use of a high power, fast sweep rate tunable laser over a wide wavelength

range. OFDR is a very omplete tehnique for it is able to measure the grating

re�etivity, phase response and dispersion [51℄.

The working priniple of this tehnique is based, as already mentioned, on

the sweeping of an optial frequeny over the total spetrum. In oherent

detetion, the re�eted signal from the devie under test (DUT) is mixed with

the soure referene at the detetor. The re�eted wave features a frequeny

omponent proportional to its transit time that marks the spatial position in

the optial �ber [48℄. Attenuation an also be seen as a funtion of the �ber

distane.

Figure 2.6 shows a standard shemati of an OFDR haraterization setup, the

TLS is swept over a wide spetrum and is launhed via a 3 dB standard oupler

to two Mah-Zender interferometers (MZI); the upper branh is the measure-

ment interferometer whih is onneted to the devie under test (DUT). The

signal re�eted from the DUT is oupled bak to interfere with the referene

signal at the measurement MZI, then the produed fringes are deteted by a

photo-detetor and stored in a omputer to be proessed. The trigger interfer-
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FBG under testBBS

PD

Movable Mirror

coupler

Figure 2.7: Shemati of the Optial Low Coherene Re�etometry tehnique (OLCR)

used to haraterize optial devies.

ometer is used frequently to referene the start and end of the sweeping proess

in the aquisition stage.

Optial low oherene re�etometry

Optial low oherene re�etometry is a tehnique based in the fast sanning

Mihelson-Interferometer used to measure the impulse response of an optial

devie [52℄. Figure 2.7 exempli�es the typial shemati of the OLCR teh-

nique, the DUT is plaed in one arm of the interferometer while a movable

mirror is plaed in the seond arm. Thus, a spatial re�etogram is obtained

as the optial path is hanged by the position of the mirror in the seond

arm. The key feature of this approah is that the soure has a wide spe-

tral bandwidth, so that the intensity deteted at the photo-detetor, whih is

initially given by equation (2.10) where S(ω) is the spetrum of the low oher-

ene soure, r(ω) is the omplex re�etivity of the DUT, an be rewritten as

in equation (2.11) due to the fat that for a broadband soure, S(ω) an be

onsidered a onstant.

i(t) =
1

2π
ℜ
[
∫

S(ω)r(ω) exp(iωt)dω

]

(2.10)

i(t) = C · 1

2π
ℜ
[∫

r(ω) exp(iωt)dω

]

∝ hr(t) (2.11)

By using a broadband soure, the deteted signal from the interferometer is

onsistent with the DUT impulse response, from where the re�etion and im-

pulse response an be retrieved [53℄, [54℄.
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FBG under test

Figure 2.8: Shemati of the Phase shift method used to haraterize optial devies.

Modulation phase shift method

Figure 2.8 shows the shemati of the modulation phase shift method to har-

aterize optial devies. The light from a tunable laser soure (TLS) is mod-

ulated at a mirowave frequeny ω, to generate a dual wavelength tunable

soure that is going to be the swept over a wide wavelength range that overs

the wavelength of the DUT. The re�eted signal from the DUT is deteted at

a photo-detetor and proessed in the vetorial network analyzer (VNA) whih

ompares the phase di�erene between the re�eted signal and the mirowave

signal ω obtaining the phase di�erene as a funtion of the swept wavelength

∆ϕ(λ).
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Chapter 3

Amplitude enoded

Super-strutured FBG sensors

3.1 Introdution

Optial Code Division Multiple Aess (OCDMA) is a multiplexing tehnique

used in optial aess networks [1℄, [2℄. It allows an inrease in the user a-

paity of the system by providing asynhronous aess to eah user without

waiting time (in ontrast with other asynhronous tehniques [3℄). OCDMA

assigns a unique orthogonal ode to eah user of the network so that they

an share the wavelength bandwidth at the same time. OCDMA tehniques

an be broadly lassi�ed (aording to their soures and detetion shemes)

into two ategories, oherent and inoherent enoding [4℄. Inoherent enoding

tehniques handle uniquely the optial power while oherent enoding makes

use also of the optial phase to perform tasks of enoding and deoding. This

is the reason why, in general, oherent enoding is better in terms of spetral

e�ieny, signal to noise ratio and ardinality [5℄.

Aside from lassifying the OCDMA tehniques into oherent and inoherent

approahes, one an also lassify them by the way they treat the information

and/or the domain they use. i.e. information enoding is ahieved by ma-
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nipulating its parameters (amplitude, phase or both) and an be performed

indistintly in the time or wavelength domain.

One of the simplest oding shemes is the so alled: pulse-amplitude-oding [3℄,

[6℄, whih is a time domain oding tehnique that basially deompose the

signal into a number of replias spaed a ertain amount in time. In this

sheme, inoherent detetion is performed to retrieve the summation of the

optial intensities (amplitude) of the many signals spread in time. The odes

used to spread the signals in time are unipolar pseudo orthogonal odes (e.g.

optial orthogonal odes (OOCs) and prime odes).

Another time domain oding sheme is for instane the pulse-phase-oding [7℄,

whih introdue 0◦ or 180◦ phase shifts to the signals aording to a given

odeword. These shemes require oherent detetion and an use bipolar or-

thogonal odes (e.g. Walsh odes, maximal length sequenes or Gold odes)

that exhibit better orrelation performane than unipolar odes [8℄.

Similar approahes to the above mentioned shemes have been developed in

wavelength domain oding [9℄, [10℄, this is the ase of the spetral-amplitude-

oding and spetral-phase-oding. In these ases the temporal essene of the

information is translated to the wavelength domain after de�ning a ommon

wavelength referene. To this purpose, Bipolar orthogonal odes are also pre-

ferred.

2D oding shemes should also be mentioned; for instane, the wavelength-

hopping - time-spreading oding tehnique [11℄ performs information enoding

in the time and wavelength domains, taking advantage of eah method to

ahieve more robust and seure transmissions.

In any OCDMA transmission system, the transmitted signals from many users

merge in the transmission link, all the information is broadast to eah reeiver

node in the network. At eah reeiver node, the information is deoded by

performing the orrelation produt between the deoder and all the gathered

information. The orrelation produt has two possible outomes: the auto-

orrelation signal, featuring a peak that indiates orrespondene between the

deoder odeword and the original message; and the ross-orrelation signal

whih does not exhibit any peak at all, meaning that the information has not

been deoded properly. When the deoder output in a transmission system

is an auto-orrelation signal, the original message is reonstruted from the

merged information. On the ontrary, if no peak is ahieved (ross-orrelation)

the spei� node is not able to reeive the message.
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3.1 Introdution

To repliate the OCDMA onepts in a sensing system one should part from

the simplest and most e�etive enoding shemes, therefore, one-dimensional

unipolar odes (i.e. OOCs and prime odes) should be onsidered. These sets

of odewords feature good orrelation properties (i.e. a high auto-orrelation

peak and a onstrained ross-orrelation funtion). Besides, they are suitable

to implement a system based in optial power measurement, whih is the easiest

and most ommon approah to implement an optial sensing system.

In this work, we foused on the optial orthogonal odes (OOCs) to design the

enoded sensors given that, as opposite from ommuniation systems, fewer

odewords are neessary in a sensing system, besides, they should be simple

(positive) odewords with a limited length. A set of orthogonal odewords in

OCDMA must satisfy the following two onditions: eah odeword must be

distinguishable from shifted versions of itself and they should be distinguishable

from any other odeword in the set. OOCs an be de�ned as follows: an OOC

family represented as (n, ωc, λa, λc) is a set of binary (0,1) odewords, where

n represents the odewords length, ωc is the weight of the odeword (number

of bits set to '1') and λa, λc are the auto- and ross-orrelation onstraints.

Therefore a (n, ωc, λa, λc) family S is an OOC (satis�es mutual orthogonality)

when it meets the following auto- and ross-orrelation properties [12℄:

Definition 3.1.1 Auto-orrelation property: for any odeword

x = [x0, x1, . . . , xn−1] ∈ S and any integer τ ∈ (0, n) ⇒ ∑n−1

t=0
xtxt⊕τ ≤ λa.

Being ⊕ the modulo-n addition.

Definition 3.1.2 Cross-orrelation property: for any odeword

x = [x0, x1, . . . , xn−1] ∈ S and any y = [y0, y1, . . . , yn−1] ∈ S suh that x 6= y

and any integer τ ∈ (0, n) ⇒∑n−1

t=0
xtyt⊕τ ≤ λc.

Di�erent tehniques suh as greedy algorithms, blok designs [13℄�[15℄, among

others [16℄, [17℄, have been employed to onstrut OOCs' families [18℄, always

seeking for ode families with λa, λc as small as possible and with the largest

possible ardinality |C| i.e. the number of odewords in the family.

Taking into aount the above mentioned onsiderations, we seleted sets of 2

and 3 OOCs through the ombinatorial method desribed in [18℄. The seleted

set, with 2 orthogonal odewords is exempli�ed in Figure 3.1, the two ode-

words: S1 = 11001000 and S2 = 10100001 of an (n, ωc, λa, λc) = (n, ωc, λ)
= (7, 3, 1) OOC family have a weight of 3, with auto- and ross-orrelation

onstants onstrained to a value of 1.
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Figure 3.1: Waveform of the two orthogonal odewords S1 = 11001000 and S2 = 10100001
orresponding to a (7, 3, 1) OOC family.

We have proposed the use of orthogonal odewords to enode the FBG sensors,

adding useful information to eah sensor in the network. Other approahes

have been arried out by relating CDMA oding and FBG sensors, nevertheless,

these tehniques foused primarily on the enoding of the light soure [19℄�

[22℄. In this work, the oding methodology is applied to shape the enoded

sensors, whih have a re�etion pro�le distributed over di�erent wavelengths.

In this sense, the enoded sensors an be manufatured as super-strutured

FBG (SSFBG) devies in order to maintain important properties suh as:

small size, tunability and manufaturing simpliity. The main ontribution

of this sensors is to allow wavelength detetion under overlapping onditions;

thus enhaning the number of sensors that an be multiplexed in a sensing

network. It is important to mention that the identi�ation problem of two

sensors under overlapping onditions have been previously addressed. The

main idea of these approahes is to disriminate the weight of eah sensor

over the ompounded measured spetrum [23℄�[26℄. This is performed through

the use of non-deterministi optimization tehniques (bio-inspired algorithms)

that �nd the best possible ontribution of eah sensor to a given total re�etion

spetrum.

In this hapter, a detailed desription of the SSFBG sensing devies design is

addressed in Setion 3.2, in this setion is also derived the detetion proess

that yields to the entral wavelength detetion of eah sensor in the spetrum.

In Setion 3.3, the SSFBG enoded sensors are simulated. First of all, the

in�uene of ertain design parameters (e.g. re�etivity, sub-bands width, sub-

bands detuning) is studied as a funtion of the detetion error. Some design

onlusions are drawn from the simulation of the sensing devies. Seond,

wavelength detetion under overlapping senarios is proved and the detetion

error of the sensing system is theoretially assessed. Finally, the synthesis and

manufaturing parameters of the SSFBG are developed and explained.
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In Setion 3.4, the results from the haraterization of the manufatured de-

vies are disussed, and the experimental demonstration of the amplitude-

enoded SSFBG sensors is arried out, ahieving total detetion of two or

more sensors under (partial or total) overlapping onditions. Also, it is ver-

i�ed the experimental error obtained as a result of the spetral overlapping

between adjaent sensors. Finally, Setion 3.5 presents the overall onlusions

of the hapter.

3.2 Amplitude enoded sensors: Design

As mentioned before, the proposed amplitude enoded FBG sensors are de-

signed after the elementary set of odewords known as Optial Orthogonal

Codewords (OOC). These families of odewords an be obtained through the

ombinatorial method proposed by Salehi in [18℄. In order to preserve the

spetral e�ieny of the devies and having into aount that the number of

orthogonal odewords in sensing appliations should not be high (as opposite

to ommuniations systems were a great number of users are required), we

used, in this work, sets of two and three orthogonal odewords.

The �rst seleted set, with ardinality C = 2, is omposed of the odewords:

S1 = [11001000] and S2 = [10100001]. Eah one of these odewords is om-

posed of 8 bits with a weight of 3 (the number of bits set to

′1′). The orrelation
produt between these two odewords is depited in Fig. 3.2, this produt is

performed between the original odeword and all the odewords in the set and

the shifted versions of eah one. It is obtained a peak at the point of oinidene

with the same odeword when no shift applied, this is the auto-orrelation peak

(ACP), the result obtained from the remaining odes and shifted versions is

the ross-orrelation signal. Whih is onstrained to a �xed value, one third of

the ACP in this ase, given by the odewords weight. The orrelation produt

proved that this set of odes satisfy the two rules of orthogonality and there-

fore they an be used to design a set of two enoded sensors able to be totally

distinguishable between them by obtaining their ACP, this is possible beause

the ross-orrelation value an never reah the ACP value.

In order to design a sensing devie based on the orthogonal odes presented

above we used the onept of super-strutured �ber Bragg gratings (SSFBG),

whih are multi-band FBG devies manufatured at one in the same spatial

region of the optial �ber. SSFBG devies have been used to prove OCDMA

ommuniations systems [27℄�[29℄ due to their wavelength tunability and man-

ufaturing advantages. The orthogonal odewords an be translated to the
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Figure 3.2: Auto- and Cross-orrelation funtion for a set of two orthogonal odewords

S1 = [11001000] and S2 = [10100001].
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Figure 3.3: Representation of a set of two enoded FBG sensors. Sensors S1 and S2 are

designed aording to the odewords S1 = [11001000] (a) and S2 = [10100001] (b).
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shape of a SSFBG devie as depited in Fig. 3.3: an orthogonal binary ode is

onverted into a multi-band devie by de�ning 8 equally spaed spetral slots

and assigning a re�etion sub-band to eah bit set to one in the odeword,

e.g. the odeword S1 = [11001000] would be translated to a spetral shape

featuring re�etion sub-bands at the bit positions (1,2,5). See Fig. 3.3, the

same holds for the sensor based on the odeword S2 = [10100001]. Of ourse

this `binary to re�etion' onversion is not the unique pratial onsideration

when designing a set of mutually orthogonal sensing devies. There are a se-

ries of parameters used to de�ne the SSFBG devies that need to be aounted

beause they will have a big in�uene on the performane of the sensing sys-

tem. Perhaps the most trivial design parameter a�eting the SSFBG devies

would be the re�etivity of the devie, in general, it will be desired that the

whole devie presents a onstant re�etivity over its total spetrum. Other

key parameter is preisely the spaing between the sub-bands beause it will

determine to a large extent the devie total bandwidth. Also, the width of eah

sub-band itself is a parameter that will in�uene mainly the physial length of

the devies. Considering these main parameters we modeled the total re�eted

spetrum of the SSFBG devies (R(λ)) as follows (3.1):

R(λ) =
K
∑

j=1

N/2
∑

i=−N/2+1

cj(i) · R′ · g(λ − λBj − ∆λBj − (δλ · i − δλ/2)) (3.1)

Where, for a number of sensors K, with N sub-bands. The bit-ode cj(i)
ativates eah re�etion sub-band omposing the sensing devie, g(λ) is the

spetral shape of the sub-bands, with re�etivity R′
and Bragg wavelength

λBj , δλ is the spetral separation between sub-bands. Inrement on the N
sub-bands goes from −N/2 + 1 to N/2 allowing the length of the odewords

to be even or odd. Using equation (3.1) to model the SSFBG devies, the

sensors spetra is obtained as depited in Figure 3.3 basially obtaining a

onversion from the disrete binary values to an amplitude enoded sensing

devie (Gaussian shape has been seleted to perform the onversion from the

binary odeword to the atual FBG devie).

The number of orthogonal odewords in a family is diretly proportional to

the length of the odewords, i.e. a higher number of mutually orthogonal sens-

ing devies an be obtained at the expense of a longer odeword, equivalent

to a higher bandwidth in the SSFBG devies. A family of three orthogonal

odewords features a minimum length of 12 bits and is omposed by the ode-

words: S1 = [110000100000], S2 = [101000000100] and S3 = [100100000001],
their mutual orrelation produts are depited in Fig. 3.4 and their onver-

sion in sensing SSFBG devies is represented in Fig. 3.5. It is observed that
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Figure 3.4: Auto- and Cross-orrelation funtion for a set of three orthogonal odewords

S1 = [110000100000], S2 = [101000000100] and S3 = [100100000001]

an inrement in the ardinality of the odewords family means a onsiderable

inreasing of the devie bandwidth.

3.2.1 Detetion proess

The algorithm used to demodulate the entral wavelength of the enoded FBG

sensors is based fundamentally on the orrelation produt. As mentioned

before, the orrelation produt is the tool used to assess whether a set of

odewords satisfy mutual orthogonality or not. In the detetion proess, the

auto-orrelation algorithm have been used to interrogate onventional FBG

sensors [30℄, [31℄. In our proposal, the orrelation algorithm is used to retrieve

eah sensor wavelength and it is of speial interest beause it allows to iden-

tify the entral wavelength of any sensor in spite of partial or full overlapping

onditions. Thus, the orrelation produt an be used to determine the en-

tral spetral position of any given sensor in the network. Sine eah sensor is

designed after an orthogonal ode, the orrelation between the measurement

and its original spetral ode will generate an auto-orrelation peak (ACP).

On the ontrary, at all the remaining positions, the orrelation produt will

be onstrained to a low value beause of the mismathing between the sen-

sor and the designed spetrum. From this onept, the wavelength detetion

proess an be performed after reording the total re�etion spetrum from

the sensing network with an OSA. Then, the orrelation produt between the

theoretial spetral shape of eah enoded sensor and the instant reorded

spetrum an be performed. The ACP obtained will indiate the entral wave-
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are designed aording to the odewords S1 = [110000100000] (a), S2 = [101000000100] (b)
and S3 = [100100000001] ()
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Figure 3.6: Auto- and ross-orrelation signals obtained by applying the identi�ation

funtion. The peak of the auto-orrelation signal points at the entral wavelength of the

orresponding sensor.

length position λBj
+∆λBj

of the mathing sensor in the spetrum, while all

the non-oinident spetral positions will produe a XC value onstrained a-

ording to the theory. The Identi�ation Funtion IF (λ′) in equation (3.2)

desribes the omprehensive proess in whih eah theoretial enoded sensor

shape is swept over the whole reorded spetrum. Computationally, the whole

detetion proedure does not add any omplexity to the system beause it is

a simple moving salar produt.

IFj(λ
′) =

∫





N/2
∑

i=−N/2+1

cj(i) · g(λ − λ′ − δλ · (i− 1/2))



 · R(λ)dλ (3.2)

The auto-orrelation: S1 : S1, S2 : S2, and the ross-orrelation: S1 : S2,
S2 : S1 produts are depited in Figure 3.6 for the designed sensors. They

are obtained by applying the proedure desribed in equation (3.2), the ACP

is obtained at the mathing wavelength position along with some low value

sidelobes orresponding to the shifted version of the same sensor. On the

other hand, the XC signal is onstrained to low values at all the wavelength

positions.
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Figure 3.7: Representation of a set of two amplitude-enoded SSFBG sensors, where the

relative distane of eah sub-band to the enter an be used to on�rm the spetral loation

of any given sensor in the network.

The sensors enoding represents not only the possibility of measure orretly

their entral wavelength under overlapping onditions, it also provides the sen-

sors with more information that an be exploited. For instane, it is possible to

perform an additional step in the detetion algorithm that is useful to eliminate

the error aused by the summation or interferene between the ross- and the

auto-orrelation signals. The additional part of the algorithm is exempli�ed in

Figure 3.8 where the simple and the two-steps algorithms are depited. The

additional task in the two-steps proess onsists in alibrating the distane of

the obtained ACP to eah sub-band of the sensor, given that eah sensor an

be de�ned also as a funtion of the relative distanes between sub-bands as

exempli�ed in Figure 3.7, i.e. the sensor S1 = [11001000] an be represented as

a funtion of the high positions in the odeword: S1(0, 1, 4), or as a funtion

of the sub-bands distanes to the enter: S1(d1, d2, d3). In this way, and given

that only one of the sub-bands get overlapped at the same time, the overlapped

sub-band an be deteted beause of the mismath regarding the theoretial

distane to the enter of the sensor. The overlapped sub-band is then disarded

and the new ACP, without overlapping error an be deteted. It is notieable,

from Figure 3.8 that the two-steps proess does not add further omplexity to

the initial detetion proess.
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Figure 3.8: Shemati representation of the two detetion algorithms. The simple, orre-

lation proess is desribed in the left side, and the two-steps proess in the right side
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3.3 Modeling the enoded FBG sensors

Table 3.1: Simulation Parameters

Parameters Symbols Range Final value

Spatial Resolution Res [1 - 5℄ 1 pm

Re�etivity R [0.1 - 1℄ 0.5

Sub-bands' width FWHM [0.04 - 0.1℄ 0.04 nm

Slot spaing δλ [0.08 - 0.16℄ 0.1 nm

Number of Sensors NoS [1 - 3℄ 3

Connetion type Con�g. Parallel / Serial Serial

3.3 Modeling the enoded FBG sensors

The purpose of this work is to propose, manufature and validate a new kind of

optial sensors, using enoding tehniques in order to improve the performane

of the sensing networks in terms of apaity and intelligene. In this hapter

we foused on the development of a multi-band �ber Bragg grating devie fea-

turing amplitude enoding based on a simple set of odes, namely the optial

orthogonal odes (OOC). This set of binary sequenes with a de�nite length

and weight satisfy the orthogonality onditions, but this is not the only design

parameter to be aounted espeially when onsidering the manufaturing fea-

sibility of the devies. In order to evaluate the e�et of the design parameters

and the performane of the enoded FBG sensors under overlapping onditions

a simulated senario was developed. It allowed to evaluate, before running into

fabriation of the devies, the relevane of the pratial parameters suh as:

sub-bands width, re�etivity, spetral distane between sub-bands, among oth-

ers. The modeling of the sensors before manufaturing is essential not only to

evaluate eah parameter signi�ane to the whole sensor design, but also to

validate the viability of the detetion proess of eah sensor under di�erent

multiplexing senarios that may or may not inlude overlapping.

3.3.1 Parameters in�uene

Sensors modeling will be mainly foused on evaluating the e�et of the param-

eters listed on table 3.1 over the detetion algorithm that allows to trak the

entral spetral position of eah sensor even if two or more sensors are overlap-

ping due to physial hanges in the measured variables. The main objetive

in a sensing system is to identify learly the signal from eah sensor, whih

43



Chapter 3. Amplitude enoded Super-strutured FBG sensors

means, in our detetion ase, that a high dynami range should be preserved

between the auto- and the ross-orrelation signals obtained from the whole

sensing network. This ondition, besides being good to identify eah sensor in

the spetrum, is unavoidable in the ase of overlapping sensors where multiple

sensors share the same spetral position, and their wavelength identi�ation

must be guaranteed.

SSFBGs Re�etivity

The re�etivity of the SSFBG devies is a key parameter not only beause it

an a�et diretly the orret identi�ation of eah sensor in the spetrum, but

also beause it is a key manufaturing parameter for the devies.

To develop the simulations, the set of two amplitude enoded SSFBG sensors is

evaluated in terms of their detetion apability and performane while hanging

their re�etivity. The set of sensors will be modeled aording to the odewords

S1 = [11001000] and S2 = [10100001], they are 8-hip (sub-bands) devies

with a full width at half maximum (FWHM) of 0.04 nm at eah sub-band and

separation between sub-bands of 0.12 nm.

The �rst onsideration we an make is the e�et of the SSFBG devies re�e-

tivity over the system measurement error. This error is the absolute di�erene

between the theoretial sensor position and the measured one, obtained after

overlapping. Another possible investigation is to onsider the e�et of hang-

ing one of the devies re�etivity while the overlapped sensor remains with a

�xed re�etivity value. To evaluate the former postulation, the re�etivity of

the sensors is modi�ed from 10% to 100%, it is worth to note that in this ase

the on�guration of the sensing network is of ruial importane: in a serial

network the �rst sensor reeives the full power from the illuminating soure,

and re�ets a portion of it, while the subsequent sensors will get the remaining

light at the mathing wavelengths, this is known as the shadowing e�et and it

is of great importane in our overlapping senarios. In the parallel on�gura-

tion ase, on the ontrary, the illuminating light is divided equally between the

sensors and so, they do not get 'blinded' by a previous sensor. Figure 3.9 shows

the maximum detetion error obtained for eah sensor in a serial on�guration

as a funtion of their re�etivity (the two detetion algorithms are plotted).

With the simple detetion method, an error of ∼ 5 pm is obtained almost as a

onstant for the two sensors at all the re�etivity values, although the seond

sensor exhibits more error. This detetion error is eliminated at low re�etiv-

ity values by employing the 2-steps improved detetion algorithm, nevertheless
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Figure 3.9: Maximum detetion error of eah sensor in a serial array of two SSFBG sensors

as a funtion of their re�etivity. The two detetion algorithms are shown: the simple,

orrelation-based, detetion algorithm and its improved version.

this method is not able to eliminate the detetion error for the seond sensor

at re�etivities above 70%.

As mentioned above, this e�et does not our when deploying the overlapping

sensors in parallel on�guration, therefore, both serial and parallel on�gura-

tion are suitable to be implemented, just minding that the shadowing e�et

is intrinsi to the serial on�guration (low re�etivity sensors should be used).

In parallel on�guration, although the re�etivity of the sensors is not on-

strained to low values, passive splitter devies should be used induing losses

to the sensing system.

Now, to evaluate the detetion performane in a sensing system omposed of

two overlapping sensors a simulation was performed: In the simulated senario,

the �rst sensor remains at the initial position with a �xed re�etivity value,

while the seond sensor is swept over the sensor S1. Sensor S2 re�etivity is

inreased progressively (several overlapping senarios are simulated) to evalu-

ate its e�et over the wavelength detetion of eah sensor. Figure 3.10 shows

the e�et of varying one of the sensors re�etivity over the detetion error of

eah sensor. While the re�etivity of the sensor S2 augments, its detetion

error diminishes beause it is proportional to the magnitude of the sensor S1
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Figure 3.10: Maximum detetion error of eah sensor in a serial array of two SSFBG sensors

while the re�etivity of the sensor S2 is varied from 50% to a 100%. The detetion error

of sensor S2 dereases beause the magnitude of the orrelation produt beomes bigger;

on the other hand, the detetion error of sensor S1 inreases as it gets a�eted by a bigger

ross-orrelation produt of the seond sensor.

ross-orrelation. On the other hand, the sensor with less re�etivity beomes

a�eted and its detetion error inreases aording to the re�etivities di�er-

ene.

In Figure 3.11 it is depited the in�uene of varying one of the sensors re�e-

tivity over the ratio XC/ACP in the detetion of the sensors. As the detetion

proess onsists on the diret produt between the designed shape of the sen-

sors and the total re�eted spetrum, it is expeted that with larger re�etivity

values the whole orrelation produt will inrease. Nevertheless, the ratio be-

tween the ross- and the auto-orrelation produts is a�eted by the re�etivity

values of the overlapping neighboring sensors. In this way, the in�uene of a

sensor (S1) with less re�etivity that the sensor S2 will be smaller than the

in�uene of two sensors with equal re�etivity values.
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Figure 3.11: Ratio between the ross-orrelation and the auto-orrelation (XC/ACP) ob-

tained in the detetion of two sensors in a serial on�guration while the re�etivity of the

sensor S2 is varied from 50% to a 100%. A sensor with bigger re�etivity leads to a better

XC/ACP ratio and onsequently to less error in the detetion. On the ontrary, the XC/ACP

ratio of the sensor with less re�etivity is a�eted and therefore its detetion error worsens.

Sub-bands spetral width

The spetral width of eah sub-band omposing the SSFBG enoded sensor

is an important parameter not only beause it is diretly linked to the de-

vie spetral extent, but also beause it an a�et the detetion error. The

reason for this is that the deteted entral wavelength is obtained from the de-

oded spetrum whih is the summation of the auto- and the ross-orrelation

signals; wider sub-bands imply a widening of the ross-orrelation signal and

therefore they have more in�uene in the deteted signal, besides, widening of

the deoded spetrum makes more di�ult to establish the entral peak of the

auto-orrelation peak.

On the other hand, a narrow design of the sub-bands results in a longer devie

given the inverse relationship between the length of the FBG devies and their

FWHM [32℄.

To quantify the in�uene of sub-bands spetral width (FWHM) over the de-

tetion error, we took as a referene the slots distane de�ned for the SSFBG

δλ. Figure 3.12 shows the maximum detetion error obtained for eah sensor as
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Figure 3.12: E�et of the sub-bands width over the detetion error obtained through

simulation. The slot spaing is maintained onstant at δλ = 0.12 nm. The two detetion

methods are analyzed.

a funtion of the sub-bands spetral width (FWHM) for a �xed spaing of the

slots δλ = 0.12 nm. At the end we obtain a design limitation in terms of the

relation δλ/FWHM given that the two parameters are proportional (a bigger

slot spaing would allow a bigger width of the sub-bands). As a result from the

Figure 3.12 a 2:1 (δλ/FWHM) relation should be preserved, always intend-

ing to design a spetrally ompat SSFBG devie, under the manufaturing

feasibility restritions.

Wavelength o�set between sub-bands

The analysis about the e�et of eah design parameter in the performane of

the sensing network have been done under the assumption that the entral

wavelength of eah sub-band is tuned aording to the design. Nevertheless,

due to the manufaturing feasibility this will not be always the ase. Through

simulation, we an assess the e�et aused by the wavelength detuning of one

of the sub-bands over the detetion proess. Figure 3.13 shows the relationship

between the detetion error and an arti�ial wavelength-o�set applied to one

of the devie sub-bands.
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In Figure 3.14, it is shown the e�et of detuning one of the sensors sub-bands

over the ross- and the auto-orrelation signals obtained in the detetion of

the sensors. As expeted, a misadjustment in one of the sensors sub-bands will

worsen the detetion error of the orresponding sensor, still, it is important

to analyze its e�et over the other sensors: in both, Figures 3.13 and 3.14

it is shown that for the una�eted sensor neither the detetion error nor the

XC/ACP ratio are a�eted by the detuning of other sensor in the spetrum.

In general, the error indued by this entral wavelength o�set ould be elimi-

nated in the detetion proess by using the exat shape of the manufatured

devies to perform the detetion of the sensors, this, although a little bit intri-

ate (it requires the previous alibration of the sensors arranged in the sensing

system), would eliminate the mismath between the designed and the manu-

fatured sensing devies.

Codewords length - number of sub-bands

Although the ratio ACP/XC gets better for odewords with a greater hip

number (sub-bands of the sensor in our ase), in our sensing appliation we

are interested in spetrally ompat sensors, i.e. SSFBG devies that maintain

orthogonality but are designed after short odewords. In this way our system

of two SSFBG sensors, eah one designed after odewords with length = 8 bits,
with slot spaing δλ = 0.1 nm and sub-bands width W = 40 pm, will have a

total spetral length of 0.74 nm.

For the next family of orthogonal odewords, with three orthogonal sensing de-

vies the spetral length of eah devie would need 12 bits, inreasing the total
spetral width of eah sensor to 1.14 nm. Whih is also ahievable but on-

tributes to a limitation in the number of sensors sine the operational spetrum

range for three sensors, eah one with a 1.14 nm width, would be onsiderably

larger and therefore, less sensors ould be loated in the total spetrum.

3.3.2 Overlapping senarios

After designing the SSFBG enoded sensing devies and seleting the proper

manufaturing parameters, some detetion senarios an be tested in order

to verify the orret wavelength identi�ation of the sensors with and with-

out overlapping onditions, to do so, the detetion algorithm inluding an

additional routine to eliminate the ross-orrelation error is used. Also, both

onnetion shemes (parallel or serial) are simulated and assessed in terms

50



3.3 Modeling the enoded FBG sensors

Figure 3.15: Simulated re�eted spetrum for two orthogonal sensors enoded in amplitude

a), b). In ), d) their orrelation produts are obtained, pointing at the entral wavelength

of eah sensor.

of the total error obtained. For instane, Figure 3.15 a), b) depits the in-

stantaneous re�etion spetrum measured for an array of two enoded SSFBG

sensors onneted in serial on�guration and �gure 3.15 ), d) shows the result

of omputing the improved identi�ation funtion IF (λ) based on the orre-

lation between the theoretial and measured spetra. The obtained ACP for

eah sensor orresponds to their entral wavelength.

A feasible senario is simulated by assigning eah sensing SSFBG devie with

a trajetory that an result in partial or total overlapping. The most diret

approah is to sweep one of the sensing devies through the seond one, whih

remains at a steady position. This is exempli�ed in Figure 3.16 a) and b),

where the deteted wavelength of two sensors in an overlapping senario (S2
swept over S1) is depited as a funtion of the experiment step. We hereby

demonstrate the detetion feasibility of any two neighboring sensors overlap-

ping ompletely.

By working in simulation, it is possible to prove that a set of enoded SSFBG

sensors is suitable to be manufatured and tested. Also, it allows to extend

the onept and to test the behavior of more intriate sensing strutures, Fig-
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Figure 3.16: The entral wavelength of the two SSFBG enoded sensors is simulated in

an overlapping senario. In a), it is shown the retrieved wavelength of the sensor S1 that

remains still. b) shows the deteted wavelength of the sensor S2, it follows a linear trajetory
that goes through the spetral position of sensor S1. Total identi�ation of the two sensors

is ahieved under overlapping onditions.

52



3.3 Modeling the enoded FBG sensors

ure 3.17 shows the omplete simulation senario for a set of three orthogonal

sensors, in a) it is shown the ompounded spetrum of the three overlapping

sensors while b) shows their orresponding ACP signals (the entral wavelength

is obtained for the three overlapping sensors). Last, Figure 3.17 ), d) and e)

show the trajetory followed by the sensors S1, S2 and S3 respetively and

their assoiated error in the insets. The simulation of the overlapping senar-

ios was performed with the parameters listed on table 3.1, having into aount

the onsiderations regarding the hoie of the design parameters made in the

last setion (3.3.1), seeking low re�etivity devies, with a narrow sub-bands

spetral width and the minimum realizable spaing between sub-bands.
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Figure 3.17: The trajetories followed by three orthogonal sensors are obtained through

simulation. It is shown the ompounded re�eted spetrum in a), the auto-orrelation prod-

ut for eah sensor is obtained in b). The trajetories followed by the sensors are also plotted:

S1 in ), S2 in d) and S3 in e). Eah inset shows the obtained error during the overlapping.
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3.3.3 Synthesis and manufaturing of the SSFBG devies

Our design methodology is based on the fat that the binary orthogonal odes

an be translated to a multi-band SSFBG devie simply by assigning re�e-

tion sub-bands to the high values in the odeword, one the spetral shape of

the sensors, inluding all the design paramenters, has been de�ned. A syn-

thesis method an be used to obtain the omplex grating index pro�le q(z).
This is performed by an algorithm based on the disrete layer peeling method

(DLP) [33℄ as desribed in Setion 2.1.1 of the previous hapter. Then, the ob-

tained index modulation is disretized and manufatured by the point by point

- phase mask writing method outlined in Setion 2.1.4. Figure 3.18 shows the

index modulation pro�le obtained for the sensors S1 and S2. The omplex-

ity of eah sensor is determined by the spetral width of the devie and the

FWHM of its sub-bands, although the devies have omplex shapes, the man-

ufaturing method is perfetly able to onstrut the index modulation pro�les.

Manufatured devies follow the design based on two orthogonal odes. They

are written at entral wavelengths S1 = 1546.5 nm and S2 = 1547.3 nm, with

re�etivity set to 30%, FWHM = 40 pm for eah sub-band, and the distane

between sub-bands is δλ = 0.1 nm.
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Figure 3.18: Index modulation pro�le q(z) obtained through the synthesis of the sensors.

The index pro�le (magnitude) of the sensor S1 is depited in a), while b) shows the one

obtained for sensor S2.

3.4 Experimental results

The two experimental setups used to validate the behavior of the designed

sensors are depited in Figure 3.19 a), b), they are the straightforward rep-

resentation of the serial and parallel arrangement of the sensors. Generally,

a broadband soure illuminates the sensors and the re�eted signal from the

set of sensors is reorded by an Optial Spetrum Analyzer (OSA) and then

analyzed in the omputer by the orrelation algorithm obtaining the entral

position for eah sensor in the network.

When using both, serial and parallel on�guration (Figure 3.19 a), b)), the

re�etivity of the sensors must be maintained approximately equal in order to

avoid the redution on the ratio ACP/XC, whih would a�et the detetion

proess. Besides, under the serial approah, the shadowing e�et should be

prevented by using low-re�etivity devies that do not signi�antly redue the

power when two or more devies overlap spetraly.
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Figure 3.19: Serial and parallel shemati setups used to measure the re�etion spetrum

of the enoded SSFBG sensors.

3.4.1 Charaterization of the devies

The haraterization of the devies was performed to assess the spetral shape

of the manufatured devies. It was measured diretly by using an ampli�ed

spontaneous emission (ASE) soure and an optial spetrum analyzer (OSA)

with 10 pm resolution. Figure 3.20 ompares the spetra measured from the

manufatured devie S1 against the designed spetrum.

A very good agreement is shown in Figure 3.20 between the designed and

the measured re�etion spetra for the manufatured SSFBG devies, whih

proves that the q(z) pro�les have been manufatured with good quality under

the DLP sampling de�nition of 138.0328 µm. Figure 3.21 depits the same

omparison results for the manufaturing of the sensor S2. as a result of the

omparison between the design and the pratial devies, it is reasonable to

extend the idea of proving the sensors behavior under overlapping onditions.
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Figure 3.20: Measured spetral response of the manufatured SSFBG sensor S1. In a), it is
shown the spetral response in transmission; b) ompares both, the manufatured response

in re�etion (blue, ontinuous line) and the theoretial expeted spetrum (red, dashed line);

) shows the re�etion response in linear sale. A very good agreement is obtained between

the designed and the manufatured devies.

58



3.4 Experimental results

Figure 3.21: Measured spetral response of the manufatured SSFBG sensor S2. In a), it is
shown the spetral response in transmission; b) ompares both, the manufatured response

in re�etion (blue, ontinuous line) and the theoretial expeted spetrum (red, dashed line);

) shows the re�etion response in linear sale. A very good agreement is obtained between

the designed and the manufatured devies.
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3.4.2 Overlapping detetion

We tested the sensing system with the manufatured devies using the exper-

imental setups shown in Figure 3.19, the sensors are stabilized in temperature

in order to avoid hanges in their wavelength aused by ambient temperature

drifts. Wavelength hanges are then indued by strething the optial �ber in

a strain platform. The readout measured at the OSA is transferred to a om-

puter where the orrelation identi�ation algorithm is run, �nally, the sensors

are logged in terms of their entral wavelength.

The simplest and most e�etive way to prove the sensors orthogonality is to �x

one of the sensors (at a steady wavelength) while the seond one is swept over

the spetrum. Figure 3.22 depits the results for the experiment performed in

serial on�guration. Here, any unbalane between the SSFBG devies power

would a�et the ratio ACP/XC and therefore the detetion error. The opposite

ours when using the parallel on�guration (Figure 3.23). At the expense

of using a passive splitter, the auto- and ross-orrelation signals maintain

the same ratio beause the re�etivity of eah sensor is not a�eted by the

shadowing e�et.

By performing these experiments the distintion apaity of the system is ver-

i�ed and most importantly its apaity to �nd the entral wavelength of two

sensors when they are overlapping. From this, the number of sensors in an

optial sensing network is inreased beause every pair of neighboring sensors

an share the same operational wavelength range. In fat, going to the limit of

the orthogonality de�nition: orthogonal odewords in a set are distinguishable

between them and from shifted versions of themselves, it is possible to have two

versions of the same SSFBG devie in the same operational wavelength, and

they are totally identi�able from eah other exept when totally overlapped

(on top of eah other). Figure 3.24 depits the deteted re�etion spetrum

from 3 enoded sensors in the same operational range (two sensors are designed

after the S1 odeword and one sensor with the shape of sensor S2), also in

Figure 3.24 it is shown the obtained ACP signal from eah sensor, pointing at

the entral wavelength of eah sensor while their re�etion spetra are merged.

The trajetory followed by eah one of the sensors during the experiment is

depited in Figure 3.25, the operational range of the sensor S2 overlaps at

both sides with one of the S1 sensors. This is possible beause sensors with

the same ode an overlap partially without ausing the detetion system to

loose their loation. Therefore, the orthogonal features of the sensors have

been proved to be useful to detet the entral wavelength of enoded sensors

under overlapping onditions.
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are onneted in serial on�guration. In a) it is shown the swept of the sensor S1 over the

sensor S2. The analog senario is shown in b). Total identi�ation of the sensors wavelength
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Figure 3.23: Deteted wavelength for two sensors under overlapping onditions. Sensors

are onneted in the parallel on�guration. In a) it is shown the swept of the sensor S1
over the sensor S2. The analog senario is shown in b). Total identi�ation of the sensors

wavelength is ahieved even under overlapping onditions.
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Figure 3.24: Experimental readout of the re�etion spetrum from three enoded FBG

sensors. In a), it is shown the re�etion spetrum of three SSFBG sensors under overlapping

onditions. In b), the orresponding orrelation produt is omputed in order to identify the

entral wavelength through the ACP.

Another experiment was performed to validate the detetion of a sensing sys-

tem with 4 sensors that share the spetrum by pairs. This is the proof of

the onept of a sensing system with a CDM-WDM multiplexing sheme. Fig-

ure 3.26 illustrates the re�etion spetrum reorded for 4 sensors working in the

same operational range, whih were arranged in two branhes, ombining the

serial and parallel on�guration. Figure 3.26 also depits the ACP obtained for

the reorded spetrum, where the 4 wavelengths are loated. The magnitude

of the ACP for eah sensor depends on eah sensors re�etivity. Figure 3.27

shows the trajetories followed by the sensors during the experiment.

3.4.3 Error assessment

In the previous setions, the e�etive use of SSFBG sensors was proved to

allow the identi�ation of two or more sensors under overlapping onditions.

Still, the overlapping between the sensors auses a determined detetion error.

This error is due to additional signals in the spetrum a�eting the orrela-

tion detetion funtion. Any additional signal in the spetrum has an impat
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Figure 3.25: Measured wavelength of a sensing system omposed of three sensors of two

kinds. Sensors S1 are designed after the odeword S1 = [10100001] and sensor S2 after

S2 = [11001000]. Orthogonality of the sensors is demonstrated: full overlapping is possible

between di�erent sensors while partial overlapping is allowed for sensors designed after the

same odeword.
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Figure 3.26: Experimental readout of the re�etion spetrum from four enoded FBG

sensors. In a), it is shown the re�etion spetrum of 4 sensors under overlapping onditions.

In b), the orresponding orrelation produt is omputed in order to obtain the ACP for

eah sensor.
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Figure 3.27: Measured wavelength of a sensing system omposed of 4 sensors of two

kinds. Full overlapping between enoded FBG sensors and CDM-WDM ompatibility are

demonstrated.

over the ross-orrelation signal obtained from a sensor, when this XC values

interfere with the auto-orrelation signal, the obtained ACP result is shifted.

This error an be easily traked beause it should not be present when the

entral wavelength of a single sensor is interrogated. i.e. without overlapping.

Therefore, an experiment with the two SSFBG sensors was arranged, the idea

was to disriminate the error due to the ross-orrelation (XC-error) so the

obtained sensor wavelengths were measured with and without the interferene

from a seond sensor in the spetrum. It is important to isolate also the human

error from the measurements, i.e. the individual and overlapped measurements

must be performed with the sensors loated at the exat same positions.

The overlapping senario between two SSFBG enoded sensors was assembled

in parallel on�guration (using a 50:50 splitter) so that the sensors an be

individually swithed-o�, removing its in�uene over the other sensor. In this

way the readout of the system aptures the re�etion spetrum of sensor S1,
sensor S2, and sensors S1 + S2 during the same experiment.

In the experiment, sensor S1 was swept over the spetrum of the sensor S2 and
vieversa. It is important to have into aount that we an not get rid of the

systemati error, whih is the amount of error aused by all the omponents
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Figure 3.28: Comparison between the wavelength measurement obtained from the overlap-

ping senario and the one obtained individually during the same experiment is presented in

a) and b) respetively. In ), it is plotted the di�erene between the two set of measurements.

in the system i.e. noise, power looses, et. Therefore, the total error in the

detetion system an be written as in (3.3):

σET =
√

σE2
XC + σE2

syst (3.3)

Where σE2
XC and σE2

syst are the standard deviation orresponding to the ross-

orrelation, and the systemati error in the system. Figure 3.28 depits the

deteted wavelength for sensors S1 and S2 when sensor S1 is swept through

the spetral position of sensor S2. Fig. 3.28 a) shows the measurement per-

formed with the two sensors onneted simultaneously to the sensing system.

Fig. 3.28 b) shows the wavelength of eah sensor measured individually dur-

ing the same experiment, and Fig. 3.28 ) shows the point by point di�erene

between the two ases. The maximum instantaneous error obtained through

this omparison is of ±7 pm.

The maximum error obtained through the omparison between the simultane-

ous and the individual measurements ontains both, the systemati and the

XC-error. However, our goal is to isolate the XC-error. To do so, we om-

pared the deteted wavelength of the stationary sensor S2 with and without

the presene of the sensor S1 in the spetrum. This is shown in Figure 3.29,

indeed, Figure 3.29 a) delimits learly the overlapping region between the two

sensors, the entral wavelength shows a bigger error value than the external

regions were no overlapping ours. In this ase the standard deviation due

to the ross-orrelation plus the systemati error is σE
T

= 3.8046. On the
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Figure 3.29: Zoomed wavelength measurement for the �xed sensor in the omparison

between an overlapped system (a), and the individual measurement (b). In a), it is possible

to disriminate the systemati from the XC-error when the two sensors start to merge into

eah other. b) shows only the systemati error for an individual measurement.

other hand, in Fig. 3.29 b) it is depited the individually measured wavelength

during the same experiment, from this, the standard deviation due to the sys-

temati error is obtained as σE
syst

= 1.3937. Hene, the XC-error is alulated
as (3.4):

σEXC =
√

σE2
T − σE2

syst (3.4)

=
√
3.8042 − 1.3932 = 3.54 pm (3.5)

3.5 Conlusion

In this hapter, the amplitude enoded SSFBG sensors have been proposed and

subsequently investigated in terms of manufaturing feasibility, detetion under

overlapping onditions and obtained error. This study provides the framework

for designing and validating enoded sensors based on super-strutured FBG

sensors. The impat of this work is to enhane the apaity of the system

regarding the number of sensors than an be deployed in a given spetrum.

The sensors are intended to be manufatured as super-strutured FBGs whih

provide important features suh as small spatial size under a single manu-

faturing proess and ontrol over the average refrative index hange in the

devie. The enoded SSFBG sensors are designed after the optial orthogonal
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odes (OOCs) that are orthogonal odewords used in this ase to shape the

amplitude of FBG strutures in order to ahieve spetral amplitude enoding.

For these devies, numerial simulations were performed in order to obtain

insights into how the orrelation funtions were satis�ed regarding orthogonal-

ity between the set of sensors. Also, the overlapping senarios were simulated

to guarantee the orret demodulation of eah sensor even when the entral

wavelengths of two or more sensors are overlapping.

A simple, orrelation-based demodulation method was proved to retrieve the

entral wavelength of eah sensor in the spetrum. Besides, we have devised a

`2-steps' proedure to redue the error aused by other sensors in the spetrum.

By employing this additional step in the detetion proess, the detetion error

is eliminated.

The e�ets of pratial SSFBG parameters are simulated and analyzed. Pra-

tial manufaturing parameters suh as re�etivity, width and detuning of the

sub-bands and the devie length were analyzed. The simulation work, led us

to onlude that the detetion method performs better with SSFBG devies

with re�etivity values of less than the 70%, mainly due to (and under) the

serial on�guration approah that produes a shadowing e�et between two

sensors operating at the same wavelength. Also, the relationship between eah

sub-band width and the spaing between sub-bands was found to be of 1 : 2
for minimizing the error in�uene from the ross-orrelation signal into the

auto-orrelation signal that points out the entral wavelength of eah sensor.

Another important parameter is the odewords length, the longer the ode-

word, the wider the sensors in terms of spetral width. It is worthwhile noting

that with the minimum number of orthogonal sensors (therefore the minimum

odewords length is = 8 bits), the apaity of the sensing system will be dou-

bled sine two enoded SSFBG sensors an be alloated in the same spetral

region. Finally, the e�et of detuning one of the sensors sub-bands was also

investigated: as expeted, a lear inverse orrelation was found between the

detuning of the sensors sub-bands and the detetion error. Still, manufaturing

proedures are good enough to minimize the detuning of the sub-bands and,

when needed, the exat detuning an be loaded in the detetion algorithm to

totally overome the e�et over the detetion error.

With the ertainty that all the pratial parameters were thoughtfully stud-

ied, the manufaturing proess was started. The refrative index pro�le was

obtained through a synthesis algorithm and the SSFBG devies were manufa-

tured under a point by point - double exposure methodology. A set of 2 enoded
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SSFBG was manufatured; onstruted devies were haraterized and the ex-

perimental overlapping senarios were arried out. Signi�antly, results from

this stage agreed thoroughly with the simulated senarios. Total wavelength

disrimination was ahieved in both, serial and parallel on�guration.

The experimental stage not only validated the detetion method proposed to

retrieve the entral wavelength of eah sensor in an overlapping senario, it

also allowed us to assess the detetion error present in the system due to the

interferene between the XC and the ACP signals. The entral wavelength of

eah sensor obtained from the ompounded measurement (when two sensors

overlap) was ompared against the individual measurement for eah sensor

during the same experiment. A total error in the system, i.e. due to the ross-

orrelation between the sensors plus the systemati error, was found to be:

σsys + σXC = 3.804 pm. While the isolated error due to the XC signals in

the system is of σXC = 3.54 pm. This is a signi�ant result proving that

two enoded SSFBG sensors an share the operational range, doubling the

apaity of the system, with a penalty of less than ±3µε or ±3◦C for strain or

temperature measurement.
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Chapter 4

Phase and amplitude enoded

sensors

4.1 Introdution

In hapter 3, SSFBG sensing devies were proposed to address the problem

of the spetrally overlapping adjaent sensors. The amplitude enoding of the

devies was designed after the well known Optial Orthogonal Codes (OOCs),

obtaining as a result sets of 2 and 3 adjaent sensors that an be identi�ed by

means of the orrelation produt between the total measured spetrum and

eah sensor single expeted spetral response.

The enoding in amplitude showed to be useful to provide eah sensor with

additional information that an be helpful in solving the overlapping dete-

tion problem between adjaent sensors. It also proved itself able to be used

in syn with more ommon multiplexing approahes like wavelength division

multiplexing for example, onsequently enhaning the number of sensors that

an be deployed in any sensing network.

The validation of the sensing system based on amplitude enoding allowed us to

propose a more omplex approah that relies basially on the use of both, phase
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Table 4.1: A Walsh odes family with length = 4.

Walsh odes

[+1 + 1 + 1 + 1[

[+1− 1 + 1− 1[

[+1 + 1− 1− 1[

[+1− 1− 1 + 1[

and amplitude patterns to design the spetral response of an enoded sensor.

Thus, the odewords used to shape the sensor ould be bipolar ode families

instead of unipolar odewords, this would potentially redue the multiple aess

interferene (MAI) due to the fat that bipolar odes feature lose to zero

orrelation funtions (i.e. to diminish the ross-orrelation signal in�uene over

the detetion of other sensors in the spetrum).

There are di�erent families of bipolar odes that are widely used due to their

good orrelation properties, for instane, `Gold sequenes' [1℄, [2℄ have been

used to prove OCDMA ommuniation systems [3℄. The Gold odes are an

important set of odes speially suitable for asynhronous systems. Another

important set of odes is the family known as `Walsh odes' [4℄, whih fea-

tures zero ross-orrelation between the odes of a family when they are fully

synhronized in time.

Nevertheless, the bipolar odes used in the literature are suited and designed to

work as en/deoders in ommuniation systems [5℄. There is a big di�erene

between sets of odewords reated for ommuniation systems and the ones

that an be used in a sensing system. This has to do with the ylial behavior

of the odes, i.e. bipolar odes are designed to be orthogonal between them but

not between shifted versions of themselves. To illustrate this, we an take as

an example the family of Walsh odes with length = 4 represented in table 4.1:

The orrelation produt of the Walsh odes listed in Table 4.1 is zero beause

of the bits sign, nevertheless, from Table 4.1 it is straightforward that the

orrelation properties does not hold for shifted versions of the odewords.

The main feature of bipolar odes is that the elements in the odeword have

a sign (±1). This ontributes to the good orrelation behavior, but, from the

FBG tehnology point of view, this is not pratial. A FBG devie an be

tailored to have `positive' re�etion wavelengths spaed aording to a given
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odeword but it is not pratial to think about positive and negative terms rep-

resented by means of a FBG devie. Still, some approahes have implemented

the unipolar version of bipolar odes, i.e. M-sequenes, Walsh-Hadamard odes

or modi�ed quadrati ongruene odes (MQC) [6℄.

OCDMA an be implemented with systems based on FBG devies. Both, o-

herent and inoherent approahes are suitable to be implemented. Basially,

the FBG will perform the same task, it will have some re�etion wavelengths

spaed in wavelength and/or time, see Figure 4.1. In Figure 4.1 a) it is repre-

sented the inoherent approah, where a broadband spetral soure is used to

illuminate the grating devie, whih �lters out the broad spetrum re�eting a

spetral shape aording to the spei� odeword. In the oherent approah,

Figure 4.1 b), a pulsed signal is input to the system, as the pulse goes through

the whole FBG devie, it gets re�eted with a ertain phase value due to eah

re�etion wavelength in the enoder (additional phase delay would be added

if the gratings are physially separated).

Figure 4.1: Working piniple of super-strutured FBG en/deoders, SSFBG devies an be

employed to ahieve inoherent or oherent enoding. In a), the SSFBG �lters out (enodes)

the optial spetrum from a broad-band soure (inoherent enoding). In b), a pulse is

oherently enoded in time by spreading the input pulse aording to a given phase pattern.

As mentioned before, the FBG devies designed after bipolar odewords are

developed to spread a pulse with a given phase pattern in time [7℄. Therefore,

they are not suitable to be distinguished through the orrelation between them.

i.e. they are not suited to work as sensors in a sensing system.

As the goal of this researh is to propose methodologies and optial devies to

enode the sensors in a network, we wanted to introdue a set of odes, that

inludes amplitude and phase terms just like bipolar odes, aiming to ahieve
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better orrelation behavior and potentially inrease the number of multiplexed

sensors. To do this, we needed to ome up not only with the SSFBG enoders

but also with their interrogation method.

The design of the odewords is based on a dual-band mapping from bipolar

to unipolar spetral shapes. This means that the translation between the

manufatured spetral shape and the full odeword with amplitude and phase

terms is performed at the interrogation stage. To understand this, we fully

desribe the enoding mehanism:

The �rst omponent in this enoding approah is the amplitude of the sensors.

As explained in Chapter 3, amplitude enoding is ahieved, using FBG-based

devies, by translating a binary odeword (‘0′, ‘1′) into the ativation or dea-

tivation of a de�ned sub-band in a SSFBG devie omposed of the neessary

number of sub-bands to represent the binary odeword. The seond enoding

parameter is the phase of eah sub-band, this means that the re�eted wave-

form from eah sub-band an be phase-shifted by a �xed value depending on

the odeword. Thus, two onseutive sub-bands an be designed to have a

relative phase di�erene (‘0′, ‘π′) between them.

So, we need an interrogation methodology in order to obtain a bipolar enoding

(with ± sign) from SSFBG devies featuring binary amplitude values and

relative phase shifts between onseutive sub-bands. It is noteworthy that this

translating proedure should be performed without a�eting the measurement

proess (ideally it will not inlude pre- or post-proessing stages). Therefore we

have proposed an interrogation tehnique based on the use of a dual-wavelength

soure that sans the entire working spetrum of the sensors. Through the

sanning proedure, the phase value between two adjaent sub-bands an be

retrieved. It is therefore important that the distane between sub-bands in

the sensor mathes the separation of the dual-wavelength sanning soure. A

simple and ost-e�etive way to obtain a dual-wavelength soure is through

the single side band (SSB) modulation of a laser.

The working priniple of the interrogation method that translates the unipolar

nature of a SSFBG devie into a bipolar odeword is exempli�ed in Figure 4.2.

An SSFBG devie is desribed by two odewords, the amplitude and the phase

odewords. For this ase, let us onsider (Figure 4.2 a)) a devie with �ve ative

re�etion sub-bands, orresponding to the amplitude odeword: a = [1 1 1 1 1],
and the phase shifts between these sub-bands aording to the phase odeword:

f = [0 π π 0 0]. The sub-bands of the sensor are distaned in frequeny (wave-

length) a given value: δω. This value mathes the radio-frequeny distane,
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Figure 4.2: Illustration of the interrogation method used to retrieve the frequeny response

of the sensing network in phase and amplitude. In a), the dual-wavelength soure sanning

proess is depited. b) depits the eletro-optial frequeny response for the sensing devie,

amplitude and phase response from the sensing array are obtained.

Ω, between the two interrogating tones of the tunable dual-wavelength soure.

In addition, Figure 4.2 b) shows the expeted interrogated signal, assuming

photo-detetion at the radio-frequeny Ω during the dual-wavelength sanning

proedure. The interrogation method produes a single deteted sub-band for

eah pair of sub-bands in the SSFBG devie, and the deteted sub-bands fea-

ture a relative phase value depending on the phase relationship between the

atual SSFBG devie. Figure 4.2 highlights four phases of the interrogation

proess (i, ii, iii, iv), stages ii and iii represent the two possibilities of phase

detetion, i.e. the presene or not of a di�erential phase-shift.

This hapter presents the design, manufaturing and validation of FBG-based

sensors enoded in both, phase and amplitude. The enoded sensors are man-

ufatured as speialized SSFBG devies aording to the dual-wavelength in-

terrogation methodology devised spei�ally for this sensing system. Despite

the fat that other dual-wavelength interrogation approahes have been pro-

posed before [8℄, our interrogation tehnique di�ers in that we use the dual-

wavelength soure to haraterize the network not only in amplitude, we also

obtain its phase pattern. Therefore we an apply the orrelation algorithm as

a post-proessing tool to deode and identify the entral wavelength of eah

77



Chapter 4. Phase and amplitude enoded sensors

sensor in the working spetrum even under overlapping onditions. The atual

advantage of enoding the sensors relies on the addition of a multiplexing di-

mension (i.e. ode multiplexing), whih allows the arrangement of more sensors

in the spetrum sine they are mutually orthogonal between them so they an

share their operational range. Our approah shows a lear advantage over post-

proessing bio-inspired tehniques [9℄�[12℄ employed to asses the wavelength of

overlapping FBG sensors beause our sensors are essentially orthogonal by

de�nition, so their identi�ation follows a straightforward proedure without

using sophistiated omputational tehniques.

The rest of the hapter is organized as follows: Setion 4.2 reports on the de-

sign of the odewords and how they are used to shape the proposed SSFBG

enoded sensors, also a look into the interrogating methodology is o�ered sine

it is related to the seletion of the odewords. In Setion 4.3, the pratial as-

pets of the sensors are disussed: the manufaturing proess is reported, the

method to retrieve the entral wavelength of eah sensor is dislosed, man-

ufatured devies are haraterized, not only by ontrasting their amplitude

spetra against the design but also the relative phase shift between the in-

terrogated sub-bands is measured. This setion ends with the experimental

validation of the three manufatured devies, their entral wavelength is mea-

sured in an overlapping senario and the indued error is assessed. Finally

some onlusions are presented in Setion 4.4.

4.2 Priniple

In this setion we disuss the design proess followed to obtain a set of mutually

orthogonal SSFBG sensors. This set of sensors has the partiularity of being

enoded in amplitude and phase. We address the tehnial formulation of

the proposed devies from the point of view of the whole sensing system, i.e.

onsidering also the interrogation and post-proessing shemes.

4.2.1 Design

The �rst onsideration to get into the design of the SSFBG sensors has to do

with the pratial parameters needed to manufature the devies. Eah SSFBG

sensor shape in the network is established by a number of parameters that an

be optimized either to failitate their detetion or to adapt the sensors behavior

to the network harateristis (e.g. network topology ould require higher/lower

re�etivity values). The main desriptor parameters in our SSFBG sensors are
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4.2 Priniple

of ourse the amplitude and phase odewords (ak, fk) that de�ne the sub-bands
distribution. Still, other important design parameters are the spaing between

slots δλ (this wavelength spaing mathes the mirowave modulation frequeny

whih is set at 10 GHz. With δν = c
λ2
δλ the wavelength spaing is ∼ 0.08 nm),

the sub-bands linewidth ∆λ
FWHM

and the re�etivity of the sensors R. The

whole frequeny response of the system is desribed in equation (4.1) for a set

of K sensors, eah one with N sub-bands, and a re�etivity pattern (R(λ)).

H(λ) =
√

R(λ) · exp(jπ · fk) (4.1a)

R(λ) =
K
∑

k=1

N/2
∑

p=−N/2+1

ak(p) · R̄·

exp

(

−
(

λ− λBk
−∆λBk

− (δλ · p− δλ/2 −N/2)

∆λ
FWHM

)2
)

(4.1b)

The frequeny response of the enoded sensors in equation (4.1) is omposed

of a phase omponent for eah sub-band (determined by the phase odeword

fk) and a magnitude omponent determined by the re�etion spetrum of eah

sensor (R(λ)).

In the re�eion spetrum desribed in equation (4.1b), the kth sensor with N
sub-bands, amplitude and phase odewords (ak, fk) is represented in terms of

the design parameters: R̄ is the re�etivity of eah sensor, δλ is the spetral

spaing between the slots, eah sub-band linewidth ∆λ
FWHM

is determined

by the Full Width Half Maximum (FWHM) value and, ∆λBk
represents the

indued wavelength shift. The sub-bands shape was hosen as Gaussian, nev-

ertheless any other realizable shape is ompatible with the enoding proposal.

In order to obtain a set of sensors mutually orthogonal with eah other we take

some onepts from optial orthogonal odes (OOC), whih are binary ode-

words used in Optial Code Division Multiple Aess (OCDMA) ommunia-

tion systems; in Chapter 3, OOCs were used to shape the amplitude pattern

of a SSFBG devie. Here we use the same onept with the addition of phase

enoding to the re�eting sub-bands. This is represented in equation (4.1), by

the inlusion (or not) of the phase term exp(jπ) to the ative sub-bands. An

important pratial requirement is that at least two onseutive ative sub-

bands are neessary in order to establish the phase di�erene between them in

the interrogation stage. The e�et ahieved by adding phase enoding to the

sensors an be seen as a new dimension in the amplitude enoding, going from

binary (0, 1) to ternary enoding sine a sign is added (0,+1,−1).
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Chapter 4. Phase and amplitude enoded sensors

Figure 4.3: Set of three independent sensors designed aording to the amplitude and phase

odewords reported in table 4.2. a), b) and ) depit the wavelength sub-band distribution

for eah SSFBG devie as well as their ompound signals after interrogation through the

dual-wavelength sanning.

A set of three, amplitude and phase, odewords is seleted as exempli�ed in

table 4.2, these odewords are interpreted in inreasing wavelength as desribed

in equation (4.1) and have a bit length of thirteen positions, meaning that

eah SSFBG devie features thirteen slots to alloate the respetive re�etion

sub-bands aording to the odewords ak and fk. However, due to the dual-

wavelength interrogation priniple, the retrieved information from eah sensor

onsists of twelve sub-bands. For example the �rst sensor (S1) is onstruted

by the odewords a1 = [0 0 1 1 0 0 0 0 0 1 1 1 1] in amplitude, and f1 =
[0 0 1 1 0 0 0 0 0 0 0 1 1] in phase. Hene, it is omposed of 6 sub-bands

orresponding to the 1's in the amplitude odeword a1. In turn, the phase

value for eah sub-band is determined by the odeword f1, that enables the

fator exp(jπ) at the nonzero bit positions. Figure 4.3 a), b) and ) depits

the equivalent sub-band distribution for the set of sensors in table 4.2, as well

as their ompound interrogated signal. A hange of phase between onseutive

sub-bands is translated to a negative sign in the deteted shape, likewise,

two adjaent sub-bands without phase hange produe a deteted signal with

positive sign.
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4.2 Priniple

Table 4.2: Set of three sensors represented by their amplitude and phase odewords

Sensor Codeword

S1

a1 [0 0 1 1 0 0 0 0 0 1 1 1 1]

f1 [0 0 1 1 0 0 0 0 0 0 0 1 1]

S2

a2 [1 1 0 0 0 1 1 0 0 0 1 1 1]

f2 [1 0 0 0 0 0 1 0 0 0 0 0 0]

S3

a3 [1 1 0 1 1 0 0 0 0 0 1 1 1]

f3 [1 1 0 0 1 0 0 0 0 0 0 0 0]

4.2.2 Interrogation

The interrogation method has been desribed brie�y in the past setions, now

we will detail this proess from the theoretial perspetive. To do so, it is

neessary to de�ne the soure used to illuminate the sensors, and formulate its

interation with the sensing array. The dual-wavelength soure (input to the

sensing array) is desribed by equation ((4.2)).

Ein(t) = Aa exp (i [ωat+ ϕ(t)]) +Ab exp (i [ωbt+ ϕ(t)])

= Ea(t) + Eb(t)
(4.2)

where ωa and ωb are the general expressions for the two optial angular fre-

quenies, and Aa, Ab represent eah tone amplitude. Equation (4.2) represents

a general dual-wavelength soure, using single side band modulation (SSB) at

a mirowave frequeny Ω the terms are: ωa = ω0, ωb = ω0 + Ω, besides, with
right-SSB modulation we get Aa > Ab. The term ϕ(t) in equation (4.2) de-

sribes the random variations in the optial phase of the CW soure; this

parameter is onsidered the same in the two tones beause they are obtained

through SSB modulation of the original soure.

As a result, the interrogating signal Ein is omposed of two tones (Ea, Eb in

equation (4.2)) separated in frequeny by ∆ω = ωa−ωb. Ein is swept over the

sensors operational range and re�eted by the sensing elements in the network.

Here we onsider the full overlapping senario between two neighboring sensors,

this sheme is adequate to analyze the behavior of the network and an be

extended to larger sensing networks. Therefore, the re�eted signal from the

sensing network (Eout) would be the produt between the dual-wavelength

soure and the frequeny response of the sensors, written as in equation ((4.3)):
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Chapter 4. Phase and amplitude enoded sensors

Eout ∝ [Ha1 exp(iφa1) · Ea(t) +Hb1 exp(iφb1) ·Eb(t)]

+ [Ha2 exp(iφa2) · Ea(t−∆t) +Hb2 exp(iφb2) · Eb(t−∆t)]
(4.3)

Where Hak exp(iφak) are the amplitude and phase response of the kth
sensor in

the lower sub-band ωa. In the same way the term Hbk exp(iφbk) orresponds to
the upper sub-band ωb. Notie that the 2

nd
sensor in the network gets delayed

by ∆t regarding sensor 1, due to the di�erene between their �ber paths.

In a `square-law' detetor, the deteted photourrent is proportional to:

i(t) ∝ Eout · E∗

out (4.4)

So, from equations ((4.3)) and ((4.4)) the expeted beating terms in the pho-

todetetor are listed in equations (4.5) to (4.7).

First, we have the beating terms falling in the baseband region, these are

represented in equations (4.5)

(

H2
a1 +H2

a2

)

|Ea|2 +
(

H2
b1 +H2

b2

)

|Eb|2 (4.5a)

Ha1Ha2 [exp(i(φa1 − φa2))Ea(t)E
∗

a(t−∆t) +

exp(−i(φa1 − φa2))E
∗

a(t)Ea(t−∆t)]
(4.5b)

Hb1Hb2 [exp(i(φb1 − φb2))Eb(t)E
∗

b (t−∆t) +

exp(−i(φb1 − φb2))E
∗

b (t)Eb(t−∆t)]
(4.5)

Then, we will all diret terms to those terms reated by the two interrogat-

ing bands being re�eted from a unique sensor, they are expressed in equa-

tions (4.6).

Ha1Hb1 [exp(i(φa1 − φb1))Ea(t)E
∗

b (t) +

exp(−i(φa1 − φb1))E
∗

a(t)Eb(t)]
(4.6a)

Ha2Hb2 [exp(i(φa2 − φb2))Ea(t−∆t)E∗

b (t−∆t) +

exp(−i(φa2 − φb2))E
∗

a(t−∆t)Eb(t−∆t)]
(4.6b)

On the other hand, the terms proeeding from two di�erent sensors beating

the two wavelengths are alled the ross terms, they are represented in equa-

tions (4.7).
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4.2 Priniple

Ha1Hb2 [exp(i(φa1 − φb2))Ea(t)E
∗

b (t−∆t) +

exp(−i(φa1 − φb2))E
∗

a(t)Eb(t−∆t)]
(4.7a)

Hb1Ha2 [exp(i(φa2 − φb1))Eb(t)E
∗

a(t−∆t) +

exp(−i(φa2 − φb1))E
∗

b (t)Ea(t−∆t)]
(4.7b)

In order to develop the diret and ross terms, we need to ompute the di�erent

produts (Ea(t) ·Eb(t)) from equations (4.6) and (4.7). It is important to note

that the diret and ross terms osillate at the �xed mirowave frequeny value

∆ω = Ω. The frequeny response of the sensing network is then measured as

the eletro-optial frequeny response at the modulation frequeny (Ω). Hene,
the deteted photourrent related to diret and ross terms is obtained as

expressed in the equations set (4.8).

id1 = 2AaAbHa1Hb1 cos(∆ωt+ (φa1 − φb1)) (4.8a)

id2 = 2AaAbHa2Hb2 cos(∆ω(t−∆t) + (φa2 − φb2)) (4.8b)

ix1 = 2AaAbHa1Hb2 cos(∆ωt+ (φa1 − φb2) + ϕ(∆t) + ωb∆t) (4.8)

ix2 = 2AaAbHb1Ha2 cos(−∆ωt+ (φa2 − φb1) + ϕ(∆t) + ωa∆t) (4.8d)

Terms in (4.8) represent the interation between the dual-wavelength soure

and the sensing network for two generi wavelengths ωa and ωb. We an on-

lude that diret terms, id in equations (4.8a) and (4.8b), are present at the

frequeny ∆ω = Ω and are a�eted by the phase of a unique sensing devie.

On the other hand, ross terms ix our at the same frequeny and are a�eted

by the phase omponent of di�erent sensors (φak −φbk). Cross-terms have two

additional terms ausing a phase delay: (ϕ(∆t)) is the phase noise inherent to
the laser soure, and (ωa,b∆t) desribes the interferometri phenomenon aused

by the avity formed between two overlapping sub-bands. The e�et of these

terms on the sensors measurement is addressed in the next setion.

The interrogation method to retrieve the phase and amplitude response from

the sensors (see �gure 4.4) is performed by means of a vetorial network an-

alyzer (VNA), whih is used to measure the sensing network sattering pa-

rameter S21 at a �xed mirowave frequeny (Ω). In this way, the omplete

eletro-optial frequeny response from the system H(Ω, λ) is obtained at the

modulation frequeny. This is known as a `zero-span' mode measurement,

meaning that the power of the sensing network frequeny response is displayed

versus time, at the �xed frequeny. When we set this frequeny to be Ω, the
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Chapter 4. Phase and amplitude enoded sensors

Figure 4.4: Interrogation setup to measure the frequeny response of the sensing network.

A dual-wavelength sanning soure Ein is reated by the single side band modulation of a

tunable laser around 1550 nm. The re�eted waves from the sensing array Eout are measured

at the VNA to ompute the sensing network frequeny response at the �xed mirowave

frequeny Ω

network frequeny response is determined by the diret and ross terms, whih

are determined by the phase relationship between adjaent sub-bands of the

K sensors present in the network (φak
, φbk).
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4.3 Experimental Results and Disussion

4.3.1 Wavelength detetion
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Figure 4.5: a) Shows the total re�eted frequeny response of the sensing network omposed

of two enoded FBG sensors. b) represents the orrelation produt CPk omputed for

eah sensor. The orresponding ACP value points at the mathing wavelength loation of

eah sensor in the spetrum. Cross-orrelation values (XC) are obtained for the remaining

wavelength points.

After obtaining the omplete frequeny response from the sensing array, the

entral wavelength that orresponds to eah sensor in the network (λBk
) must

be assessed. We use the orrelation produt between the sensing network

frequeny response H(Ω, λ), and the individual expeted frequeny response

of eah kth
sensor in the network HSk

(λ′). This an be written as in equa-

tion (4.9).

CP
k
(λ′) =

∫

H(Ω, λ) ·H∗

Sk
(λ′) δλ (4.9)

Where the orrelation produt CP
k
is omputed for eah sensor over the

wavelength operational range λ′
. The CP maximum point, known as the

auto-orrelation peak (ACP), ours at the wavelength point of maximum o-

inidene between the individual sensor and the ompounded measurement.

Therefore, it indiates the entral Bragg wavelength λBk
for eah sensor, see
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�gure 4.5 for illustration. The residual CP lower values onstitute the ross-

orrelation signal (XC), whih is onstrained to a low value. This means that

the sensor expeted response does not math the measured spetrum at those

spei� wavelength values. In �gure 4.5 a), the magnitude omponent of the

retrieved frequeny response for a set of two sensors is shown. Figure 4.5 b)

shows the orresponding ACP and XC values for the two sensors enoded in

the ompounded measurement.

Figure 4.6: Zoomed-in region from a VNA readout. Ripple frequeny due to overlap-

ping between two sub-bands is measured to have a frequeny of about 0.253 GHz, whih is

onsistent with the plaement distane between sensors of approximately 40 cm.

Hene, the orrelation produt is the ideal mehanism to �nd the wavelength

loation of eah sensor in the network. Still, it also o�ers an important advan-

tage beause this `moving produt' between eah sensor expeted shape and the

ompounded measurement atually bypasses unwanted measured omponents

oming from the ross terms (ix in equations (4.8), (4.8d)). Cross terms, as

desribed in setion 4.2.2, are produed when two sensors overlap and reate a

temporary avity between the two re�etion sub-bands. The travel time of the

avity is expressed in equations (4.8) and (4.8d) by the terms ωa∆t and ωb∆t.
The e�et of the avity an be observed in the measurement as a osillating

signal with a ripple frequeny that depends on the travel time distane between

the two sensors. For instane, �gure 4.6, shows a readout from an overlapping

senario between three enoded SSFBG sensors, the di�erene between `lean'

sub-bands (without ripple e�et) and the overlapped sub-bands is notieable.
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The subplot details the ripple e�et by zooming into two a�eted re�etion

sub-bands. The ripple frequeny is determined by measuring the peak to peak

distane in the measurement, obtaining a frequeny of 0.253 GHz equivalent to
a round-trip travel time of 3.952 ns (i.e. the two overlapping sensors onform

a avity of approximately 40 cm).

4.3.2 SSFBG devies manufaturing and haraterization

Figure 4.7: Complex oupling oe�ient q(z), for the three designed SSFBG sensing de-

vies. The magnitude, real and imaginary omponents for eah sensing devie are shown

in a), b) and ). The amplitude of the oupling oe�ient is proportional to the ac index

pro�le of the grating.

The manufaturing of the super-strutured devies as designed in setion 4.2.1

(see the odewords in table 4.2) was performed by using the Disrete Layer

Peeling (DLP) synthesis method. The spetral pro�les used as target are de-

pited in Figure 4.3. The design was performed with a linewidth of FWHM =
40 pm, spaing between sub-bands of δω = 10 GHz and re�etivity set to the

50% in order to use a parallel on�guration setup. As the result from the syn-

thesis method we obtain the omplex index pro�le q(z), shown for eah sensor

in �gure 4.7, where the oupling oe�ient magnitude, real and imaginary

omponents is depited for eah sensor. For all the devies the index pro�le is

sampled at ∼ 138 µm.
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Figure 4.8: Design for the super-strutured sensor S1. a) depits the magnitude spetrum

in dB for the SSFBG S1, b) shows the linear magnitude spetrum and its bi-evaluated shape.

) shows the relative phase of the devie. Relative phase of eah interrogated sub-band is

emphasized with a red irle.

Figure 4.9: Design for the super-strutured sensor S2. a) depits the magnitude spetrum

in dB for the SSFBG S2, b) shows the linear magnitude spetrum and its bi-evaluated shape.

) shows the relative phase of the devie. Relative phase of eah interrogated sub-band is

emphasized with a red irle.
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Figure 4.10: Design for the super-strutured sensor S3. a) depits the magnitude spetrum

in dB for the SSFBG S3, b) shows the linear magnitude spetrum and its bi-evaluated shape.

) shows the relative phase of the devie. Relative phase of eah interrogated sub-band is

emphasized with a red irle.

The manufaturing proess is performed point by point through ultra-violet

(UV) laser beam exposure using the phase mask (PM) method to produe the

ompounded Bragg pattern. Hene, the optial �ber was doubly exposed at

eah sampling point, to a UV beam foused to a diameter of ∼ 80 µm, with a

power of ∼ 48 mW. In this way the onstrution of the grating is ontrolled by

hanging the relative alignment between the two onseutive exposures, main-

taining the average UV �ux and therefore the e�etive refrative index [13℄.

The manufaturing system available in the PRL labs is able to onstrut the

fast hanges of eah ustom shape in the q(z) pro�le, eah sampled point in

�gure 4.7 represents the theoretial loation of a double UV exposure. Fur-

thermore, eah q(z) pro�le was trunated at 5% of its amplitude, obtaining

a total length for the sensing devies of S1 = 4.858 cm, S2 = 4.775 cm and

S3 = 4.983 cm. Values of q(z) below this threshold have no signi�ant e�et in

the devie manufaturing. The physial length of the SSFBG devies presented

here is onsiderably longer than for onventional FBG sensors. Therefore, they

are suited for appliations with uniform temperature along the size of the sen-

sors.

The analysis of the omplex index pro�le is presented in Figures 4.8-4.10 for the

devies S1, S2 and S3 respetively. For eah sensor, it is shown the amplitude of

the manufatured devie (in dBm and linear representation), their bi-evaluated
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amplitude whih is the result of dual-wavelength interrogation of the sensors,

and their phase omponent, displaying the relative phase hange measured

between onseutive sub-bands.

It is important to note, from literals b) in �gures 4.8 to 4.10, that the `bi-

evaluated' response for eah sensor is the expeted result after the interroga-

tion of the SSFBG devies with the dual-wavelength soure as explained in

Fig. 4.3. In the same way, the phase relationship is retrieved between onse-

utive sensor sub-bands (meaning that the measured phase omponent is not

the atual phase of the omponent but the relative phase between the two

interrogated points). Therefore, the orrelation produt is performed between

the `bi-evaluated' measured response and the `bi-evaluated' expeted response.
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Figure 4.11: The measured Magnitude of the manufatured SSFBG devies is depited for

the devies S1, S2 and S3. The designed magnitude of these sensors is shown for omparison.

Figure 4.11 shows, in magnitude, omparison between the designed and the

experimental spetra for the SSFBG devies. In the measurement, performed

with an Optial Spetral Analyzer (OSA), the re�etivity value slightly sur-

passes the 3 dB value due to the manual adjustment of the manufaturing

setup. However, the manufatured devies show a very good agreement re-
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garding the design. Of ourse, given the design of the sensors, the amplitude

measurement is not enough to assess whether they are well manufatured or

not. Therefore, haraterization of the devies group delay must be performed

and evaluated under the double-wavelength interrogation sheme. Beause the

design of the devies imposes a hange in phase only between adjaent sub-

bands, i.e. a relative phase hange. Figures 4.12 to 4.14 (literal (a)) show the

bi-evaluated expeted amplitude response and phase for eah one of the sens-

ing devies S1, S2 and S3. The measured amplitude and phase response of the

three sensors (S1, S2, S3) is represented in the literal (b) of Figures 4.12 to 4.14.

These measurements have been performed using the optial frequeny domain

re�etometry (OFDR) tehnique, to do so, a ustom OFDR setup available

at the photonis researh labs. (PRL), Universitat Politènia de Valènia

was used [14℄, [15℄, as well as a ommerial OFDR equipment (LUNA). The

measured amplitude and phase of the devies were bi-evaluated to aurately

obtain the expeted amplitude and phase shift values.
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Figure 4.12: (a) Expeted di�erential amplitude and phase of the devie S1. (b) Full

haraterization of the manufatured SSFBG devie S1. In solid line, it is reprodued the

amplitude response of the sensor S1. Dashed line represents the measured phase of the

devie after di�erentiation at the sub-bands separation: 10 GHz.
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Figure 4.13: (a) Expeted di�erential amplitude and phase of the devie S2. (b) Full

haraterization of the manufatured SSFBG devie S2. In solid line, it is reprodued the

amplitude response of the sensor S2. Dashed line represents the measured phase of the

devie after di�erentiation at the sub-bands separation: 10 GHz.
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Figure 4.14: (a) Expeted di�erential amplitude and phase of the devie S3. (b) Full

haraterization of the manufatured SSFBG devie S3. In solid line, it is reprodued the

amplitude response of the sensor S3. Dashed line represents the measured phase of the

devie after di�erentiation at the sub-bands separation: 10 GHz.

4.3.3 Experimental validation

To prove the behavior of the proposed sensors, an experiment with the three

overlapping sensors was arried out with the setup proposed in Fig. 4.4. A

narrow-linewidth tunable laser soure (Yenista TUNICS T100R) was swept

over the operating range of the sensors at 1 nm/s. During sweeping, the laser

was SSB modulated at 10 GHz to obtain the dual-wavelength interrogation

signal.

The dual-wavelength soure triggers the VNA to measure in time the om-

plete network frequeny response. Additionally, an Optial Spetrum Analyzer

(OSA) is used to monitor the proper modulation of the interrogating signal.

The sensors are stabilized in temperature and strain shifted in order to reate

the overlapping senario. At eah point of the experiment, the readout from

the sensing network is aptured at the VNA and stored in a omputer to get

eah sensor entral wavelength.

As mentioned in setion 4.3.1, the demodulation method, employed to retrieve

the entral wavelength of eah sensing element in the network, onsists in

the orrelation produt between the bi-evaluated network frequeny response

measured in the VNA at 10 GHz, and the expeted frequeny response for

eah manufatured sensor. Figures 4.15 a) to d). depit four di�erent read-

outs from the system, and their orresponding orrelation produt obtained for

eah one of the three sensors. Figure 4.16 depits the entral wavelength, mea-

sured for the three sensors at every step of the omplete overlapping senario.

This plot shows that our measurement approah is able to totally identify the

spetral position of three sensors that overlap in the same spetral region.
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Figure 4.15: There are depited four instantaneous readout aptures from the sensing

system, eah �gure in a) - d) shows in the upper plot, the sensing network readout (repre-

sented in its magnitude, real and imaginary omponents) while the lower plot presents the

retrieved entral wavelength obtained for eah sensor after running the orrelation algorithm.

Magnitude representations have an o�set in order to failitate the visualization

Consequently, we an extrapolate the behavior of the proposed ode-division

multiplexing sheme to an hybrid CDM-WDM system, in whih, for example,

three sensors an be plaed at eah WDM hannel. Thus, an enhanement in

the number of sensors, proportional to the number of odewords used, 3 in our

ase, an be ahieved.

The last stage of the experimental validation onsists of the assessment of the

error indued to the system when we add a number of sensors that atually

share the same spetral range. In order to haraterize the amount of indued

error, we need to remove the e�et of the additional sensors interfering within

the readout. Consequently, we performed an experiment that rereates the
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Figure 4.16: The deteted entral wavelength of eah sensor is depited for the whole

overlapping experiment between the three sensors. Suessful detetion of the three sensors

is ahieved through the orrelation proedure.

overlapping senario, so that we ould measure both, the individual ontribu-

tion from eah sensor and the ompounded readout when two or three sensors

are interating with eah other. In this way, we also neglet the human error

from the measurements sine we are taking the individual and ompounded

ontributions at the same instant along the same experiment.

The individual wavelength was measured for the sensing devie S3, this mea-

sured wavelength was then ontrasted against its measured wavelength in pres-

ene of sensor S1 and �nally against its wavelength when sensors S1 and S2

where sharing the spetral region. The point by point di�erene between the

individual measured wavelength and the wavelength obtained in presene of an

additional sensor is depited in Figure. 4.17 a). Fig. 4.17 b) shows the point by

point di�erene when two additional sensors are interating with the individ-

ual sensor. The standard deviation due to the ross-orrelation between two

sensors is σxc2 = 2.68 pm, and due to the interation between three sensors:

σxc3 = 3.92 pm.
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Figure 4.17: Error found for the isolated sensor after omparison with the deteted wave-

length in presene of a seond sensor (a), and after omparison with two additional sensors

interating in the same spetral range (b).

4.4 Conlusions

In this hapter a novel multiplexing tehnique for �ber Bragg grating (FBG)

sensors based on the use of optial ode division multiplexing (OCDM) on-

epts has been studied and analyzed. This sensors design methodology adds

a multiplexing dimension to the traditional wavelength division multiplexing

(WDM) approah and therefore, allows the enhanement of the number of sen-

sors deployed in the sensing network. Partiularly, it has been proposed the

enoding, in phase and amplitude, of super-strutured FBG devies in suh a

way that more than two sensors an share their operational range in the spe-

trum. This is possible beause with the enoding of the sensors, eah sensor

in the network is endowed with additional information (not only a wavelength

peak) so that they an be identi�ed even under overlapping onditions.

To ahieve the wavelength identi�ation of the designed sensing strutures,

the design of the sensors amplitude and phase pro�les has been omplemented

with the design of a speialized interrogation tehnique. This interrogation

tehnique uses a dual wavelength soure and a vetorial network analyzer to

retrieve the di�erential pro�le from eah sensing devie in the network. This

tehnique and its interation with the sensors was theoretially developed in

order to better understand the measured terms from the network frequeny

response.
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After suessful manufaturing of the SSFBG devies via the phase-mask

tehnique, experimental validation under spetral overlapping senarios was

ahieved. Results showed that the system is apable of identifying eah sensor

wavelength even when three sensors are merging into eah other spetrally. We

also addressed the error added to the network due to the overlapping between

the three devies. This additional error has a very low impat in the measure-

ment. The worst ase in standard deviation was of 3.9 pm when three sensors

are sharing the same spetral region.
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Chapter 5

Interrogation of omplex

sensing devies: Disrete

Prolate Spheroidal Sequenes

5.1 Introdution

In Chapter 4, phase and amplitude enoded sensors were designed and ex-

perimentally validated. Their mutually orthogonal behavior was proven to

allow the total wavelength detetion of the enoded sensors under overlapping

senarios.

The detetion of suh sensing devies required the proposition of a ustom

interrogation method: the dual-wavelength interrogation approah, whih is

able to haraterize the working range of the sensors in a sanning fashion.

In this Chapter, we use the dual-wavelength interrogation method to identify

the wavelength of a di�erent sensing struture, not spei�ally designed as a

sensing devie. The Disrete Prolate Spheroidal Sequenes (DPSS) have been

proposed as omplex devies with very spei� omplex (amplitude and phase)

patterns. Besides, DPSS have an interresting property that �ts perfetly with
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the desired features of enoded SSFBG sensors: All the elements in a DPSS

family are bandwidth onstrained. Meaning that a family of mutually orthog-

onal sensors an be extended in number without ompromising the bandwidth

of the devies.

DPSS have been proposed in the 70s [1℄ as an interesting set of orthogonal ode-

words. Reently, DPSS have been proposed [2℄ and experimentally validated [3℄

as en/deoding strutures useful in OCDMA ommuniations systems. Show-

ing a high enryption potential and very suitable features for hanneling in

WDM systems due to their �xed optial bandwidth.

In this hapter, we propose and validate the use of DPSS-like strutures as sens-

ing devies. SSFBG devies are designed and manufatured after the shape

of DPS sequenes, whih essentially are periodial series with amplitude and

phase terms. Therefore, the interrogation method proposed in Chapter 4 an

be used to retrieve the omplex response of eah DPSS devie in the net-

work. Thus, ustom-manufatured DPSS-SSFBG devies are used as sensing

elements in an enoded FBG-based sensing network.

This hapter is organized as follows. The priniples of DPS sequenes are

introdued in Setion 5.2 as well as the manufaturing onsiderations. The

demodulation proess is outlined in Setion 5.2.1. Setion 5.3 presents and

analyzes the experimental validation of a sensing senario with two DPSS-

SSFBG sensors. Finally, some onlusions are drawn in Setion 5.4.

5.2 DPSS strutures: Priniple and manufaturing

DPS sequenes feature mutual orthogonality between the members of a family,

this feature is very important from the point of view of OCDMA ommu-

niations systems sine large odewords families an be used to enode and

deode the information transmitted between multiple users. Another inter-

esting harateristi of the DPS sequenes is their bandwidth limited nature,

meaning that eah member of the DPSS family is onstrained to a delimited

range of frequenies. This spei� harateristi makes DPSS devies of great

appliability as sensors given that a number of orthogonal devies an be de-

signed guaranteeing that the spetral bandwidth will remain the same for all

the devies. The reation of a set of DPSS odes [1℄ requires the de�nition

of a symmetri tridiagonal matrix, whose eigen-vetors: T (N,W ) onstitute
the odewords family with length (N) and a disrete frequeny overing range

(W ). The entries of the tridiagonal matrix are given by equation (5.1).
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Figure 5.1: Theoretial frequeny response of the DPS sequenes; real part: blue (dot-

ted line), imaginary part: red (ontinuous line), magnitude: blak (dashed line). a): DPS

Sequene with k = 10. b): DPS Sequene with k = 15.

T (i, j) =



















1

2
i(N − 1), j = i− 1

(N−1

2
− i)2 cos(2πW ), j = i

1

2
(i+ 1)(N − 1− i), j = i+ 1

0, otherwise;

i, j = 0, 1, . . . , N − 1 (5.1)

Using equation (5.1), with N = 128 and W = 0.5, we obtain a set of 128
odewords with a odeword length of 128 as well, band-limited to [−W,W ]
(i.e. the energy of the sequene is �nite and restrited to a ertain bandwidth

valueW ). In Figure 5.1 it is represented the spetral response of two odewords

of the obtained family, hene the amplitude, imaginary and real omponents

of the odewords number k = 10 and k = 15 are represented. The number of

the sequene in the set, from k = 1 to N , orresponds with the onentration

degree of the energy in the spetral and temporary domains and with the

number of alternating lobes of the struture. Figure 5.1 also exempli�es the

di�erene between even an odd DPS sequenes.
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Figure 5.2: Measured spetrum for FBG-manufatured DPS sequenes with a): k = 10
and b): k = 15. Manufatured spetrum, plotted in blue (ontinuous line), is ompared

with the theoretial expeted spetrum in red (dashed line).

The manufaturing of the super-strutured FBG devies with the shape of

DPS sequenes was arried out using the Disrete Layer Peeling (DLP) syn-

thesis method in the same way as in the past approahes. The target is the

theoretial response of the odewords number 10 and 15 as depited in Fig-

ure 5.1, the bandwidth of the devies is onstrained to 100 GHz ∼ 0.8 nm; and

the theoretial pro�le is sampled eah ∼ 85.6 µm to obtain the omplex index

pro�le q(z). Manufaturing of these pro�les in the optial �ber was performed

through the ontinuous phase-mask method desribed in Chapter 2, magnitude

and phase ontrol of eah sample of q(z) was ahieved by double UV exposure

of 200 ms (with UV beam power of 50 mW), maintaining the average UV �ux

onstant [4℄, [5℄. Charaterization of the manufatured devies was performed

by measuring the spetral power with an optial spetrum analyzer (OSA) at

10 pm resolution. Figure 5.2 ompares the manufatured and the theoretial

spetra, showing very good results for the atual devie regarding the design.
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Figure 5.3: A parallel-shemati sensing setup is implemented to measure the entral wave-

length for eah one of the DPSS-FBG sensors. A tunable dual-band soure Ein(ω) is swept
over the working spetrum; the re�eted signals Eout(ω) are retrieved at the VNA to de-

termine their frequeny response at a �xed Ω. TLS, tunable laser soure; SSB, single side

band modulation; EOM, eletro-opti modulator; OSA, optial spetrum analyzer; EDFA,

erbium-doped �ber ampli�er; DPSS, disrete prolate spheroidal sequene sensor; VNA, Ve-

torial Network Analyzer.

5.2.1 Demodulation

The main di�erene between DPSS and the ustom designed sensors presented

in Chapter 4 relies in the fat that the spaing between sub-bands in the us-

tom designed SSFBG sensors was adjusted aording to the distane between

the two interrogating wavelengths, thus a di�erential demodulation of the sen-

sors was performed. DPSS strutures, on the other hand, does not have a

spei� separation between sub-bands (eah odeword has a slightly di�erent

separation depending on its energy onentration). Nevertheless, the omplex

spetral response of DPSS odewords (amplitude and phase) is also needed

to perform the identi�ation of eah devie in the spetrum. So the dual-

wavelength detetion method is used but the separation frequeny between

the two wavelengths will not be determined by the design of the sensors. Still,

due to the osillating behavior of the sequenes, the bi-evaluated response

proved to maintain a good level of orthogonality between most part of the

family members in the initial simulations.

A dual-wavelength tunable soure is used to illuminate the sensing devies as

depited in the shemati of Figure 5.3, in this setup, the soure is obtained

through the SSB modulation of a tunable laser at 1550 nm. Also, a vetorial
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network analyzer (VNA) is used to measure the frequeny response of the

network as a funtion of the soure sweeping time. The measurement is arried

out only at the spei� modulation frequeny of the soure, i.e. `zero-span'

measurement, so that the eletro-optial frequeny response of the omplete

system H(Ω, λ) for a �xed mirowave angular frequeny Ω is obtained (i.e. the

VNA measures the sattering parameter S21 of the sensing network).

In the interrogation setup presented in Figure 5.3, the dual wavelength soure

Ein(ω) an be modeled as in equation (5.2):

Ein(ω) = a1δ(ω) + a2δ(ω +Ω) (5.2)

Where ω is the optial angular frequeny, a1, a2 are the arbitrary amplitude

onstants of eah wavelength and δ, whih denotes the Dira's delta funtion,

represents the ideal wavelength form. Also in Figure 5.3, it is expressed the

eletrial �eld oming Eout(ω) arriving at the VNA after being re�eted from

the sensing network. This an be written as in equation (5.3):

Eout(ω) = a1H
O

net
(ω)δ(ω) + a2H

O

net
(ω +Ω)δ(ω +Ω) (5.3)

Where, H
O

net
stands for the optial omplex spetral response of the whole

network. Then, the deteted photo-urrent, in time domain, is given by equa-

tion (5.4):

i(t) ∝ |HO

net
(ω)||HO

net
(ω +Ω)|

cos
(

Ωt+
[

∠H
O

net
(ω)− ∠H

O

net
(ω +Ω)

])

(5.4)

As mentioned previously, the networks frequeny response aquisition is per-

formed under the `zero span' on�guration, meaning that the network response

is only measured at the modulation frequeny Ω. The remaining omponents

are �ltered out therefore the formulation given in equations (5.3), (5.4) does

not inlude baseband terms at ω = 0. In this way, a omparison ould be made

between the aquired network frequeny response and the modulating signal

used to generate the dual-wavelength interrogating soure. The �nal result of

this proess is the omplete eletro-optial frequeny response of the network

(at the �xed RF value of Ω), written as in equation (5.5).

|H(Ω, ω)| ∝ |HO

net
(ω)||HO

net
(ω +Ω)|

∠H(Ω, ω) = ∠H
O

net
(ω)− ∠H

O

net
(ω +Ω) (5.5)
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Figure 5.4: Bi-evaluated frequeny response for the DPSS-FBG sensors studied in this

work. These are the signals employed in the ross-orrelation produt to obtain DPSS-

FBG sensors' entral wavelength. a), ): Magnitude of the bi-evaluated frequeny response

at Ω = 8 GHz. for odewords 10 and 15 respetively b), d): Magnitude of the bi-evaluated

frequeny response at Ω = 14 GHz. for odewords 10 and 15 respetively (Watermark shows

the magnitude of the atual DPSS-FBG sensors for larity).

A ritial aspet regarding the sensor detetion with the dual-wavelength in-

terrogation sheme has to do preisely with the separation of this two wave-

lengths. As explained above, the two wavelengths are neessary to �nd the

omplex network frequeny response at the �xed frequeny value (Ω). But, as
opposed to the last enoding approah (Chapter 4), in this ase the sub-bands

separation is not designed to math the dual wavelength separation. There-

fore, the interrogated shape will not be di�erential and will depend di�erently

on eah interrogated struture. Consequently, the orrelation produt used

to identify the entral wavelength should be performed having into aount

the `bi-evaluated shape' of eah sensor in the spetrum. Eah DPSS devie

will generate a di�erent bi-evaluated spetral form and these shapes will also

vary when di�erent modulation frequenies are used. This is due to the fat

that the orrelation produt is the moving produt (onvolution) between the

dual-wavelength soure and eah DPSS shape.

Figure 5.4 exempli�es the magnitude of the bi-evaluated theoretial response for

the DPSS-FBG sensors employed in the experimental demonstration (DPSS10

and DPSS15). For these strutures the bi-evaluated produt results in a spe-

i� shape that depends also on the wavelength separation of the soure. In
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Figure 5.4 a) and ), it is shown the bi-evaluated expeted response when

the soure has a wavelength separation of Ω = 8 GHz, on the other hand,

Figure 5.4 b) and d) depit the bi-evaluated response of the same sensing de-

vies when they are interrogated by a soure with wavelength separation of

Ω = 14 GHz. The di�erenes between the bi-evaluated responses and the a-

tual spetral shape of the DPSS-FBG sensors (represented as a watermark in

Fig. 5.4) are notieable.

In order to obtain the entral wavelength of eah sensor (λBk
), the orrela-

tion produt CP
k
(for eah kth

sensor) should be performed between the total

frequeny response measured from the sensing network and the bi-evaluated

frequeny response for eah sensing devie at the proper frequeny (equa-

tion (5.6)).

CPk(ω
′) =

∫

H(Ω, ω) ·HbiSk
(ω′) dω (5.6)

Where the orrelation produt CPk is the moving produt relating the total fre-

queny response of the network (H(Ω, ω)) and the bi-evaluated spetral shape

of eah sensor (HbiSk
(ω′)) The result of performing the orrelation produt of

equation (5.6) is a orrelation signal whih is omposed by the Auto-orrelation

peak (ACP) and the residual ross-orrelation (XC) signal. The ACP points

at the spetral position of the sensor (λBk
), it is produed at the point where

the theoretial shape of the kth
sensor oinides with the omplex shape of

the total measured frequeny response. The XC values, on the ontrary, are

aused by all the positions in the spetrum where no oinidene is found.

The demodulation proess, besides being the mehanism to identify the sensors

position, an be seen as a post-proessing stage. In this ontext, it is possible

to perform additional tasks during the demodulation stage. For example, a

ommon event that takes plae during the overlapping proess between two

sensors is the beat noise. Beat noise is an issue in CDMA ommuniation

systems aused by two re�etors operating at the same wavelength range, when

two re�etive devies operate at the same frequeny, they onform a avity and

therefore a ripple is added at the spei� wavelength. The ripple frequeny is

determined by the physial distane between the two devies (see Setion 4.3.1).

In our ase, two sensors (re�etive devies based on FBGs) an interat in

the spetrum, onforming therefore a avity at the overlapping wavelength.

However, the orrelation produt performed to identify the entral position of

the sensors neglets the ripple e�et beause it ats as a moving �lter with the

exat shape of the interrogated sensors.
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As mentioned above, the shape of the deteted omplex spetrum from the

sensors depends not only on the manufatured devies but also on the tunable

soure used to interrogate them. The dual-wavelength soure is obtained as

a single side band modulation of a tunable laser in the C-band (∼ 1550nm).

Hene, using an external Eletro-Optial modulator (EOM), the separation

between the two wavelengths an reah 20 GHz. In order to eluidate how

this variation a�ets the identi�ation of the proposed sensors a simulation

was performed, in whih the ratio between the Auto- and the ross-orrelation

signals was analyzed as a funtion of the modulation frequeny (swept from 0 to
20 GHz). Two ases are depited: �rst, the worst ase senario, where the two

sensors are loated at the same spetral position as well as a senario where

the two sensors are starting to merge. Figure 5.5 a) depits the simulation

results for the former senario (total overlapping of the two sensors), in this

ase the ratio XC/ACP is depited for the two sensors DPSSS1, DPSSS2

against the modulation frequeny Ω used to establish the separation between

the two interrogating wavelengths. The results show a better XC/ACP ratio

for the �rst sensor DPSSS1 almost at all frequenies while the lower ratio

reahed by the seond sensor DPSSS2 is loated around 8 and 12 GHz. It

an be notied also that for these frequeny values, the XC/ACP ratio reah

similar values for both sensing devies. Figure 5.5 b) shows the same analysis

at a partial wavelength overlapping senario for the two sensors; results show,

as expeted, a better behavior in the two ases. Again, similar relationships are

obtained for the two sensors around the highlighted frequenies in the graph

(8 and 14 GHz). From this �gure it an be inferred, that the interrogation of

this pair of sensors an be performed at 8 or 14 GHz, obtaining very similar

results: a XC/ACP ratio around 44% to 60% at the worst ase senario, and

values between 26% or 37% under partial overlapping of the two sensors. We

an then onlude that identi�ation of the entral wavelength is feasible under

overlapping onditions.
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Figure 5.5: XC/ACP ratio alulated for sensors S1 and S2 at di�erent values of the

modulation mirowave frequeny Ω. Highlighted regions show the seleted Ω values utilized

in the experimental validation. a) shows the XC/ACP ratio for both sensors at the worst-ase-

senario: identi�ation of two sensors at the same spetral loation. b) shows the alulated

XC/ACP ratio for the two sensors when their spetral positions are barely overlapping.

5.3 Experimental validation

Validation of the manufatured sensors was performed in a proof of the onept

setup between the two sensors DPSSS1 and DPSSS2. The setup is depited

in Figure 5.3, where a tunable laser soure in the C-band is modulated in SSB

on�guration to obtain a dual-wavelength sanning soure. The modulation

frequeny is set at 8 and 14 GHz to establish the wavelength separation of the

dual-wavelength soure. The dual-wavelength TLS is ampli�ed and sanned at

1 nm/s over the operational spetrum of the sensors. This �eld (Ein(ω)) is sent
to the sensing devies, from whih it is generated the re�eted signal that goes

to the vetorial network analyzer (VNA). The re�eted signal, Eout(ω) is then
aquired in what is known as a zero-span measurement. Hene, the re�eted

frequeny response from the sensing devies (in both, amplitude and phase

terms) is aquired as a funtion of the sweeping time in the dual-wavelength

soure. Two passive splitters are used in the setup, the �rst one is a 10:90 split-

ter to monitor the dual-wavelength signal at the OSA and the seond one is a

50:50 splitter used to establish parallel on�guration between two DPSS-FBG

sensors. The two DPSS sensors are arranged inside temperature hambers in
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Figure 5.6: The ross-orrelation produt is omputed to obtain the entral wavelength

ACP of eah sensor in the network. H
Sk

(ω) is the frequeny response for the kth
sensor in

the network.

order to shift their entral wavelength. To prove their behavior under overlap-

ping onditions, the �rst sensor is maintained at a �xed temperature while the

seond one is shifted in wavelength.

Figure 5.6 desribes theoretially the interrogation method based on the dual-

wavelength sweeping over the sensors operational spetrum. Basially, the

dual-wavelength soure sans the total spetrum and it gets re�eted aording

to the omplex form of the arranged sensors. The re�eted signal is measured

at the VNA only at the spei� modulation frequeny Ω (this is the frequeny

that imposes the wavelength separation of the dual-wavelength soure).

As mentioned in setion 5.2.1, due to the spei� design of the DPSS stru-

tures there is no a single optimal frequeny to interrogate the sensing devies.

Through simulation, we have found that the behavior between the ACP and

the XC signals is enhaned at ertain modulation frequenies, meaning that

the wavelength spaing of the dual-wavelength soure an be �xed at those fre-

quenies that boost the detetion results. In the next subsetions we present

the experimental results obtained when performing the detetion of the sensors

at two spei� modulation frequenies: 8 and 14 GHz.
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Figure 5.7: (a) Experimental measurement of the frequeny response of a sensing network

omposed of two DPSS-FBG sensors at 8 GHz. Numerals 1) to 5) show di�erent aptures of

the system as one of the sensors is wavelength shifted while the seond one is maintained at

a �xed wavelength. (b) The orrelation produt is omputed for the frequeny response of

the sensing network taken at 8 GHz. The obtained ACP determines the entral wavelength

for eah sensor deployed in the network.

5.3.1 Frequeny modulation at 8 GHz

Figure 5.7 a) depits the measured frequeny response (in magnitude) mea-

sured at 8 GHz in the VNA. Figure 5.7 a), numerals 1) to 5) represent di�erent

readouts in the proess of overlapping between the two sensors. These mea-

surements were taken and then proessed through the orrelation algorithm

in order to obtain the entral wavelength loation for eah one of the over-

lapping sensors. Although the readout is shown in magnitude, the orrelation

is the omplex produt between theoretial and measured spetrum, i.e. the

orrelation proess inludes also the phase terms.

In Figure 5.7 b) it is depited the obtained orrelation produt for eah one of

the readouts presented in Figure 5.7 a), as expeted, the ACPs point at the

entral wavelength loation of eah sensor while one of the sensors is swept

and the seond one remains at a �xed wavelength Figure 5.7 a) 1) - 5).
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Figure 5.8: (a) Experimental measurement of the frequeny response of a sensing network

omposed of two DPSS-FBG sensors at 14 GHz. Numerals 1) to 5) show di�erent aptures

of the system as one of the sensors is wavelength shifted while the seond one is maintained

at a �xed wavelength. (b) The orrelation produt is omputed for the aptured 14 GHz.

frequeny response of the sensing network. The obtained ACP determines the entral wave-

length for eah sensor deployed in the network.

5.3.2 Frequeny modulation at 14 GHz

The detetion experiment was also performed with a di�erent separation value

in the dual-wavelength interrogating signal. Having into aount the simula-

tion results presented previously, the modulation frequeny was set to 14 GHz.
Introduing a hange in the dual-wavelength interrogating signal produes a

totally di�erent retrieved signal, Figure 5.8 a) 1)-5) show the retrieved magni-

tude of the frequeny response at di�erent stages of the overlapping proess.

The same priniple was employed in the experiment, one of the sensors is swept

over the spetral position of the seond sensor. Figure 5.8 b) numerals 1) - 5)

depit the resultant ross-orrelation signals. Total detetion of both sensors

is suessful with this on�guration.

5.3.3 Disussion

When omparing the experimental demodulation results obtained for di�erent

modulation frequenies (see Figures 5.7 and 5.8), it is lear that the ratio

XC/ACP has a dependene due to the hange in the distane between the two

wavelengths. Although the two sensors are identi�ed with a good ratio between

the ACP and the XC, the results show a slightly better performane when

generating the dual-wavelength signal by using a modulating signal at 8 GHz.
This experimental result agrees with the simulation presented at Setion 5.2.1.
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In the worst ase senario (see Figure 5.5), the XC/ACP ratio shows almost

equal value for the two sensors when interrogated with Ω = 8 GHz. Contrarily,
at Ω = 14 GHz the XC/ACP ratio is around 10 % better for the sensor S1

than for sensor S2. Therefore, a worst identi�ation margin will be obtained

in this ase. Nevertheless, it is possible to see this relationship between the

XC/ACP ratio and the spaing of the dual-wavelength signal as an advantage

rather than a di�ulty beause it adds some �exibility to the interrogation

sheme, i.e. with a previous simulation of the DPSS sensors arranged in the

system, one an selet the modulation frequeny that o�ers better results for

the spei� sensing system. It also opens up the possibility to interrogate the

system using di�erent frequenies in order to enhane the response of any given

sensor at eah system readout.

The demodulation results obtained at 8 and 14 GHz are summarized as a

funtion of the measurement steps in Figure 5.9. Figure 5.9 a) shows the

obtained wavelength for the experiment performed with modulation frequeny

Ω = 8 GHz; Figure 5.9 b) shows the same results with modulation frequeny

Ω = 14 GHz. The overlap-proof behavior of the system is proved, in both

experiments the sensor S1 (represented with blak irles) is temperature-swept

over the sensor S2 (red squares) showing a linear behavior with determination

oe�ients of R2
8G = 0.9992 and R2

14G = 0.9997 respetively. Whih on�rms

the fat that the super-strutured DPSS-FBG sensors maintain the sensitivity

of onventional sensors, i.e. the whole struture is a�eted harmonially by

the surrounding physial variables. Additionally, the temperature sensitivity

of the sensors was omputed to be 11.657 pm in Figure 5.9 a), and 11.855 pm
in Figure 5.9 b), whih agrees with the temperature sensitivity of onventional

FBG sensors.
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Figure 5.9: In a), the measured wavelength of two DPSS-FBG sensors in an overlapping

senario with separation of the dual-wavelength interrogating signal obtained through a

modulation frequeny of 8 GHz is shown, the sensor S2 remains steady while the sensor

S1 is temperature shifted in the same operational wavelength region. b) shows the same

experiment results obtained with a modulation frequeny of 14 GHz. Complete identi�ation

of the two sensors is ahieved under overlapping onditions.

5.4 Conlusion

In this hapter, the Disrete Prolate Spheroidal Sequenes (DPSS) were pro-

posed to shape the spetral shape of FBG sensors manufatured as super-

strutured FBG sensors. Taking advantage of the orthogonal nature of the

DPS sequenes, and also knowing that these devies are restrited to a lim-

ited bandwidth, we added the onept of ode division multiplexing (CDM)

to the optial �ber sensing systems. Note that this CDM onept is om-

patible with WDM multiplexing shemes so the senario an be extended to

CDM-WDM multiplexing networks where eah DPSS-FBG sensor would have

a unique spetral shape regarding the neighboring sensors that share the same

WDM hannel. In this way, with the simplest sheme, whih allows two sensors

per hannel, the number of sensors deployed in the network an be doubled.

In our work, we designed DPS sequenes within a bandwidth of 0.8 nm thus

we an guarantee CDM-WDM ompatibility sine all the DPSS-FBG sensors

will have approximately the same bandwidth.

Simulations and experiments were performed in order to validate the feasibil-

ity of a sensing system based on the proposed sensors. Through simulation,

the optial interrogation signal were found by analyzing the e�et of di�er-

ent separation values in the dual-wavelength soure over the detetion ratio

XC/ACP. As a result, the �xed mirowave frequenies used were Ω = 8 GHz.

113



Chapter 5. Interrogation of omplex sensing devies: Disrete Prolate Spheroidal Sequenes

and Ω = 14 GHz. Experiments were arried out at these frequenies to show

how the Ω enhanes the orrelation produt in the measurement of ertain

sensors pro�les. Total identi�ation of the overlapping sensing strutures has

proven to be feasible, showing a worst ase senario relationship between the

XC and the ACP of 60%, i.e. the maximum XC value reahs the 60% of the

ACP value when the two sensors are one on top of the other spetrally.

Referenes

[1℄ D. Slepian, �Prolate spheroidal wave funtions, fourier analysis, and un-

ertainty - v: The disrete ase�, Bell System Tehnial Journal, The,

vol. 57, no. 5, pp. 1371�1430, May 1978, issn: 0005-8580. doi: 10.1002/j

.1538-7305.1978.tb02104.x (it. on p. 100).

[2℄ I. B. Djordjevi, A. H. Saleh, and F. Küppers, �Design of dpss based �ber

bragg gratings and their appliation in all-optial enryption, odma, op-

tial steganography, and orthogonal-division multiplexing�, Opt. Express,

vol. 22, no. 9, pp. 10 882�10 897, May 2014. doi: 10.1364/OE.22.010882

(it. on p. 100).

[3℄ D. Pastor, C. Triana, and R. Baños, �Coherent optial en/deoding em-

ploying disrete prolate spheroidal sequenes based super strutured fbgs�,

in Optial Communiation (ECOC), 2015 European Conferene on, 2015

(it. on p. 100).

[4℄ R. Baños, V. Garia-Munoz, D. Pastor, and W. Amaya, �Retangu-

lar Global Envelope Super Strutured FBGs for Multiband Coherent

OCDMA�, Photonis Tehnology Letters, IEEE, vol. 25, no. 5, pp. 512�

514, Mar. 2013, issn: 1041-1135. doi: 10.1109/LPT.2013.2242880 (it.

on p. 102).

[5℄ R. Baños, D. Pastor, W. Amaya, and V. Garia-Munoz, �Chromati dis-

persion ompensation and oherent diret-sequene odma operation on

a single super strutured fbg�, Opt. Express, vol. 20, no. 13, pp. 13 966�

13 976, Jun. 2012. doi: 10.1364/OE.20.013966 (it. on p. 102).

114

https://doi.org/10.1002/j.1538-7305.1978.tb02104.x
https://doi.org/10.1364/OE.22.010882
https://doi.org/10.1109/LPT.2013.2242880
https://doi.org/10.1364/OE.20.013966


Chapter 6

Conlusions and future work

6.1 Conlusions

This PhD thesis is foused on the development and performane evaluation of

new �ber Bragg grating devies, to be used as sensors. The main goal of the

researh is to endow �ber Bragg grating sensors with additional information,

i.e. a spei� ode that haraterizes eah sensor in the network. In this way,

a new multiplexing dimension is introdued to the sensing systems. Namely,

ode division multiplexing (CDM).

By designing and manufaturing ustomized grating-based sensors, the identity

of eah sensor in the network is enoded. Hene, two or more sensors are able to

operate, interating, in the same spetral range. The unique shape assoiated

to eah sensor allows the unequivoal identi�ation of its entral wavelength

even under spetral overlapping between multiple sensors.

One part of this PhD thesis is devoted to the amplitude-based enoding of

FBG sensors. The other part proposes the enoding of FBG sensors using

both, the amplitude and phase of the devies.

115



Chapter 6. Conlusions and future work

6.1.1 Amplitude enoding of FBG sensors

We have developed a �ber Bragg gratings (FBGs) design methodology based

on the onepts of optial ode division multiple aess (OCDMA) ommuni-

ation systems, aiming at reating a new kind of FBG sensors enhaned with

additional information that an be used to identify eah sensor in the network

aurately.

In hapter 2, optial orthogonal odewords (OOCs) were used to tailor the

amplitude shape of FBG sensors in order to provide eah sensor with a dis-

tintive ode inside the network. Sine the OOCs are a family of binary -

mutually orthogonal odewords, the design methodology onsisted in translat-

ing the binary odeword to an equi-spaed arrangement of re�etion sub-bands

manufatured as super-strutured FBGs (SSFBGs). The main advantages of

manufaturing SSFBGs devies is that all the sub-bands are manufatured at

the same spatial loation in the optial �ber, meaning that all the devie gets

a�eted in the same proportion by external hanges in the �ber. The man-

ufaturing of SSFBG devies with omplex refrative index pro�le has been

performed by exposing the optial �ber to an ultra violet (UV) radiation pat-

tern using the phase-mask tehnique in a point by point fashion.

The main advanement we have ahieved in the area of FBG sensing networks is

the possibility of deteting the entral wavelength of the enoded sensors when

there is partial or total overlapping between their spetral shapes. By assigning

eah sensor in the network with a de�nite shape, orthogonal from neighboring

sensors in the spetrum, we allow the sensors to share their working spetral

range. This automatially translates into an improvement in the apaity of

the network. Combining a simple ode division multiplexing sheme (CDM)

with the traditional wavelength division multiplexing approah (WDM) it is

possible to double or triple the number of sensors deployed in the network.

The deoding proess (wavelength identi�ation of eah devie in the network)

of the system is performed through the straightforward orrelation method

whih basially omputes the point by point produt between the original

amplitude shape of the sensors and the total measurement from the system

(where the shape of the sensors is merged). As a result from the orrelation

proedure we extrat the auto-orrelation peak (ACP) signal, pointing at the

wavelength loation of eah sensor. And the ross-orrelation signal (XC) for

the remaining loations in the spetrum where no oinidene is found. The

ratio XC/ACP is the main riterion to validate the system operation. Sine

the design of the sensors is based on orthogonal odewords, the XC signal is

onstrained to a perentage of the ACP and will never reah higher values.
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6.1 Conlusions

We have disussed the two on�guration possibilities of arrangement of the sen-

sors: serial and parallel struture. Both strutures were analyzed, by means o

simulation and experimental validation, from the point of view of their identi-

�ation ratio (XC/ACP), regarding the main design parameters:

(a) Re�etivity

(b) Sub-bands width

() Sub-bands wavelength o�set

(d) Codewords length

Serial on�guration was proven to have a strong dependeny between the

XC/ACP ratio and the re�etivity of the devies. As the re�etivity inreases,

the detetion ratio worsens beause of the shadowing e�et between two or

more devies operating at the same wavelength. Therefore, low re�etivity

values shall be onsidered speially for serial typologies. Both, the serial and

parallel approahes are a�eted without distintion by the sub-bands width, in

general, a 2:1 ratio was found to be a good design advie between the sub-bands

distane and their width.

Another major advanement ahieved in this thesis is the quanti�ation of the

error added to the network by allowing the sensors to get overlapped (XC-

error). Experimentally, we have isolated the XC-error from the systemi error

whih is inherent to any system and is aused by noise soures, stability of the

omponents, among others. A good �gure of ∼ 3 pm was obtained for the

XC-error, meaning that a limited auray penalty should be onsidered in the

system at the ost of multiplying its apaity.

6.1.2 Amplitude & Phase enoding of FBG sensors

Generally, bipolar odewords (with sign ± 1) o�er better orrelation hara-

teristis, often with shorter odewords length, than unipolar or binary (0, 1)
odewords. We have extended the onept of amplitude (unipolar), developed

in the �rst part of the thesis, to inlude the phase of the FBG devies as an

additional odeword. Using two odewords (ak for the amplitude and fk for the
phase omponents of the devie) we designed a bipolar enoding methodology

that translates the positive/negative features of the devie into the presene

or not of a phase-shift between onseutive sub-bands of the devie.

In this thesis, we disuss two types of phase & amplitude enoding:
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(1) Custom designed devies: featuring disrete phase distribution aording

to the phase odeword.

(2) Disrete prolate spheroidal sequenes: omplex orthogonal shapes with spe-

i� pro�les in phase & amplitude.

In (1), we devised ustom amplitude and phase odewords that satis�ed the

orthogonal properties, thus, the amplitude odeword was translated to a multi-

band super-strutured FBG devie with re�etion bands at the odeword po-

sitions marked as ‘1′, and the phase-shift between onseutive sub-bands was

interpreted in the sign of the re�etion sub-bands as follows: the presene of

a phase shift (i.e. (0 to π) or (π to 0)) is assigned with a negative sign, on the

ontrary, no phase-shift between onseutive sub-bands (i.e. (0 to 0) or (π to

π)) is understood as a positive sign of the odeword.

In order to interrogate the sensors in the system and to deode properly their

enoded information, an interrogation system was speially designed to evalu-

ate the sensing network in a di�erential way, i.e. by using a dual-wavelength

tunable soure omposed of two tones that are wavelength-spaed aording

to the spaing between the sensors sub-bands. The oneption of this spei�

interrogation tehnique, is fundamental for the suess of the enoding ap-

proah. Sine the essene of the enoding design is the relative phase between

two adjaent sub-bands, the interrogation method was designed to ompute

automatially the di�erential measurement at the �xed wavelength separation.

In Chapter 4, both aspets, the design of the sensors and their interrogation

methodology were evaluated for a system with three enoded sensing devies,

namely S1, S2, S3 by means of simulation. The results on�rmed the orthogo-

nal behavior of the system even under a total overlapping senario between the

three devies. Hene, the enoded SSFBG devies were manufatured in order

to perform a validation of the proposed system in real onditions. Experimen-

tally, we tested the interrogation setup to e�etively deode the information of

the sensors, i.e. the measured frequeny response from the system ontained

the amplitude and phase information required to ompletely identify eah sen-

sor. Therefore, we have been able to identify the entral wavelength of the

sensors under overlapping onditions. The XC-error in the system was also

measured to be of ∼ 3.9 pm in a overlapping senario with the three sensors.

The enoding approah based on the DPSS-FBG devies (2) is presented in

Chapter 5 of this doument. The main ontribution of this hapter is related

to the use of the dual-wavelength interrogation methodology (reated for the

ustom sensors designed in Chapter 4) to interrogate other type of sensors
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whih also exhibit a omplex pro�le in both, their amplitude and phase om-

ponents. Sine DPSS have been designed as a family of sequenes mutually

orthogonal between them with a omplex pro�le, they are a good andidate to

further investigate our interrogation tehnique.

Although the dual-wavelength interrogation tehnique was reated to deode

the spei� sensor design of (1), it o�ers some �exibility that allows their

use to interrogate other sensing pro�les like the DPSS-FBG devies (2). We

have assessed by simulation the optimal frequeny separation between the two

interrogating tones regarding the detetion ratio when using a pair of DPSS-

FBG sensors. As a result, we obtained two possible frequenies that allowed

the sensors to be identi�ed maintaining a good ratio between the XC and

the ACP of their identi�ation signals. DPSS-FBG devies were aurately

manufatured with a bandwidth onstrained to ∼ 0.8 nm and a onsistent

result regarding their design.

Experiments on�rmed the detetion feasibility for an overlapping senario be-

tween two sensors, whih thanks to the bandwidth-limited nature of the DPSS

strutures is easily ompatible with wavelength division multiplexing shemes.

Two dual-wavelength soures were seleted to be experimentally tested (with

distane between the two tones of 8 and 14 GHz), the experimental results

on�rmed the detetion margins obtained in the simulation. The sensitivity

and linearity of the DPSS-FBG sensors was on�rmed to be analogous to that

of onventional FBG sensors.

6.2 Future work

The enoding of FBG-based devies reported in this thesis has demonstrated

the possibility to inrease the number of sensors by ombining the proposed

ode division multiplexing methodology with the traditional wavelength divi-

sion multiplexing approah. Still, there are many open questions that an be

addressed, these open lines inlude:

• Explore the implementation of alternative unipolar odewords families to

enode sensing devies in amplitude (to be interrogated with a broadband

soure).

• Improve the simulation platform to eventually inlude larger WDM +

CDM senarios, with the ability to interatively selet the plaement and

enoding sheme of the sensors.
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• Develop a miniaturized and ost e�etive version of the interrogation

shemes arried out in this thesis whih were implemented in the labo-

ratory. It is of speial interest to develop a ost-e�etive version of the

dual-wavelength tunable interrogation setup presented in Chapter 4.

• Explore the implementation of additional phase and amplitude enoding

shemes by using di�erent enoding approahes.

• Implement an in-situ measurement system using the proposed enoding

tehniques to evaluate their performane in real life operation.

• Further study and improve the performane of the presented sensors in

terms of auray, resolution or operational range.
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