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Chapter I: Introduction

[.1.- Motivation and Objectives

The increment of bandwidth required for new sewiadfered to users make
necessary the use of optical fibres in data trassion. Glass optical fibres are
widely used in long distance communications, andreghare many devices
implemented for using in these networks, but thesdnologies are sometimes
expensive for their used in local loops.

Different systems implemented over the establishechnology are used for

increasing local loops bandwidth, but more serviaes demanded at home. Those
applications require more bandwidth than the offelog the usual twisted copper
pair.

Multimode fibres (both silica and polymer) withd@r core diameters and numerical
aperture, allows for large tolerance on axial niggathents, which results in cheaper
connectors as well as associated equipment, bdt aibandwidth penalty with
regards to their singlemode counterparts, mainky ttuthe introduction of modal
dispersion. On the other hand, polymer opticalefiPOF) offers several advantages
over conventional multimode optical fibre over shdistances (ranging frob00m

to 1000m) such as the even potential lower cosbcested with its easiness of
installation, splicing and connecting. This is daehe fact that POF is more flexible
and ductile, making it easier to handle. Consequerl@F termination can be
realized fasteand cheaper than in the case of multimode siliweefiTherefore, the
number of applications that use POF is quickly easing. POF is being used in
video transmission in medical equipment, or in mmadia applications for civil
aviation and high range cars, in-home and acceassories, wireless LAN backbone
or office LAN, and in intrinsic optical sensor nettks among others.

Even greater channel capacity can be availableguainspecific type of POF,
perfluorinated Graded-Index POF (PF GIPOF), halmg attenuation and large
bandwidth from 650nm to 1300nm. Link lengths foibulding/home scenarios are
short (less than 1 km), and thus the loss per lemigth is of less importance.
Transmission of 10Gbps data over 100m and trangmiss 1.25Gbps Ethernet over
1 km have been experimentally demonstrated withGFFOF. On the other hand,
combiners and multiplexers are basic elements ik R&works using Wavelength
Division Multiplexing (WDM) and there are not thatany already developed. It is
important to have low losses devices and recordigm can be an additional feature
in those networks. On the other hand, reconfigeradptical networks in critical
applications demand devices able to have differemictionalities, including
switching. This work has focused in the developneérdifferent optical switches for
a wide range of optical networks.

Different switching technologies are available. Wid) crystals are widely used as
displays, but they are also employed in telecompaitiins. Other common
technology used in data routing is integrated gptiic this case, light propagates by
means of a waveguide and the modification of itsapeeters makes possible
switching operation. Micro-Electromechanical Medsars, MEMs, based in small
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mobile mirrors that can change the direction ofitt@dent light when required are
an important optical switching technology.

The objective of the present work is the propodadeveral optical switches using
different technologies depending on the final aggilon. Some of these structures
have been experimentally tested whereas othersliesresimulated.

Most of the presented switches use liquid crystiadsjing different functionalities
and broadband operation range, so allowing wavétediyision multiplexing. To
these respect it has been developed an opticaiphexkr/combiner and an advanced
multifunctional optical switch (AMOS), both implem&d with Nematic Liquid
Crystal technology.

It has also been developed a multiplexer/combiresed on Polymer Dispersed
Liquid Crystals.

The third kind of switches proposed are micro niagenators combined with liquid

crystals. Micro ring resonators consist of a ciacwaveguide attached to one or two
straight waveguides acting like input and outputgd.ight that passes through the
structure can be filtered according to the ringonegor characteristics: ring length,
coupling ratio, losses... The use of liquid crystakes possible the tuning of the
ring resonator filtering properties.

The last proposed switch is made of a passivetapléind a Mach-Zehnder

Interferometer. This kind of devices makes usentégrated optics and interference
for switching purposes. The variation of the ogtigeoperties influencing the two

light beam interference can be done in differengsvéhermally, electrically...

Finally, an automated optical characterization beinas been implemented in order
to make easy the measurements. It is composedhrgea axis translation stage with
three actuators, several linear translation stdéigasallows the user to modify the
bench structure for adapting it to his experimeamd different machinery for
mounting the optics.

|.2.- Contents of the Work

Once the motivation and objectives for developihg research work have been
introduced, it is necessary to expose the strudtll@ved for presenting the work.

In Chapter I, an introduction of switching in ogal networks is given. Different
concepts and parameters needed for understandiegdéveloped work are
introduced. Applications of Polymer Optical Fibme antroduced in a second part of
this Chapter. An overview about the main charasties and technologies used in
optical switches is also presented. Finally, a camspn between different optical
switches technologies is given.

Chapter 1l offers an overview of switches basedLaquid Crystals. After a brief
introduction of this kind of switches, it is desmd a novel optical multiplexer based
on polarization management and implemented with &eniliquid Crystal cells.

4



Chapter I: Introduction

Next part of the chapter is dedicated to explaimwdtiplexer and variable optical
attenuator based on Polymer Dispersed Liquid CryStaally, a summary and some
conclusions about the implemented switches arengive

In Chapter 1V, description of an advanced multifimeal optical switch based on
Liquid Crystals is given. The proposed device ik dbr operating as a 3x1 optical
multiplexer/combiner (OM/OC), optical dual 3x1 mpléexer/combiner
(ODM/ODC), a 2x2 optical switch (OS), a Variablet@pl Attenuator (VOA) and a
Variable Optical Power Splitter (VOPS). A completharacterization of the
implemented device, using bulk components, is git@mally, a summary and some
conclusions about the main results are given.

Chapter V refers to switches based on integratéidopAfter a brief introduction of

this kind of switches, an overview about Ring Redors is given. Section Il

proposes different structures of switches basedhmno ring resonators combined
with liquid crystals. Next, an optical switch basea an integrated Mach-Zehnder
Interferometer capable of taping a part of the inpawer for the local node is
described. Finally, a summary and some conclusatmmit the described switches
are given.

In Chapter VI, the implementation of the opticahcdcterization bench is explained.
The proposed system is versatile and allows the tasdefine which axis can be
automated. An overview of the structure of the agiticharacterization bench is
given. Next, the precision movement system, in ghasf making the automated
movements is presented. Finally, some measureraadts summary of the bench’s
characteristics are listed.

The main conclusions of this work and future resledasks are in Chapter VII.
Chapter VIl presents the summary of the work writin Spanish.

A list of the publication, contributions and othrefevant information is in Appendix
A.

The user manual of the optical characterizatiorches in Appendix B.

Appendix C contains a detailed description of tb#vgare used for simulations of
the micro ring resonators.

Finally, the list of references used in the presemik is given.
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Chapter Il

Switching Technologies

In Optical Networks

In this chapter, an overview of the switching technologies used in Optical
Networks is presented. The first part introduces the optical networks. There are
different types of networks depending on the technology. Backbone and
Metropolitan Area Networks are deployed using glass fibres with low
attenuation and dispersion where wavelength multiplexing allows the use of the
same fibres for transmitting at the same time different types of information.

Polymer Optical Fibres can be used in short range networks where their
bandwidth and attenuation allows data transmission at low cost compared with
conventional fibres. An overview of Polymer Optical Fibre applications is given
in section two.

Last sections of this chapter, introduces the technologies used for switching in
Optical Networks. The main parameters used in optical switching are listed.
Then a description of the technologies is given. Finally, a comparison between
the optical switching technologies is reported.
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[1.1.- Introduction

Development of optical communication systems hbksvald the implementation of
new services offered to users. Bandwidth requireéroénhese telecommunications
applications has increased in the last years, aacsidemand more services that also
require transmission of large amount of data. These functions are available
thanks to the use of optical fibres as transmissiwtia and the introduction of
optical devices that perform some functions presipimplemented by electronics
circuits.

Related to optical fibres, a method for increashgdata rate transmitted is by using
Wavelength Division Multiplexing (WDM). This techyjue consists on guiding
several wavelengths through the same fibre; eackelaagth carries their own
information without mixing with adjacent channdisus the transmission bandwidth
is increased. Wavelengths are separated at thepti@testage and there is a
photodiode obtaining the information sent in edcanmel.

In this way, the present work proposes optical devi based on different
technologies, for being used in WDM networks. Tingt fpart of this chapter focuses
in the description of basic concepts about optiedvorks. The latest part introduces
main characteristics of the different optical swithg technologies.

[1.2.- Evolution of Optical Networks

The huge expansion experimented in last decadaesgptiyal networks relied in the
development, among other devices, of optical fiteehnology. The birth of the
Laser (Light Amplified by Stimulate Emission of Rafion) starts a new era in
telecommunications. However, it was not successhiil the invention of optical
fibres, so as the key technology that enables Iwaradi Internet services, its inventor
Charles K. Kao was honoured with 2009 Nobel Prize.

The original idea of transmitting images from inegsible places to the eye was the
beginning of optical fibres. The first approach sisted in align many transparent
fibres parallel to each other in a bundle, so #ath fibre would transmit one pixel

of the image from the one end to the other endthén first attempts, the image

guality was not so good because the fibres scrdtelaeh other and light leaked

between them [DeCusatis-2008].

Brian O’Brien solves that problem trapping lighsishke the fibre by covering it with

a transparent cladding, making it a tiny opticaveguide. That invention was the
origin of practical endoscopes for medical imagirMost transparent glasses
available had an attenuation of one decibel peremeb it was not suitable for
optical communications.

Antoni Karbowiak tried to obtain an optical wavedgiisimilar to the microwave
dielectric waveguide, which were solid plastic rdtat guides microwaves along
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their exterior. He looked for an optical waveguith@t propagates only a single
mode, for avoiding the problems of propagation oftiple modes as it happened in
the millimetre waves. This constraint required béiees only 0.1 to 02m in
diameter, too small for practical use.

Finally, Charles K. Kao realized that an opticalveguide with a thin cladding of
transparent material with a lower refractive indeould confine the light within the
fibre. Furthermore, if the difference between tle&action index of the core and
cladding was small, the core diameter could becied to several micrometres and
still transmit only a single mode. That large calows the implementation of
practical applications.

In 1966, C. K. Kao and George Hockham estimatedngles mode fibre optic
communication system with a transmission capaditg Gigahertz, more than was
available in coaxial cable or radio systems. Thabjgm was making a glass fibre as
clear as they needed [Kao-1966].

In 1970, a team of scientist directed by Robert Mamanaged to reduce attenuation
below 20dB/km, near 7dB/km by using fused silicaapion-1970]. At the same
time, the first semiconductor diode laser that dooperate continuously at room
temperature was demonstrated.

Different systems were tested, and the first primifibre-optic links started to be
used. Mostly, it was used in transmitting data fromeasurements instruments, in
difficult environments where interference or vokadifferentials made electronic
transmission impossible. It was neither cheap @y dechnology, that used short
links.

Due to the problems of coupling light into a smetire of few microns, Bell

laboratories shifted to multimode fibres with coms50 or 62.5m and graded

refractive index to increase bandwidth. It couldgbed enough for 10 to 20km links,
using an 850nm gallium arsenide laser, which wasrbst mature technology.

New family of semiconductor diode based on InGaAls& emitted from 1.3 to
1.6um was developed at Lincoln Labs. In addition, aaotkey advance was
developed at Nippon Telegraph and Telephone innjajveo new transmission
windows in glass fibres, at 1.3 and [Inbwere proposed [Hecht-2004].

These two new windows presented better transmisslmracteristics than the
850nm window. Their lower attenuation allowed trarssions over longer distances.
In addition, the new fibres had much higher banduvat 1.3im, but only in single
mode fibres. This technology was the seed for implating submarine fibre optic
cables. Finally, the first transatlantic fibre @hlas laid at the end of 1988.

Since the earliest 1980s, telecommunication systeere developed by exploiting
the zero material dispersion characteristics a€asifibre, which occurs at 1.p&
wavelength [Pal-2006, Payne-1975], in close prowinto its second low-loss
wavelength window, which is centred at [In8 [Yamada-1981]. Monomode fibres
and injection lasers allowed transmission of datas from 565Mbps to 2.5Gbps in
longer distances than 100km.

10
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In the computer industry, the first standardizeddldArea Network (LAN) operating
at 100Mbps was the Fibre Distributed Data Interf@i@DI). Introduced in the mid-
1980s, the original FDDI standard used multimodedgd index fibre with 62.5 or
85um cores and signal transmission usinguin3Light Emitting Diodes (LED);
which cost less than diode lasers and could transignals up to 2km between
nodes. Each node regenerated the signal and thie patwork could expand up to
200km of cable [Hecht-2006].

In 1987, David Payne, from the University of Soutimdon in England, developed
the Erbium-Doped Fibre Amplifiers (EDFA), whose oggen wavelength coincided
with the 1.jum transmission window [Miya-1979, Mears-1987]. Inlddion,
Emmanuel Desurvire, form Bell Labs, demonstrateat tfivo 1Gbps signals at
separated wavelengths could be amplified simultasigousing an EDFA without
appreciable crosstalk [Desuvire-1989].

Data traffic grew fast thanks to the dramatic exgo@m of Internet. Handling that
traffic would require expanding the capacity of thbal telecommunications
networks. In 1995 and 1996, Ciena, Lucent and IPiiatroduced the first
commercialized Wavelength Division Multiplexing (WD systems. WDM would
transmit several wavelengths simultaneously udiegsame fibres, which increases
the fibre’s bandwidth, although it required inséibn of different fibres than
previous installed.

Development of the AllWave and the Monomode fibMFS28e that was devoid of
the OH-loss peak, centred at JuB8 extended the low loss wavelength window in
silica fibre from 1.28m to 1.65um.

Optical switching technologies started to be takea account in long haul optical
networks. The first Cross-Connect Digital Accessl &ross-Connect System Il
(DACS-Il) was introduced in 1981. It handled DSitek (1.5Mbps) and cross-
connect traffic at data rates DS-0 (64kbps). In89Be second DACS-IV-2000
(wideband cross-connect) and the third DACS Ill{2@@ere presented. The third
one achieved transmission rates that includes O(2-%&bps) and up to 2048 cross-
connects channels at DS-3 (45Mbps) data rate.

In the 1990s decade, development of Synchronoug@ptietworking (SONET)
systems caused the infrastructure improvement, igiray scalability in the
switching, allowing the implementation of protectischemes such as the Automatic
Protection Systems (APS) or Rings Based Restoraboming the same decade,
point-to-point Dense Wavelength Division Multiplegi (DWDM) systems were
deployed. The WaveStarTm Bandwidth Manager (1988 vapable of handling up
to OC-192 (~10Gbps) communications, and 4608 ST(b184Mbps) channels.
[Kaminow-2008 a, Kaminow-2008b] The use of WDM netltss made necessary the
use of Optical Add/Drop Multiplexers (OADM) for mialg available intermediate
accesses in optical networks.

11
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[1.3.- Types of Optical Networks

Previous section presents the origin and evolutibaptical networks that are used
for telecommunication systems. Those networks carclassified attending to the
type of information they transmit: voice, video ahata. Public Switched Telephone
Network (PSTN) traditionally handled Voice. Vide® usually broadcasted from a
station to the users. It can be transmitted in-&ieeor using a cable network or
Community Antenna Television (CATV), usually knowa CAble TV. Finally, data
refers to transmission done between computers. Memvethe integration of
technologies and services means that the transmigdi different information is
carried out by using the same transmission mediherOclassification of data
networks is attending to their area of influencge.that sense, there are Backbone
Networks, Metropolitan Area Networks (MAN) or AceeNetworks.

I1.3.a.- Backbone Networks

These kinds of networks refer to the core netwdhks perform data transmission at
long distances. These networks interconnect reyiofi@es that concentrate data
from many users allowing a continuous traffic dethdfinal users’ data are gotten
by Access Networks, that are collected by meanbletropolitan Area Networks.
Finally, MANs are linked thanks to Backbone Netwsork

Backbone Networks can extends worldwide, terrdstina subsea networks, or in a
shorter range, international, national or regiaraa. In these networks, monomode
fibre in combination with WDM is used in order tohgeve the required bandwidth

in long distances.

One of the objectives of Backbone Networks is tla@laptation to the amount of
traffic demanded in each time, which makes that ¢bee resources are shared
between users. Cross-Connects are used for mantdgrtgandwidth of this kind of

networks. Thus, their requirements come from thesed in switching devices of

general transport data networks.

Bandwidth demanded for data transmission is ineead the fact that the basic
operation of backbone networks is traffic directoayses the introduction of optical
technology for handling the network resources. &viitg in the optical domain is
faster and needs fewer resources than doing heanetectrical domain. Only those
channels directed to an electrical device or thresgiring IP routing are converted
to electrical domain.

Evolution of optical cross connects (OXC) comesrirthe evolution of the optical
networks, more users demands more services thatreemore bandwidth. This
causes the need of improving bandwidth handlingbatkbone networks and
consequently in switching devices like OXC.

The use of optical switching devices in opticalwmks is a more efficient solution
and allows data transmission at higher rates igdoulistances. It is used for routing
in wavelength-routed WDM networks, network manageimir protection and
restoration applications and multicasting systems.

12
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Wavelength-routed WDM networks allow optical switdl only by directing each
individual wavelength to a destination. By using ©Xeach channel can be
reconfigured for transmitting information to othmint.

Protection and restoration networks consist in igoming an alternative optical path
for transmitting the information when the main ®ubas a failure. The new
connection can be related to a single link or a gete connection, end-to-end.
Failure management is carried out dynamically; whie® nodes adjacent to the
failure are noticed is known as link restoration, the other hand, when the end
nodes are warning about the failure is denotedatts nestoration. In those situations,
the OXC are reconfigured for building the new oalticath.

Multicasting refers to the possibility of a netwdidt transmitting multiple copies of

the same information to several points in the neétw®his characteristic is used for
applications such as data distribution, videocarfee, online games, e-learning...
Switching devices capable of allowing multicast aeeessary in order to minimize
the amount of network resources required. The nhenefits of OXC are their

independence of the data rate transmitted andhtbemation codification.

[1.3.b.- Metropolitan Area Networks

Metropolitan Area Networks are in charge of joinidgcess Networks with
Backbone Networks. Despite that SONET and SynchusnDigital Hierarchy
(SDH) have been used for implementing these nesyalients diversity, protocols
and granularities make necessary the use of CWDM RBWDM that allows
scalability, more bandwidth...

All the advantages of OXC commented in the Backbsgwion apply to MAN. In
this type of networks, it is common the use of Addp Multiplexer (ADM) that
allows the extraction or not of different waveldmgtfrom an optical fibre. In
addition, Traffic Grooming technique is used; saVéow speed traffics are packed
in a high-speed one, reducing the number of switgdevices.

I1.3.c.- Access Networks

Access Networks connect users with the serviceigeos. In telephone system, it is
known as local loop and it is based on twisted.p#ins technology is used for
transmitting voice at low frequency, so low bandWwids obtained. Integrated
Services Digital Network (ISDN) and Asymmetric Daji Subscriber Loop (ADSL)

increases the bandwidth offered to users usingdhee transmission media.

New services and applications demanded by usetsreemore bandwidth, thus, a
change in the transmission media to optical fikrehhology is a solution, but
requires a great inversion. Different scenarios possible depending on the
available budget.

Access networks based on optical fibres are cladsifepending on the limit where
the fibre is deployed, thus three types are comstje-ibre to the Home (FTTH),

13
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Fibre to the Building (FTTB) or Fibre to the CuBT(TC). All these setups usually
are grouped as FTTx. Other possibility is the knasnHybrid Fibre Coax (HFC)
that consists in a system that comprises both tdobies.

Different topologies are used in this kind of netk# point-to-point (P2P)
topologies and passive optical networks (PON). Tirg one is the traditional
scheme; a dedicated wire is used for connecting wigk the central office. It is a
simple architecture, but it implies a dedicateddifor each customer.

An alternative topology is based on a star topologliere a switch is used for
multiplexing data from different customers to tlemiral office. This scheme reduces
the amount of fibre necessary but implies the disalditional power [llyas-2003].

Other possibility is the use of PONs. This techggleubstitutes the switch placed in
the neighbourhood by a passive optical device asch splitter/combiner, either ring
and tree topologies are possible. PON minimizesatheunt of deployed fibre and
the number of transceivers and reduces the powesuocaption required.

The main advantages of this technology are théahiéty, their easy maintenance;
they do not require power supply for the networll #rey are also transparent to bit
rates and modulation formats. Structure of the ngtvis simple; all the complexity
is in the central office instead of distributingaiong the network. These networks
make use of Coarse WDM (CWDM) technology that carebi different
wavelengths in a single optical fibre, WDM, at loost.

CWDM combines wavelength channels separated 20reterfdined by UIT-T
G.694.2), which reduces system restrictions allgwine use of cheaper devices.
Such as optical sources that do not need temperatumtrol or low cost passive
optical multiplexer and demultiplexers. Besidesis ttechnology offers scalable
bandwidth; several, even all the channels can placed by Dense WDM (DWDM)
wavelengths increasing the bandwidth. This techamitgpuknown as DWDM over
CWDM.

[1.4.- Applications of Polymer Optical Fibres

Other type of fibres used in optical networks idyReer Optical Fibre (POF). This
kind of fibre has a core and cladding made of p@ynTheir diameter is typically
wider than the diameter of glass fibres. In additiBOF is flexible, lightweight and
enables easy and safe handling. Due to the POFRje ldiameter, high accuracy
positioning is not required for connections so alistg costs are reduced.
Furthermore, like occurs with other optical fibrethey are immune against
electromagnetic interferences (EMI).

The first POF was demonstrated by DuPont in the-1880s. NamedCrofont, it

had a step index (SI) polymethylmethacrylate (PMMAje. Incomplete purification
of the source materials made high attenuation gafibwut 1000dB/km. During the
1970s loss were reduced nearly to the theoreticait lthat is approximately
125dB/km at a wavelength of 650nm. Mitsubishi Ragommercialized SI POF for
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the first time, called Eskd in 1975. Later, in the 1980s other manufacturd&sahi
Chemical and Toray, also started POF commerciaizat

The first Graded Index (GI) POF, with PMMA core, svintroduced by Keio
University in 1976 [Ohtsuka-1976]. Its refractivedex profile was near parabolic
and exhibited attenuation near 1000dB/km. Attermmatias reduced by doping the
structure with low molecular weight compounds [K®ik991]. Then, the refractive
index profile of the GI-POF was formed by the radiancentration distribution of
the dopant [Ishigure-1994].

Very low attenuation in the 1300nm wavelength rang@s obtained in

Perfluorinated (PF) GI-POF by substituting fluorife all hydrogen bonding in

polymer molecules. The first PF- GI-POF fibre wassented in 1994 [Koike-1994],
Asahi Glass., Ltd commercialized an amorphous PIPGF with the trade name of
“Lucind.

During the 1990s many researches attempted to emipOF for high speed

communications [Bates-1992]. However, the high badth characteristics of GlI-

POF was verified in 1990 [Ohtsuka-1990], a 17.3Giémmunication at 670nm
wavelength over 15m length. The first transmissiba 2.5Gbps using GI-POF over
100m, was reported in 1994. 11Gbps over 100m wheaed in 1999. A 1-Gbps
campus LAN using PF GI-POF was deployed at Keikovéhsity in 2000. Gl POF

has been used in Tokyo in houses complexes, htsspit@dical conferences halls,
and so on [Kaminow-2008a].

Despite the quick development of glass opticalefihrPOF has not been used in
optical networks until the 1990s decade. PMMA eithibattenuation about
100dB/km. SI-POF has a bandwidth in the order dfilifs/km, therefore, it is
appropriated for communications in distances shotten 100m, showing a
bandwidth near 100Mbps. On the other hand, PF-G¥-R&» attenuation reduced to
10dB/km, furthermore, its bandwidth can reathh7Gbps over 220m [Lee-2007,
Montero-2011]. This distance complies with the nd&#EE 10GBASE-LRM standard
[I[EEE-2006], which is developed for the supportlofGbE installed fibres. Based on all
these experiments it is clearly demonstrated tHatG®POF could cover broadband
fields, from the areas of very short-reach netwaokthe access networks.

For the reasons given above, POF is used in sigigtrde transmission systems. In
those applications, copper has not been replaceglasg optical fibres due to their
cost and the reduced bandwidth required. POF istdai for substituting copper

wires due to their intrinsic characteristics:

e Immune against EMI

e Safety, there is not explosion risk under flammattteospheres.

e Large bandwidth for short distances, less thanhumglred meters.
* Lightweight.

* Easy and economical processing.

» Easy in handling and connecting which reduces liasitan costs.

* Low radius of curvature.

» Safe in handling, it is suitable to consumer use.
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Thus, POF has been used in different areas sudutasnotive, avionics, home
networks, medical equipment or sensor applicatiSosie examples are:

* In the entertainment system in cars: Digital Domeestus (D2B), Media
Oriented System Transport (MOST) or IDB 1394 system

* In home networks.

e As sensors along or integrated in sensor networks.

* For control networks, such as Byteflight.

* In automation: Hke Profmet, Sercos or Fast Ethernet

* As Back Plane Interconnect, that consists on duitisij massive copper
wires links by optical fibres.

* Inillumination

Applications related to the present work are désctiin more detail in the following
sections.

[l.4.a.- Polymer Optical Fibres in Automobile Networks

The amount of multimedia applications in automabifes increased in last years,
radio turner, DVD (Digital Video Disc) player, Videdisplays, GPS (Global

Positioning System), Mobile... In 1998, the first hpgtion in data communication

used in vehicles and based on POF, it is DigitamBstic Bus (D2B), and was

developed by DaimlerChrysler. It allowed data rafeso 5.6Mbps.

Next generation of optical busses was the Mediar®@ed System Transport (MOST)
system. It was developed under the participatioseseral car manufacturers, such
Audi, BMW, DaimlerChrysler... Its bit rate was aba&Mbps, enough for DVD
data transmission [Muyshondt-2005, Schoénfeld-20Riler-2004, Baierl-2001].
Most architecture is based on a unidirectional ,riagd every device works as a
repeater.

The drawback of the architecture was the loss efatpn when a component fails.

To improve the system availability, a bypass switah be used as possible solution
for connecting/disconnecting new devices to the NI@®twork. Thus, the bypass

switch is closed when an Electronic Control UniC{ shuts down (see Figure II-

1). A possible implementation of a Plug and Play@zxtor and By-Pass Switch is
proposed in [Lallana-2007].

Plug and Play Connector

ECU
U Ws Switch

ECU
N MOST

Network

ECU

Diagnosis
Tool

ECU

Y-Coupler
Figure Il-1: Optical Fibre Ring Network
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MOST has separated the communication devices iffeveht networks according to
the bandwidth required:

* Power Train: ABS (Anti-Block System), EMS (EngineaMagement System),
Suspension, Gear Box.

* Body Electronics: Instrument Cluster, Air-Conditiog, Anti-Theft, Window
Control, Mirror Adjust, Seat Adjust.

* Chassis Systems: Steer-by-wire, Brake-by-wire.

» Surround Sensing: Access to Diagnosis Data, Eleictioogbook, Electronic
User Manual.

* Infotainment: Navigation, Telephone, Audio/Videddmet, Multimedia.

ﬂ\ Mulimedia [\\

ABS
Center [[CD |[DVD]
[ |

L Navigation
MOST .. | fRadi
Power Train GSM
| GearBox |
| | Gateway f— .
Chassis Sist. omiort bus

Steer by Wire =

Body Bus

Brake by Wire l—

| | | 1 |
Instrument Air Mirror Door Anti- [| Window

Cluster || Cond. g Adjust H Module H Thief H Control %
d

Figure lI-2: POF network within the Automobile

Each network satisfies the ISO/OSI seven layersaindthe total length of fibre
used in the car has been less than 30m. A scheaiatie different networks used in
a car is shown in Figure 1I-2.

Another system developed by BMW has been Byteflightonnects airbag systems
with other control components in the Intelligentfeéda Integration System. The
connectors and fibres used correspond to the MQ&fdard. However, the data
transmission is bidirectional on one fibre. Itsadedte is about 10Mbps.

The possibility of using Standar IEEE 1394, knowenFarewire, in automobiles has
been demonstrated by some carmakers. This stahdardeen widespread in home
applications and the desire of transmitting uncasped video data has produced
their deployment in vehicles. In addition, it h&® tpossibility to connect external
devices to the vehicle system via Customer Conweeid’ort (CCP). The standard
that comprises the greater requirements in vehislése Intelligent Data Bus (IDB)
1394. Transmission media for the described systas symmetrical twisted copper
cables, as well as POF was used for longer links.Maximum transmission lengths
were 10-18m.
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[1.4.b.- Polymer Optical Fibre in Home and Office Networks

Office Networks is deployed using Untwisted PaifR®) Cat5e and Cat6 cables and
multimode silica fibre. Cat5e allowed a data ratel@0Mbps over a distance of
100m, while Cat6 has a bandwidth of 600Mbps overgame distance. However,
UTP is affected by electromagnetic interference (ENh addition, the use of
wireless technologies made ease network instatiatio

Optical fibres are used for achieving higher traission data rates. Despite POF has
worst attenuation than silica fibres, it offers somdvantages such as its ease of
connection and installation, allowing lower curvatuadius and reduced cost.

The structure of the networks deployed in housém$ed in the technology used for
office networks. It is an extension of broadbandcess networks. A Home
Communication Controller (HCC) is in charge of ecting the information from
different services provided to the user, and diste the data to the entire house
using the in-home network.

Different topologies are possible for the netwofke most straightforward is the
point-to-point (P2P) architecture (Figure 11-3 (ayyhich uses a single fibre for
connection the HCC to each wall outlet in a roortiedhative of P2P technology is
the point-to-multipoint (P2MP) architecture. In tlree structure (Figure I1I-3 (b)),
each riser fibre connects each floor with the H&@nal is distributed for different
fibres to all the rooms in the floor. Instead cdtthin the bus architecture (Figure 11-3
(c)) the same fibre is used for distributing thgnsil along the floor.

(= =T
N
3 ) ! T !
2 2
1 | ] ! [Djf—; |
1 1
Acces |1 Acces
Network =={ HCC | Network —LHCEC |
(a) (b)
2 X\
1 l i
N
H
! 1 1 3 1 !
2 2
e | ] 1 T3 l
Network —LHCC | Network =={ HCC

(c) (d)
Figure II-3: Structures of In-Home Networks: (a) Point-to-Point, (b) Tree, (c) Bus, (d) Star

18



Chapter It Switches Technologies in Optical Networks

Finally, a multipoint-to-multipoint (MP2MP) architture is composed like a star-
shaped network (Figure 1I-3 (d)), where each wallllei is connected by a single
fibre to a star coupler placed near the HCC. Thieme allows the communication
between different rooms without the interventiortted HCC.

The architectures may be implemented in two flagpaH optical or opaque. In the
first scheme, no conversion to the electrical domsirequired, while in the second
type, opto-electric-optical (O/E/O) conversion eformed where it is required.

&

Building Distribution
25m / 650nm

__Building Distribution
60m / 470nm

4 Broadband Radio Cell

Optical Switch

2N

Acces Network ==
Figure lI-4: Example of POF Network within the House

Managed Node [— i—‘

A possible example of the network using POF is showrigure 11-4. The building
network is based on 470nm duplex POF transceiygrartments are equipped with
650nm simplex transceivers. Wireless systems atallad in the rooms, being each
room a pico-cell. As those signals reach the robrough optical fibres they are
called Radio over Fibre (RoF) systems.

In Chapter IV an advanced optical switch based igaitl Crystal [Lallana-2011] for
being used in POF networks is described; being &tblwork in multimode Radio
over Fibre (RoF) systems or as part of the HCC riteesat below.

[1.4.c.- Polymer Optical Fibre Sensors Networks

POF is also used in sensor networks; it can be hettdas the transmission media,
and as the sensor. POF networks makes possiblemiilementation of remote

sensing points, the measurement is transmitte@libykind of fibre to a remote point

for their evaluation

In many sensor applications, the distance betwblensensor and the evaluation
system is relatively short and the measurement doesequire high bandwidth. In

addition, optical fibre is safety in nature allogintheir use in flammable

atmospheres, avoiding explosion risks. In [Vazg2@@4] a level sensor for being
used in oil tanks is presented.
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POF in combination with switching devices permitreguling the number of
measuring points. In [Vazquez-2003] a 1x2 optigdatch allows the implementation
of a network with two measuring points that carabked in different time intervals.
The same scheme can be used for implementing & sgfem where an additional
sensor is used when the main one fails. A schertfemare sensor heads by using a
multiplexer is presented in Figure II-5.

fl P o
.
L]
fg & | Generation Unit
Detection Unit
Processing Unit
/
*, |Tanks Optical PC
- Multiplexing
L]

£ 7

Figure II-5: Scheme of a Multisensor System Based on POF [Vazquez-2004].

Furthermore, like occurs with glass fibres, POBIs® used as the sensor. A general
overview of Fibre optic sensors using POF is giwerfKalymnios-2004, Poisel-
2005]. POF based sensors can be classified inreliffegroups [Ziemann-2008],
some examples are given below.

* Transmission and Reflection Sensors

This kind of sensor is based on the coupling prigseof POF. The principle can be
used with other fibres, but POF has the advantddewing a large cross-sectional
area and numerical aperture. The structure consissfibre that guide light to the
measuring point, light that is coupled out and dediback in again, either into the
same fibre or into another. They are extrinsicefibptic sensors. The magnitude to
be measured modifies the returning optical powethe corresponding process can
be detected.

An example of this technique is presented in [V&zqR004], where the tank level is
measured by the light reflected in the liquid scefgsee Figure 1I-5). In [Zubia-
2007] a sensor for determining wind speed in a wgederator is presented, it is
based on the reflection obtained of the hollowtstbtylinder attached to the rotor’s
vanes of an anemometer.

This type of systems is suitable for measuringatic¢s, pressure or deformation.
» Sensor with Fibre as Sensitive Elements

This type of sensor exploit the influence of diéfiet parameter when light propagates
along an optical fibre. They are intrinsic fibretiopsensor. The most usual is the
increase of attenuation when the fibre is bent.
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[Durana-2009] reports an elongation POF sensomiamitoring the deflection of an
aircraft flap subjected to different types of laagliconditions. Two fibres are placed
in the flag surface; one was fixed on the top whkiile other is stuck to the bottom
one. When one of the measuring fibres is elongateder stress, the other is
compressed, and then light transmitted by the elmuyfibre covers a longer
distance and the phase difference between botbabgignals changes.

* Sensor with Surface-Modified Fibres

In many applications, the sensitivity obtained wihnormal fibre is insufficient.
Then, the sensitivity improves by making modifioas in the fibre. Such
modification can be mechanical damage to the cleygdihanges in the refractive
index or a coating with chemically active materials

A sensor developed by Siemens- VDO used for degaollision with pedestrians
is presented in [Miedreich-2004, Djordjevich-2008]at is based on a POF with
certain zones of the cladding damaged used for unegsthe deflection. Another
sensor used in automobile industry is an evanesiebtsensor for jam protection in
car windows [KodI-2003, Poisel-2005], that is based a POF without optical
cladding. [Lomera-2007] proposes a sensor for measgliquid fluid levels that also
uses a surface effect. In [Montero-2009] a sekénficing intensity based sensor for
liquid detection is proposed. It is based on begdlisses of a partially polished POF
coupler.

* Sensor for Chemical Materials

The presence of chemical materials can be detdoyedsing a POF with the
sensitive material, which modify light transmissialong the fibre, correspondingly
to the desired element.

[1.5.- Parameters of Optical Switches

Once an overview of the optical network and arochiiction about POF applications
have been given, it is time to introduce the optseatches used in optical networks.
Before starting with the optical switching explaoat the parameters used in the
description of optical switches are introduced Hapadimitrou-2003, Chua-2010,
Rivero-2008]. Parameters definitions are based ignr€& [I-6 nomenclature. Only

one active input (with incoming light) is considérefor describing these

characteristics.

Switches characteristics have to be taken intowdcgduring optical network design
in order to fulfil transmission requirements. Thesetors affect to the system
operation causing a system failure if the restiidiare not properly calculated.

The description of the parameters is in three gestidepending on their application
range. In the first part, there are the parametdased to the switch performance. In
a second subsection, the parameters related tmretequirements are introduced.
Finally, system requirements considerations aregumted.
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I1.5.a.- Switch Performance Parameters

Among the different parameters that describe opswdtiches behaviour, the main
characteristics are:

- 4 Pl
I:’1return 1 . 1
— 2 Optical 2| =
T . . BN I:’iou
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- — j/. -
Preturn . Pn
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“Pen " il I

Figure II-6: Optical Switch Schematic for Parameter s Definition.

* Insertion Loss

Insertion Loss refers to the fraction of the inpiginal power that is lost when light is
transmitted through the switch towards one of itgpats. It consists of coupling loss,
waveguide propagation loss, and excess loss. riteéasured in decibels (dB) and
must be as small as possible and its value shaulchliorm over all the input-output
connections

i
IL =-10 mog(itjﬂj >0 [1-1]
Pa

* Excess Loss
Excess Loss is the ratio of the total power at @tlpot ports to the input power.
n
k
Z POUt

EL =-100og ":1—J >0 [1-2]

in

e Crosstalk

Crosstalk is the ratio of the power leaked to tlo¢ selected output to the input
power. It is used to measure the signal interfexelbetween channels. This ratio
should be low.

n

n
CT= 10Dog[%j <0 [11-3]
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e Extinction Ratio (ON — OFF switches)

Extinction Ratio is the ratio of the output powetle on-state to the output power in
the off-state. This ratio should be as large asipless

* Return Loss

Return Loss refers to the ratio of the optical poveturned to the input port to the
input power.

j
IL =-10 mog[i;t] >0 [11-4]
in

* Directivity

Directivity is the ratio of the power returned toyaother input to the input power.

Pm
IL =-10 Eﬂog(%j >0 [11-5]

return
* Switching Time

Switching time is the time elapsed from the switchcommand to the moment the
signal in the correspondent output is stable (90%efinal value when it is a rising
transition and 10% in the falling one).

* Polarization Dependence Loss (PDL)

Polarization Dependence Loss is the peak-to-pdédreince in transmission for light
with orthogonal states of polarization. Optical telves must have low PDL (typ. <
0.5dB).

e Other switch performance parameters

The Polarization Mode DispersiofPMD) specifies the dispersion produced in the
information transmitted because distinct polaraatstates travel at different speeds
when they pass through the switch. Hiterate gives the amount of bits per second
that the switch can managejavelength dependencs the different parameters
quantifies similarities in their operation wavelémgange angymmetryimplies the
difference between switching timesadn-offandoff-ontransitions.

[1.5.b.- Network Requirements

Multicast indicates the capability of the switch for routingput data to several
outputs simultaneously. Switchmensiongefers to the amount of input/output ports
of the devicescalability is the ability to obtain switches with a greatemer of
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ports from a basic low-port count structure, aot-blockingmeans the flexibility to
route or reroute any input port to any unused dytpu.

[1.5.c.- System Requirements

Other parameters to be taken into account whenguieg a system are:
scalability/reliability that measures the switctetime, port to port repeatability that
alludes to the length equality of the differentiogit paths in the switching matrix,
power consumption that refers to the electrical govequired for switch operation
or cost.

[1.6.- Type of Switches

The main advantage of optical switching is that vedlooptical routing without
converting the transmitted information to the eieal domain. The elimination of
the two required conversions (optical to electramadl electrical to optical) improves
the system characteristics: reduces the networkpewunt, increases switching
speeds and decreases operating power [Papadirgid@®;- Ma-2003 and Rivero-
2008].

Up to now, limitations in optical technology, haliemited management task of
optical switches in data transmission, such as getaessing or buffering in the
optical domain. Three approaches have been propfmsethe migration of the
switching functions from electronics to optics. @pt Packet Switching (OPS)
offers almost arbitrary granularity comparable torently applied electrical packet

switching and require faster switches, in the neaoosd range [Liua-2006]

Generalized Multi-Protocol Label Switching (GMPL$Jovides bandwidth at a
granularity of a wavelength and Optical Burst Shing (OBS) that lies between
them [Papadimitrou-2003].

I1.6.a.- Applications of Optical Switches

Optical switches are widely used in the next neknapplications. Their use depends
on the type of network in which the switch is enygd.

* Optical Cross-Connects (OXC)

This kind of switches performs the interconnectidmliéferent network nodes using
a dedicated wavelength, creating a lightpath. Is tivay, OXCs allow the
transmission of information point-to-point [Ramasw&2002]. Switches used inside
OXCs reconfigure them to support new lightpaths.

All optical cross connects switch data without aayversion to electrical domain,
they are independent of the protocol and the dataused. On the other hand, they
are not able for implementing managing functionsl #éimy do not allow signal
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regeneration. Although the determination of theimium response time required for
wavelength division multiplexing (WDM) transport ta@rk restoration or flexible
bandwidth allocation depends on several networkagament and service-related
issues, it is widely agreed that the switching twhan OXC should not exceed a few
tens of milliseconds [MacDonald-2000].

* Protection Switches

This application allows data transmission even wheretwork-level failure occurs.
Optical protection functions usually require optisaitches with smaller amount of
ports, 1x2 or 2x2.

Optical switches developed for these applicatioagehto be reliable, since these
switches are single points of failure in the netwdn addition, switching speed is
not a critical requirement because different task @ecessary to determine the
failure, and these processes take longer thanptieabswitch.

* Optical Add/Drop Multiplexer (OADM)

These multiplexers allow the insertion (add) andher extraction (drop) of optical
channels (wavelengths) to or from the optical tnaission stream. Using OADMs,
channels in a multi-wavelength signal can be addeddropped without any
electronic processing. If they can be reconfigutedy are named ROADM. They
can be used as building blocks for optical crogmeats (OXC).

* Optical Signal Monitoring

These switches tap a portion of a Wavelength Diniditultiplexing (WDM) signal,
and supervise each optical channel characteristibey are also referred to as
Optical Spectral Monitoring (OSM).

They use a small power portion of the optical sigtrahsmitted; separate the
obtained light in individual wavelengths and cohtifeeir accuracy, optical power
levels and optical crosstalk.

Switches used in this application should have lesertion loss and good uniformity
[Dugan-2001]

* Network Provisioning

This application refers to reconfigurable switchleattallow establishing new data
routes or modifying established ones. A network tdwishould carry out
reconfiguration request over time intervals of alfew minutes.

The requirements of the response time and the numbgorts for the optical
switching applications are shown in Figure II-7 fffieemer-2001].
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Figure II-7: Requirements of Optical Switching Applications

[1.6.b.- Optical Switching Technologies

According to the technology used in the implemeatadf the optical switch and the
principle used for switching, they can be clasdifie the following types:

¢ Opto-mechanical Switches

In this type of devices, the switching functioncarried out by some mechanical
means. Prisms, mirrors and directional couplersuaeel from perform switching.

This technology was the first commercially availabléey exhibit low insertion
losses, low PDL, low crosstalk and low fabricatmost. Their switching speeds are
in the order of milliseconds. Opto-mechanical shats are used in fibre protection
and low port count wavelength add/drop applications

* Micro-Electromechanical Systems (MEMS)

Although this technology can be considered as asexttton of the previous
technology, it is presented separated because ibéan widely developed, having a
great interest in telecommunication applications.

It consists of small mobile refractive surfacesroms that route incident light beams
according to their destination. Two typical dispiasis are possible for implementing
OXC using MEMS: two dimensions (2-D MEMS) and thrdenensions (3-D
MEMS) [Dobbelaere-2002]. In the first type, the mienirrors are distributed in a
cross-bar configuration in a single plane (see f@di+8). These switches have N
input and N output ports and’Kirrors. Collimated optical beams propagate pekall
to the surface where the micro-mirrors are plagetive micro-mirrors are moved to
the light path reflecting the optical signal at, 98m the incident beam, towards the

26



Chapter It Switches Technologies in Optical Networks

active output. Switches based on 2-D MEMS are djgtace there are two possible
mirror position. Reconfigurable OADMs can be alspiemented using this kind of
MEMS.

Figure II-8: Optical Switch Based on 2-D MEMS

2-D MEMS are not scalable over 32 inputs and 32 wstgue to the exponential
growing in the amount of mirrors and possible reule addition, when the switch
has more inputs, light travels more length wherseashrough the switch.

For larger switches, 3-D MEMS are the solution. Tasyformed by two 2-D matrix

of mirrors placed in front of the input ports angtut ports respectively; there is a
dedicated movable mirror for each input port and dach output port. A pair of

mirrors moves in order to direct the input lightttee desired output port. Mirrors
operate in analogue mode, and are able to moweo@xes [Ramaswami-2002].

By using 3-D MEMS, very large port count OXC switsh&ith more than 1000
inputs and outputs, are possible. A drawback of thind of switches is the
complexity required for the feedback system requifer maintaining mirrors’
positions.

Mirror movement is obtained by different methodse Tiieeded forces that move
optical parts in the switch may be electrostatiecteomagnetic or thermal, but
electrostatic actuation is the preferred methodikbao their easy manufacture and
integration, and because it allows low power consion. A batch fabrication
process allows high volume of production of lowtadavices, where many switches
can be manufactured on a single silicon wafer.

Switches based on MEMS technology have low lossrtséwitching time, low
power consumption, low crosstalk and polarizatitieats, and they are independent
of wavelength and bit rate. Apart from OXC applicas, switches bases on this
technology are used in OADM, optical service matig or optical protection
switching. Their main drawbacks are the mirror fedion, the opto-mechanical
packaging, the mirror control algorithm and implertagion.

* Thermo-optic Switches

The operation of these devices consists on thetiariaf the refraction index due to
temperature modification of the material. There ave switches groups: Thermo-
Optic Switches (TOSW) where the thermo-optic effectapplied to an optical
waveguide, and the others that are based on thadheptic effects of materials.
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TOSW are composed by two basic types, InterferometigtcBes and Digital
Optical Switches (DOS) [Bregni-2001]. They are ubuaitegrated optical devices
composed by two interacting waveguide arms whegbt lpropagates through it
[Sakuma-2001]. The phase error between light tremgellor both arms determines
the amount of light at output port. By heating @fiehe arms the refraction index is
modified and the light transmission changes.

Interferometric switches are usually based on thectMZehnder Interferometer
(MZl) (see Figure 11-9). The MZI is comprised of tvBalB couplers joint by two
waveguides. Input signal splits in the first cow@ad recombines in the second one.
If the two waveguides that connect both coupleesidentical, both optical beams
are in phase and the recombined signal that coraeslf 1 has a maximum i@ut 2
and a minimum iOut 1

In 1 Out 1

In 2 / \ Out 2

-3dB Coupler  Heating Electrodes -3dB Coupler

Figure 11-9: Scheme of a 2x2 MZI based Switch

If a modification of the refraction index of one tbiis waveguides is induced, one
optical beam is delayed respect to the other onger\Wthe two optical paths are in
phase opposition, the recombined signal has a ma®im Out 1and a minimum in
Out 2 Then, the switch output is selected by modifyiing trefractive index
difference between both waveguidef;. The refractive index variation of the
waveguide is usually controlled by using the theiwptic effect.

More detail information about this kind of switchissgiven in Chapter V, where a
Tap and Two Split Switch for being used in Multic&stpable Optical Cross
Connects (MC-OXC) architecture based on Mach Zehmaterferometer MZI is
proposed [Fernandez-2009].

A generalized version of a MZI is based on the Muide Interference (MMI). A
MMI coupler consists of a wider waveguide, whichthe MMI zone, where smaller
input/output waveguides are attached.

According to [Soldano-1995] the self-imaging prplei is produced in a MMI
waveguide, and can be stated as follo@slf-imaging is a property of multimode
waveguides by which an input field profile is refwoed in single or multiple images
at periodic intervals along the propagation direxti of the waveguideConsistent
with this, an NxN coupler can be implemented byngsa MMI zone with the
adequate length and placing the input/output wadegun the proper positions.

Compact MMI couplers with tunable power splittingtios are presented in
[Leuthold-2001]. This idea exploits the self-imagipgnciple fulfilled in an MMI
waveguide. Output self-image depends on the prevgaif-images formed in the
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waveguide, consequently, if the previous self-insagee modified, the output self-
image changes. This can be accomplished by indwirgfraction index variation
around some selected spots within the MMI where $k#-images occur. An
example of this structure is shown in Figure II-10.

MMI Tunable Section
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Figure II-10: MMI Coupler with Tunable Power Splitting Ratios

Other interferometric switches are based on RingoRators that are made of a
closed circular waveguide coupled to one or mopauttoutput waveguides (see
Figure 1I-11). One part of the input light couplesthe loop, and travels back along
the ring. Light in the loop interferes with the utdight, and depending on the light
wavelength, constructive or destructive interfeeeiscpossible.

Resonant frequencies correspond with destructiesfarences, which depend on the
optical delay time. The optical delay time correggwmvith the time taken by light
when is propagated along the loop. Thus, dependmng¢he light wavelength that
passes through the device, it is transmitted, loeréd if it matches up with the
resonant frequency of the RR.

Straight
Input : Output

Cross
-

Outout
Figure II-11: Basic Structure of a Ring Resonator

Resonant frequencies of a RR can be modified bygihg the optical delay time. It
is done by modifying the refractive index of theopo usually by means of the
thermo-optic effect or current injection.

Other different technologies are used for carrying the variation of the loop’s
refraction index: applying a voltage [Maune-2008jagneto-optic [Tanushi-2005],
even by modifying the refraction index of the clendd The inclusion of a Liquid
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Crystal waveguide inside the loop for modifying iehaviour is proposed in
[Vazquez-2007]. This technique is further descritmeGhapter V.

An all-optical switch can be implemented by applyiother beam in the same
wavelength range. Light is absorbed by siliconhl®y Two-Photon Absorption (TPA)
effect, thus free carriers are created in the neteConsequently, the refraction
index is changed and this modifies the resonaguiacies. This process happens in
the tens of picoseconds [Almeida-2004].

On the other hand, examples of switches baseseothénmo-optic effect on material
are Bubble type Switches, Thermocapillarity or Cdadkcrosphere Resonators.

Bubble SwitchegFouquet-1998] have been developed by Agilentcaisists on
delivering light from on waveguide to a crossingveguide in silica Planar
Lightwave Circuit (PLC) using Total Internal Reflawti (TIR) of the interface
between a waveguide and a thermally generated éuBhibbles are created and
sustained in an organic fluid index matched tocailPLC by heaters that are
deposited on an attached silicon substrate. Nolbslave formed in the fluid when it
Is not heated, thus light can be transmitted alieginput waveguide without any
reflection. Insertion Loss near 8dB and responsegi about 10ms are achieved
using this technology [Uebbing-2006].

Thermo-capillarity Optical Switchedias the operation principle [Sakata-2001,
Rivero-2008, Makihara-2000] that consists of a sig waveguide substrate that
has a groove at each crossing point with a paimafro-heaters. The groove is
partially filled with the refractive index matchidgjuid and it is sealed by an upper
lid.

Optical switching is based on the liquid movememdpiced by the surface tension
in the liquid caused by heating (thermo-capillgritfthen the liquid is present at the
crossing point, the light is transmitted througle tjroove. On contrast, when the
liquid moves away from the crossing point, the algis reflected to the crossing
waveguide thanks to the TIR produced on the groedl. Whese switches have
switching time better than 50ms.

Coated Microsphere Resonators Switcli€apalian-2002] are a special type of
spherical resonator cavities. Microspheres areexdimensional Whispering Gallery
Modes (WGM), typically 50-50@m in diameter, which can be fabricated by melting
an optical fibre edge. The process creates a snsoothice, which contributes to low
optical WGM propagation losses. The spherical cumeatperpendicular to the
optical path in microspheres focuses the WGMs, geslthe mode volume, and thus
increases the cavity quality fact@y,

WGMs propagate by TIR around the sphere equatoraireng confined in a thin
layer beneath the surface in switches based on tdghnology. The WGM
frequencies are sensitive to the shape and nddreinvironment of the microsphere.
For optical switching, this sensitivity is explait®éy coating the microsphere with a
conjugated polymer film. The resonator mode freqie=nare shift when the polymer
coating film is pumped. As the pump light is absattby the coated microsphere, its
temperature increases and the resonant frequenmodsfied. These switches are
easy manufacture and have switching timer in teroof 100ms.
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* Electro-optic Switches

Theses kind of switches perform switching by usihgcteo-optic effects, which
usually offers better response times compared witier technologies. The main
technologies are based on Lithium Niobate (LiNJpOSemiconductors Optical
Amplifiers (SOA), Liquid Crystals (LC), Electro-haloafic (EH) and Brag Gratings
electronically switching.

Lithium Niobate (LINbQ) switches are based on the large electro-opticficaaft
of this material, its refractive index is sensilideelectric fields [Krahenbul-2002,
Ma-2003]. One of its applications is the 2x2 dim@cal coupler based on
interference. Its coupling ration is modified byaalging the refractive index of the
material in the coupling area [Potasek-2002].

Switching time is limited by the capacitance of électrode configuration, but times
less than nanoseconds are achieved with this temyndPolarization independence
is possible but higher voltage is need, which kntite switching time. On contrast,
the main drawbacks of this kind of switches areirtiiegh insertion loss and
crosstalk.

Semiconductor Optical Amplifier (SOA)ased switches are optical devices
controlled by current [Nashimoto-2001]. These deviaee used for many purposes
in optical networks. SOAs can be used as opticasgthat are turned OFF/ON by
controlling its bias current [Sakuma-2001]. Wher thias voltage is reduce, no
population inversion is achieved, and the deviceodls the input signals. On the
other hand, when bias voltage is present, the deancplifies the input signal. High
extinction ratio is obtained thanks to the comboratof amplification with
absorption.

Other types of semiconductor switches are base @ahadvl MMI couplers that are
presented in section II-6.b. In [Ramos-2009] itngoduced an active MZI built
using a combination of a MZI structure with SOAs.

Liquid Crystal (LC) switches are based on the electro-optic ptogse of some
organic materials, which have intermediate charmties between crystalline solids
and amorphous liquids. They are anisotropic in sproperties as dielectric constant
or refractive index, like solids, and simultanegusiey are fluids. Consequently,
their optical properties can be controlled by appuyvoltage. The electro-optic
coefficient in LC is higher than in LiNb{ which makes them one of the most
efficient electro-optics materials.

LC switches control the polarization state of theident light by driving voltage to
the LC. The polarization change, in combination withlarization selective beam
splitters allows optical space switching. An opti@&1 multiplexer using this
technique is presented in [Lallana-2006]. A morenplex structure that allows the
implementation of several functionalities is propdsn [Lallana-2011]. Section 111.1
explains operation of some LC switches in moreitleta

A special case of NLC is a polymer dispersed ligengstal (PDLC).This type of
Liquid Crystals is used for implementing Variableptidal Attenuators (VOA)
[Ramanitra-2003, Chanclou-2005, Jurado-2005]. A oation of a 3x1 Optical
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Multiplexer that can perform independent variaherauation over each individual
input port is proposed in [Lallana-2008]. PDLC babar is presented in more detail
in Chapter Il

Electro-holographic (EH3witches are based on control of the reconstnugirocess
of volume holograms by externally applying and &ledield [Agranat-1999]. This
technique uses a prefixed hologram stored in a p@tid Light Modulator (LC-
SLM) for directing the input light beam to the se&l output port.

The device consists of a Potassium Lithium TantaNitbate (KLTN) crystal in
which a volume electro-holographic grating is poestl. When voltage is not driven
to the crystal, the incident beam is transmittédnl electric beam is applied to the
crystal, the incoming beam incident at 45° to theut plane is diffracted and is
emerged from the crystal at 45° to the output plamaddition, lower voltage values
induce that less optical power is reflected.

The structure of a electro-holographic switchingnwas shown in Figure [I-12. The
switches are arranged in a crossbar configuraiible. WDM signal is propagated
along the lower row and it is split in single waamgith channels by a set of passive
filters. Each component propagates along one ottihemns of the crossbar. The
desired components are directed to the desiredubbip activating the appropriate
EH switch.

. Managing
Port

\

> Outputs

W Il ed

SIE
Input L Z ranmran

Figure I-12: Electro-holographic Switch
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Multicast and any combination of the input wavekllisgin an output port are
possible. Besides, residual power of each chanael lie used for monitoring
wavelengths and dynamic power management is feasibl

A 1xN electro-holographic switch based in an eleatly addressed Spatial Light
Modulator (SLM) is presented in [Fracasso-2003]oferates at 1550nm, using
Ferroelectric Liquid Crystal (FLC) modulators prdwig fast switching times.

Electronically switchable waveguide Bragg Gratingshich are based on
holographic polymerized polymer/liquid crystal covsfies, are a mixture between
LC and EH.
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* Acousto-optic Switches

Acousto-optic Switches are based on the acousio-@ftect of some materials,
where the refractive index of an optical mediummisdulated by acoustic waves,
such as the peratellurite (T@QSapriel-2002] or LINb@ [d’Alessandro-1993]. An
acoustic wave or elastic wave travelling in a medinduces a periodical strain in
the medium that alters the polarizability of thetemal and, consequently, its
refractive index.

The refractive index modulation caused in the matenduces a dynamic phase
grating that can diffract light. If the material isotropic, the diffraction due to
acousto-optic effect results in beam deflection. dnisotropic materials, this
deflection comes along with variation in light patation.

The principle of polarization insensitive acoustdiopwitch is as follows. The input
signal is split in two polarized beams by meana &olarizing Beam Splitter (PBS).
These two components are directed to two parallelegaides TE mode (S-
Polarized light) goes to the lower waveguide wiile TM mode (P-Polarized light)
travels along the upper waveguide.

A surface acoustic wave is created and propagateithd same direction as the
lightwaves. Thanks to the acousto-optic effect ia thaterial, the equivalent of a
moving grating is formed and can be phase-matcbednt optical wave at the

selected wavelength. A phase matched signal chatgeslarization state, while a

non-matched signals maintains its polarizationestitnally, the PBS placed at the
end of the switch joints the obtained signals i shitable output depending on the
switch state.

Then, if the optical waves are phased matched tadbastic wave, their polarization

stares are switched, in the upper waveguide a &ipetl beam is obtained and a P-
polarized is gotten in the lower waveguide. The RBS directs both polarized lights

to the upper output port. On contrast, for the ucimed phase optical waves, both
polarizations remains, and the light beams areegliid the lower output.

If the incoming signal is multiwavelength, it isgsable to switch several different
wavelengths simultaneously, as it is feasible thuge various acoustic waves in the
material with distinct frequencies at the same time

* Opto-optical Switches

Opto-optical switches are based on the intensipeddent nonlinear effect in optical
waveguides, such as two-photon absorption, Lighéwself action that induces the
Self Phase Modulation (SPM) phenomenon and the &féect that causes the Four
Wave Mixing (FWM) and the Cross Phase ModulatioRkX [Ma-2003].

There are two main types of opto-optical switchestical fibre-based switches
[Potasek-2002] and Semiconductor-based Switchesicaductor-based all optical
waveguide are low consumption, ultrafast (less thmoseconds), high crosstalk,
operating at room temperature and polarizationpeddent.
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[1.7.- Comparison between Optical Switches

Good switches should have low insertion loss, loasstalk, and low switching
voltage/consumption. Table I[I-1 summarizes most ingm parameters of the
different switching technologies that are preseiefdre.

¢ Opto-mechanical Switches

Opto-mechanical switches are the first devices ldgeel for optical switching. For
this reason, in general, they exhibit lower switchspeeds, but they are also more
expanded than other technologies.

Equally than other electromechanical devices, treehigh crosstalk, low insertion
loss and PDL. On the other hand, their switchingesis are in the order of
milliseconds and present high power consumption.

* Micro-Electromechanical Systems (MEMS)

MEMS have low insertion loss, low crosstalk, are alamgth and polarization
independent. They are used in large OXC that opermatbackbones, but introduces
more complexity in terms of controlling in the dlécal part of the device, which
make them less attractive for other application® ADMs or small-scale switches.

In general, free space switches exhibit switchingetnear 1ms, which make them
suitable for protection and restoration in the agdtilayer where no frequent state
changes happens. Planar waveguides switches basgitioa on Silicon (SOS) have

the advantage of integrated optics and the mechlaituation, while those based on
Silicon Over Insulator (SOI) have very high swittfpispeed, on the order of 1ns.

In general, MEMS require high excitation voltagesl dnigh power consumption.
They have good stability, but lower than other tedbgies due to the use of mobile
parts. In addition, free space MEMS cannot perfdiendrop-and-continue function,
which is important for implementing multicast capisies.

* Thermo-optic Switches

The principal advantage of this kind of switchetheir polarization insensitivity and
their switching speed. They have low crosstalk aethtively medium-high
extinction ratio values. Nevertheless, interferandbased switches are strongly
wavelength dependent. Their temperature dependea&es necessary their control
for managing properly the device’s operation.

* Electro-optic Switches

In general, the main characteristic of the devioased in this technology is their
switching speed. SOA and MMI switches have switghgpeeds in the order of
nanoseconds, even hundreds of picoseconds. Dewesgd in these two
technologies have also low insertion losses in @mpn with switches based on
LiNbO3 and LC that exhibit higher insertion loss but diggher crosstalk.
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Electro-optic switches are stable and reliable. €hgsaracteristics in conjunction
with their switching speeds make these switchetlgig for being used in Optical
Packet Switching, Optical Burst Switching or Fasiniultiplex/Multiplex of Ultra
High Capacity optical signal. On contrast, fasgsitches present higher excitation
voltages.

* Acousto-optic Switches

This kind of devices has good switching speeds,hie order of hundreds of
nanoseconds. Theses switches can also operate witlplen wavelengths, which
make them suitable for being used in frequencycteke switches for WDM
networks.

Their relatively low crosstalk and some time dep@ndatermodulation effects limit
their use in WDM networks to 2nm wavelength spadgstems. In addition, due to
their switching speeds, these switches allow thplementation of multicast, and
require low power consumption. On contrast, they\ary expensive.

* Opto-optical Switches

The main advantages of the Opto-optical switcheartapom their fast switching
speeds (in the order of picoseconds), is theirsprarency with network protocols,
bitrates and the amount of channels they can mamageldition, they reduce their
cost and their power consumption because theren@ireany electrical to optical
conversion.
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Switch A Dimensions Cross-Talk Insertion loss PDL Turn-on/ Control Application Cost
(nm) (dB) (dB) (dB) D. time Voltage P
MEMs (Free Space)
[Dobbelaere-2002] 12 ))((816 <17 High Capaciy
Mirror/gap-closing 1550 <-50 0.25 ms <50V Backbone Low
. (Upto <31
electrostatic actuator Networks or OXC
512 x 512)
[Peter-2002] Micro-
optical fiber switch for al Sub-
large number of 1550 I1xN <-30 2~3 Low ¥ <190V (0) (@ Low
: . millisecond
interconnects using a
deformable mirror
MEMs (Waveguide)
[Chen-2010] MEMs Small scale Switch
Multifunction Optical 1550 1x2 -39 25 0.7 9ms 139.3vV Low
. or OADM
Device
[Ollier-2002] SO 1250 1x2 <-42 <15 <05 Small scale Switch
technology by LETI - 1 ms <70V OADM Low
gy by 1650 1x8 <-52 <2 <0.3 or
Thermo-optic Switch
[Han-2009] 10-Channel| 1530
Polymer Thermo-Optic - 1x10 <-45 1.35 0.1 5ms 50mwW ROADM
Digital Optical Switch 1560
[Mizuno-2005] MZI et For practical large-
. X - 2x2 -30 1.6 0.1 :
Thermo Optic Switch 1610 scale switch
[Okuno-2003] Optical 1x128 -63 2.6 1-3ms 3.5W .
. . " Medium scale
Switches Using Silica- matrix
based PLC Technology 16 x 16 -59 5.6 13W
i _ 1500 4 (shorter path) Promising
E:Saalﬁ?at?itzgoii]czr g:/vmit(():h - N x N <-30 - Low 6ms (()215\2/\)/ Large scale matrix Commerci
P yop 1600 10 (longer path) alization
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Switch A Dimensions Cross-Talk Insertion loss PDL Turn-on/ Control Application Cost
(nm) (dB) (dB) (dB) D. time Voltage P
[Tapalian-2002] Thermo- Promising for
optical swltch using 1500 1x2 Very High Exceptionally Low 100ms 405 nm Laser ultradense WDM
coated microsphere Q>10 Low (10'mw/cnt)
channel networks
resonators
1260-
[Uebbing-2006] 1360
Heat and Fluid Flow in arn --- -55 8.5 0.2 10ms 25dBm Large scale matrix Low
Optical Switch Bubble | 1480-
1580
Electro-optic Switch
N . 1520 Moderated sized
[K_r.ahenbuI-ZOOZ] - 1x2 > 45 4 Indepen- 5ns 18V switch matrix Low
Ti : LINbO; DOS dent .
1570 switch
[Nashimoto-2001] 1x2 <-22 Indepen- Small scale switch
PLZ DOS Good 48 < -40 5 dent 20ns 1ov or OADM Low
. Not
[Gallep-2002] SOA- 1x4 Small scale switch .
based switch 1x8 <-12 0 <1 200ps 200mA or OADM Cc;rl?znézrm
[Zzheng2011] Polymer o .
silicon MZI based 1550 22 30 6.7 1375y SM seale switeh
Electro- Optic Switch
Electro-Optic Based on Liquid Crystals
1300 1x2 Avoided by
[Riza-1998a] EH Optical Management 0.5 per switch Very 300W Not
Switch (1x2) and (Upto and operation Low <10ns (240 x240) OxC disclosed
1500 240 x 240) o
Monitoring
[Lallana-2006] Optical | 650- ) B .
Multiplexer based on L{ 850 3x1 24 4 5—-20ms 3Vrms Protection
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Switch

(hm)

Dimensions

Cross-Talk
(dB)

Insertion loss

(dB)

PDL
(dB)

Turn-on/
D. time

Control
Voltage

Application

Cost

[Yang-2008a]
Bidirectional
2x2 Switch FLC
[Lallana2011] Advance
Multifunctional Optical
Switch

NLC

808

532-
850

2x2

2 x (3x1)

-36.22

-15

2.5

~15

60.6us
35us

~10 - 100ms

+15
5V

5Vrms

Protection and
Restoration

[Chanclou-2005] Optica
Fibered VOA Using
Phase Shifting PDLC
[Lallana-2008]
Multiplexer and VOA
based on PDLC
[Fracasso-2003] EH LC
Wavelength Selective
Optical Switch
[Domash-1997]
Electronically Switchabl
waveguide Bragg
gratings switch

1550

530-
650

1550

1400

1600

1x1

3x1

1x14

2X2

-32 (ER)

<1

1.6

10

<1

0.18

0.6

Very
Low

2.6-12.4ms

"'ﬂl@

10~ 15ns

20Vrms

20Vrms

50mwW

VOA

VOA

OADM

Potentially
Low

Acousto-Optic Switch

[Quintard-2009] 2x2
Acousto-Optic Optical
Switch

1550

2X2

17

0.5

200 ns

200mw

Wavelength

selective switch

Vey high

Opto-Optical Switch

[Porzi-2010] All-Optical
Low Power 2x2 Cross/

Bar Switch with SOA

1540

2x2

-18

2.3

(Optical
Control)
3dBm

OXC

Table II-1: Comparison between Different Switching Technologies.
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Chapter Il

Switches Based

on Liquid Crystals

In this chapter, the description of switches based on Liquid Crystal and some
novel devices are presented.,

An introduction about switches based on Liquid Crystal and the basic structure
for optical switches is described. The principle of operation of Nematic Liquid
Crystal cells and Polymer Dispersed Liquid Cristal technology is also presented.

Polarization management switching using liquid crystal is described and 3x1
Multiplexer based on polarization management is proposed. Implementation
and characterization of the device are given in last part of the section.

The structure of an optical multiplexer and Variable Optical Attenuation based
on Polymer Dispersed Liquid Crystal is given in the last part of this chapter.
Implementation and characterization of the device are also presented.
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Chapter IIt Switches Based on Liquid Crystals

[11.1.- Introduction to Liquid Crystal Switches

Some basics aspects about switches based on L@Epystal are reported in this
section [Li-2010]. In last decades, a large amoohtapplications used Liquid

Crystals (LCs), most of them related to display€slare organic compounds that
possess characteristics intermediates betweenaltiryst solids and amorphous
liquids. They are anisotropic in some propertiesdaslectric constant or refractive
index, like solids, and simultaneously they aredfu For this reason, their optical
properties can be controlled by means of low aleéiglds.

Due to the LCs nature, they are filled into celisarder to implement LC based
devices. Cell structure is shown in Figure lll-1.call consists of a thin layer of
material sandwiched between two glass substratesthitkness of the LC layer is
kept uniform by using small spacers made of plasticrospheres or glass fibre.
Transparent electrodes, usually Indium Tin Oxide (IT@)e placed inside the
substrates in order to apply an electric fieldn® iLC molecules and controlling light
transmission through the LC cell. Rubbed alignniiémis are needed to force the LC
molecular orientation on the substrates [Takatol6R00

Transmesission of Light

~@—Polarizer

——_— Spacers
op Glass
B Liquid Crystal
Transparent Electrode =P s e—-us—=
p — S o— Polarizer
Bottom Glass ——%"

Figure lll-1: Structure of a LC Cell

[ll.1.a.- Basic Liquid Crystal Structures for Optical Switches

In last years, LC cells are being used in optisgitching in telecommunications
networks [Hardy-1999, Cornwell-2000]. Differentwsttures based on LCs have been
proposed in literature: twisted Nematic (TN) celrface Stabilized Ferroelectric
Liquid Crystals (SSFLC) or LC Spatial Light Modwas (SLM). The first ones are
described in section IlI-2.

SSFLC cells are the most widely used devices basedLC. In these devices, the
FLC layer between both glass substrates is very, thior 2um, thus the natural
helical structure is unwrapped [Clark-1980]. Insthiind of cells, the bistable
bookshelf layer is the molecular orientation mastd) in order to prevent the natural
helix formation, it is necessary to stabilize thaanoscopic spontaneous polarization
vector by the surface.
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The electro-optic effect is a rotation on the sntectine driven by coupling between
the polarization and the electric field. When atagé is applied, the molecular
orientation changes and the device remains indheesstate until an opposite voltage
is driven, thus, this structure has memory effediistability.

When a SSLC device is placed between crossed petayiwith one of them parallel
to the molecular axis of one of the two stableestat very low transmission is
obtained for one of these states. Optical transang®r the other state is optimum
for a given wavelength, and decreases abruptlyptioers. Response times of a few
microseconds can be achieved with low switchingtagds and low power
consumption.

A LC-SLM is a device that modulates in one or twmehsions an optical beam in
amplitude, phase or polarization, using the bingfence properties of the LC. Most
of the LC-SLMs are driven electrically, but optigahddressed analogue light valves
are also proposed [Moddel-1989].

Most widespread LC-SLMs are transmissive panelsdbiasist of a LC layer aligned
between two glass substrates and make use of the Aibm Transistor (TFT)
technology for controlling the voltage applied tack pixel. Such displays are used
for laptop computers, Televisions...

More compact LC-SLMs can be obtained with Liquidystal On Silicon (LCOS)
geometry [Underwood-1987, Lelah-2001]. The devicmucstire is a LC layer
sandwiched between a reflective silicon backpland a transmissive counter-
electrode. Very dense column/row circuits and pmelor arrays can be built
through a Very Large Scale Integration (VLSI) prexseso very compact devices
with high resolution are possible. Such devices lmamused in high-definition rear-
projection televisions, portable video projectaksyvefront control, adaptive optics,
beam steering for tweezers [Hossak-2003], optidiching matrices or wavelength
selective switches [Baxter, 2006]. In that cases ihecessary to adapt the LCOS
characteristics to the optical fibre transmissionstraints [Heggarty-2003].

Another optical switches based on LC are thosec#gsubuilt in integrated optics that
use LC properties for changing their optical prajsr In this sense, optical switches
based on micro ring resonators and LC are presemtéis work in Chapter V.

[11.1.b.- Principle of Operation of Twisted Nematic Liquid Crystal Cells

Nematic Liquid Crystals with positive dielectricisotropy, for which the dielectric
constant is greater in the long molecular axis thain the other direction, are used
in TN-LC cells. Homogeneous planar alignment, therh@ecular axis is parallel to
the glass substrate plane, and perpendicular rgbibirections in both alignment
layers are used. Therefore, the LC molecules perfar0° twist through the
thickness of the LC cell (PolRot cell). When a &rlg polarized light that passes
through a TN-LC cell its polarization state is nfaetli and finally the light goes out
at 90° of the incoming direction. This circumstanceurs while Mauguin condition
Is satisfied [Li-2010]:
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dAn >> A [11-1]

2
whered is the cell thicknessn is the LC birefringence, defined as the difference
between the LC extraordinary and ordinary refractiwdexesif — n,), and/ is the
light wavelength.

If voltage greater than the Threshold Voltad&,, is applied to the cell, LC
molecules reorients. When voltage is greater enotghL.C molecules are aligned
parallel to the electric field, that is, their moldar axis is perpendicular to the glass
substrate plane, and the polarization rotationpgiears. The voltage driven to the
cell for obtaining a complete molecular reoriematis known as Switching Voltage,
Vsw. Thus, light transmission is controlled by the agh applied to the TN-LC cell,
lower voltages induce less polarization shifts. Mgkinto account the TN-LC
behaviour, explained before, light passing throagfiN-LC cell placed between
polarisers can be controlled electrically.

LC BETWEEN CROSSED POLARIZERS LC BETWEEN PARALLEL POLARIZERS

<— INPUT LIGHT ——»» @ @

/ /%/ %/

LC CELL
/ p
- -

/
s <+——_ A <> <+—— Al

0\\§

—4——— ANALYZER —» 7
Z 7////4 A

W‘NH

<+— OUTPUT ——»

Figure lll-2: Representation of a TN_LC Cell Operation: (a) Crossed Polarizers, (b) Parallel Polarizers

In most displays applications, two crossed polasisee placed on the outside of the
glass substrates, with the transmissive axis dh @atariser parallel to the rubbing
direction of each alignment layer. When no voltageapplied, OFF state, the
incident light is transmitted, so this operationdaas also known as Normally White
(NW). In ON state, the output polariser blocks light and the device appears dark.

On the other hand, the TN-LC cell can also be pldmstween parallel polarisers. In
this situation, optical transmission behaves indpposite way. In OFF state, light is
blocked by the output polariser and the device apgpdark, while in ON state light
can passes through the device.
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[ll.1.c.- Optical Switching Based on Polarization Management

The polarization rotation (PolRot) is the first cgofation used in LC switches
[Wagner-1980] because the basic principles werelyidsed in the TN-LC displays
for years. This switch is based on the change d@rpation state of the incident light
as result of applying an electric field over the TQ-ell.

A combination of TN-LC with spatial polarization eetive calcite crystals or
Polarization Beam Splitters (PBS) allows opticaha switching. Other optional
elements in this kind of switches are: mirrorsf hedve plates, quarter wave plates,
half angle prisms, right-angle prisms, beam digglaent prisms, total internal
reflection prisms, birefringent crystals. Most bése devices are based on free space
optics bulk elements, using lenses for couplingtlig optical fibres.

A simple example of a TN-LC switch based on poldimamanagement is the 1x2
LC switch structure shown in Figure 1lI-3. A PBS palariser and a TN-LC cell

composed the switch. The principle of operationcdbsed in [MacAdams-1990;

Vazquez-2003], depending on the voltage appligtig¢ccell, the input light is guided
to output port 2 or 3.

&2 p p
Port 1 m——— 4=-- 4= port 2
KRN

= PBS1

.Port 3

Figure llI-3: Structure of the 1x2 LC Optical Switch

In this device, 50% (3dB) of the incoming light pawis filtered in the input
polariser. Losses reduction is possible if theagbtswitch can manage over the two
polarizations.

In order to make the device polarization insensitand to minimize losses, the
polarization diversity method is used; by treatgagh polarization mode in parallel.
The input signal is decomposed into its TE (S-Podariight) and TM (P-Polarized
light) components, which are managed separately rendmbined at the switch
output. It is also important that the optical patbbowed by each polarized light
when passes through the device are as similar asibgp® in order to reduce
Polarization Dependence Losses (PDL) (see Figl#.lI

// %
; LC ﬁ
2
Polarization Polarization L
Inputs Separation Handling Recombination | Outputs

Figure lll-4: Block Diagram of Generic Polarization Management LC Switch
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Different configurations based on the principlesatded above have been proposed
in literature for implementing optical switches. Mof them are based on free space
optics bulk elements and only a few of them userefiiptics devices
[Sumriddetchkajorn -2000].

Better response times are obtained with FLC ceksr 3ns [Riza-1999; Yang-
2008a], while TN-LC cells exhibit higher responsmds, tens of milliseconds. A
reduced response time can be obtained using TN-LcCtla® Transient Nematic
Effect (TNE), 6@s is reported in [Yang@008b].

On the other hand, TN-LC cells can operate in a wigirelength range because its
cell thickness at first of second minimum can b&moised for a multiband operation
fulfilling Mauguin’s regime in order to obtain th@olarization switch. On contrast,
the FLC thicknessd, determines the wavelength in which the polaraathift is
90°. A TN-LC device with a uniform response in theb&d (1530-1560nm) is
described in [Sumriddetchkajorn-2000]. Evolutionstdte of the art of polarization
management switches, showing their characteriategiven in Table IlI-1.

Switches that use the polarization diversity methm@more complex but exhibit low
Insertion Losses, 1.4dB [McAdams-1990in][Vazquez-2005b] a 2x2 optical switch
based on TN-LC is presented. The structure, showkfigare 11I-5, is polarization
independent because both polarizations are gultteddh the device. The structure
is composed by Polarizing Beam Splitters (PBS1-BBIN-LC cells (NLC1-
NLC4), quarter wave plates (Plate 1- Plate 4),mirdors (Mirrors 1 — Mirror 3).

Mirror 1 s e Mirror 3
Plate —— s P|ate
Port 1 D \A @ Port 3

LCY e
Port2 D /‘ I\ @ Port 4
Plate m— s P|gte
Mirror 2 ey e Mirror 4

Figure l1-5: 2x2 Optical Switch Structure.
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I A : Cross Insertion PDL Turn-on/  Control
Contribution LC cell (nm) Type Fibre Talk (dB) loss (dB)  (dB) D.time  Voltage Elements
[Wagner-1980] TN-LC 633 1X2 é\?)ym -20 0.4 2.5V 2PBS, 2AP, 1LLC
[Soref-1981] TN-LC 632.8 12X2 MM (2'371) 25 50/1850m 5V 4PBS 2LLC, 7 AP
[Soref-1982] TN-LC 633 2x2 F’i\lb?e -32 3 6V 2 LC 2 HWP 3 Calcites
NLC - 2 NLC pasivso, 2 SS-FLC,
[McAdams-1990a] FLC 2x2 -20 1.4 25Qus 15Vrms 2 M. 4 HIEP
[McAdams-1990b]| FLC 633 1x4 21.6 35 50us 4 FLC, 4 PBS
[Grimes-1991] FLC 20 6X6 +P|\/|O|\|/:| 11.1 el 15 6FLC, 6 GL
(670) 625 ’ Depend b '
219 7.9
[Noguchi-1991] LCLM 670 128X128 SM : reduced PBS, Patterns BRs
average loss
[Fujii-1993] TN-LC 1300 ig SM "_‘5’7'3 22  02dB 2 PBS, 2 AP, 5 LC, 2 BR
[Sakano-1995] LCLM 670  256x256 -17 13.8 LCLM 1 QWP, 1M
. 4PBS, 2M, 4LC,2AP,
[Riza-1998a] FLC 1300 2x2 SM -34.13 6.94 0.5 35.3us 2HWP 20WP, 1LB
[Noguchi-1998] g::,\(j 1550 64x64 -25.9 9.47 0.21 2x2 switch based
6.76
. i [1.8 Pol. 1PBS,2LC, 2P,1M,1HWP,
[Riza-1999] FLC 1550 2x2 SM 40 structure Depend. 35.3us 1QWP 1AP
loss]
Fiber 1550
[Sumriddetchkajor (1540 SMF i i 2 Circulators, 2x2 Coupler,2
n-2000] k/lc:;)rgr X 2x2 DSE 31.2 2.22 0.08 ms- Us WDM, 1 PPS
1590)
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I A . Cross Insertion PDL Turn-on/  Control
Contribution LC cell (nm) Type Fibre Talk (dB) loss (dB)  (dB) D.time  Voltage Elements
[Cao0-2002] 1550 -19.32 2.1 0.8ms
[Vazquez-2003] TN-LC %%% 1x2 POF -22 7 ms 8V 1PBS, 1LC, 1P
. -20 2 2FO-Circulator 2 PBS, 2 LC,
[Riza-2005] TN-LC Sim Sim 2 TIR, 2 BDP
[Vazquez-2005b] | TN-LC 2x2 (+1) POF -30 5 ms 4PBS,4LC,4M,4QWP, 4L
[Lallana-2006] TN-LC %Z%‘ 3x1  POF  -24 4 5.20ms  3Vims 2 PBS,6LC,1P,10+3
NLC 60.6us  xl5transi
[Yang-2008a] 808 2x2 -36.22 25 ent 4 PBS, 2 HWP, 4 QWP, 4 M
FLC 35us +5V hold
[Yang-2008b] 9 PBS, 12 PSLM, 6 QWP, 6 M
532- ~10-
[Lallana-2011] TN-LC 850 2x(3x1) POF -15 15 ~100ms 5Vrms 3 PBS,6LC,2+6 L

'neglecting reflections, expected up to 1.2dB withi bres and GRIN-rod lenses

AP:
BDP:
BR:
FLC:
GL:
HWP:
HIEP:

Table llI-1: Evolution of State of the Art and Performance of RotPol LC Switches.

right-Angle Prism

Beam Displacing Prism
Birrefrigent Crystal
Ferroelectric Liquid Crystal
GRIN Lens

Half Wave Plate

High Index Equilateral Prism
Lens

LB: Leakage Block PMF:
LCLM: Liquid Crystaght Modulators PPS:
LLC: Large LC cells QWP:
M: Mirror SM:

MM: MultiMode TIR:
NLC: Nematic Liquid Crystal TN-LC:
P: Polarizer S-BLC:

PBS: Polarizing Beam Splitter Liquid C

rystal

Bofation Maintaining Fibre
Programmable Phase Shifter
Quarter Wave Plate
SingleMode
Total Intern&eflection Prism
Twist Nematic Liquid Crystal
Surface Stabilized Ferroelectric
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Optical switching is obtained by applying voltagete suitable pair of TN-LC cells,
thus three operation modes (shown in Figure lid@) possible:

— Direct Mode: NLC2 and NLC4 ON; Portd Port 3 & Port 2— Port 4.
— Crossed Mode: No voltage is applied; Port IPort 4 & Port 2 Port 3.
— Closed Mode: NLC1 and NLC3 ON; Portl Port 2 & Port 3— Port 4.

Mirror 1 o 1 Mirror 3 Mirror 1 1 === Miror3  Mirror 1 gy | 1 Mirror 3
Plate = e} Plate Plate = 5 Plate Plate Q Plate
~ I ] o ~ I :| [} t"\ | — o
& : S & : : & ' S
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Lct — #— LC3 LC1 —t L ics Lot — e
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& : g g ] I g .
- Gall o B8 SER - [ = Sal oy SR i o [ ==\ --|
H :
Plate 3 Plate Plate 3 Plate Plate I 3 Plate
Mirror 2 [  — === Mirror4  Mirror 2 | -~ ] Mirror 4 Mirror 2 ¢ -~ 1 Mirror 4

Figure llI-6: 2x2 Operation Modes: (a) Crossed, (b) Direct, (c) Closed.

When a TN-LC is activated, grey coloured in the feguand polarization state passes
through the cell. On the other hand, when a TN-L@é&ktive, white in the figure,
the polarization state of light is rotated.

[11.1.d.- Switches Based on Polymer Dispersed Liquid Crystalells

The Polymer Dispersed Liquid Crystal (PDLC) consistsa polymer matrix with
lots of LC droplets distributed along the polymeatrix. The Nematic LC is
uniformly aligned inside each droplet, but the nBedirectors of each droplet is
randomly aligned and polarization independent aiiterd from one droplet to
others. The PDLC mixture is sandwiched between t@osparent substrates with
electrodes onto their surfaces [Pena-2003]. Thectsimel of a PDLC is shown in
Figure IlI-7.

Transparent Electrode
Glass /\ Glass

A} Ko

el /
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) / 7 \
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« ] ~ -
Ny ,@i@« "~ Ay
;ﬂ—V =7 " ;%—P >
e 4 v P

7**(— VY
P()]ylner qu111d Crystal
Droplets

Figure lll-7: Internal Structure of a PDLC cell.
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Without voltage, the structure strongly scatteghtli In this case, the PDLC cell
appears white (see Figure I111-8 (a)). When voltegapplied, the nematic molecules
align parallel to the electric field, and the sture becomes transparent because the
refractive index of the polymer is close to theioady LC refractive index, yi(see
Figure 111-8 (b)).

(a) (b)

Figure Ill-8: Picture of the PDLC in Two Possible States, Opaque (a), Transparent (b)

No polarizers are required for this opaque/traresparswitching. Therefore,
transmission in the transparent state can be vigly, lallowing its use in optical
switches. Electrically controllable intermediatensmission levels are available as
well [Pena2002].

The contrast adaption to wavelength is performeddjysting the LC droplet size by
next equation:

An -a/A =03 [11-2]

wherea is the droplet radiusj the light wavelength andn corresponds to the LC
birefringence, as it is defined in section Ill.1[Bosc-1996]. During the UV
polymerisation of the monomer, a higher power l¢gadsmaller radius droplets.

PDLC has been mainly reported in the implementatain Variable Optical
Attenuators (VOA) [Chanclou-2003, Chanclou-2005,-Z004, Hirabayashi-2001,
Ramanitra-2003, Zubia-2002]. A VOA is a device watte input and one output that
can modify its transmission reducing the opticalvpo at its output. Most of these
structures operate at 1500nm. An optical VOA based 2x2 coupler implemented
with POF and PDLC [Zubia-2002] operates at 650nm.

Some of these devices are used for adjusting thieabgower that reach to the
reception stage in optical networks for equalizatad signals travelling different
light paths. As an example, optical fibre amplgignave different amplification
levels for each wavelength. This situation compésateception in WDM networks.
VOA can be used for equalizing the optical powerthe receivers, adjusting the
losses for each wavelength.

There are other different ways to implement a VOAlg&opoulos-2004, Losert-
2004]. Some of them are based on MEMs technologg-R@04, Syms-2004]. An
interesting VOA, with response times in the milklised order, small size and based
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on transparent electro-optics ceramics is propasddiang-]. A PDLC is used for
refracting a polarized beam for guiding it towardsdelay line [Riza-1998Db,
Madamopoulus-1998]

[11.2.- 3x1 Optical Multiplexer Based on Polarization Maeargnt

From the operation of a TN-LC, a 2x2 optical switbhsed on polarization
management has been described in section 114 &hig point, a novel structure of a
3x1 optical multiplexer based on TN-LC is presented.

The proposed scheme of the 3x1 optical multiplelUX) can manage both

polarizations by using the polarization diversitethod, so the structure is more
complex but fewer losses are anticipated becaugk hght polarizations are

managed. In addition, low voltage, low power congtiomn and wide operation

wavelength range are expected thanks to the usENefC cells for the device

implementation.

This structure is suitable for being used in POF @étdPOF networks. POF are
being used in a growing amount of applications bseain short distances, they
offer high bandwidth at low cost. In-home or autdnt® applications are some of the
niches where they are being used.

Few control elements have been developed for tmeseorks, so, it could be
interesting to propose optical switches for beisgdiin POF and GI-POF networks
in order to give more flexibility to these network$ultiplexers allow the
implementation of Wavelength Division MultiplexifgvDM) over a transmission
fibore because they can combine different wavelengtha single fibre. Different
information from diverse sources can be transmitigidg distinct wavelengths. Due
to the light transmission through optical fibrdse information is maintained when is
propagated.

POF networks operate in the visible wavelengthsore450nm, 550nm and
650nm), while GI-POF offer low attenuation from thisible range until 2300nm.
The scheme of the multiplexer presented in thisi@eatan be used in several
wavelength ranges; it only depends on the bulk efgmthat form the device. The
implementation of the multiplexer has been optirdiZer operating in the visible
wavelength range.

In this section, it is first described the MUX gstture and operation. The
characterization of the implemented optical mudtqdr is presented after. Finally, an
overview about control electronic and software dgved for controlling the
multiplexer using a computer is introduced.
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I11.2.a.- Device Structure

The device structure is shown in Figure 11I-9. PBSNI-LC cells, polarisers and
lenses compose the MUX. There are three input pBfis, P-2 and P-3 and a single
output port P-4. The device’s ports can be madeotif, POF and GI-POF.

The input PBS,PBS1 splits the incoming light from each input port iwo
orthogonal independent linear polarized beams. TNezklls with three pixels handle
each obtained ray. Switching is obtained by applywnltage to the proper TN-LC
pixels.

A PBS, PBS2 and polariserd-p, are placed after each TN-LC for acting like
analysers.

Finally, the output lens focuses light in the outpart. Additionally, in each input
port is placed a lens in order to collimate ligtanh the fibre.

iz
5 & , 1 ! PBS2
a s R
“— o SHET
5 ( R
S ?p s——== Output Lens
~ \CQ \\ "":"o
p\\ ":':" S
"
Output Port

p+s

Figure llI-9: Structure of the 3x1 Multiplexer based on Polarization Management.

[11.2.b.- Device Operation

For each input port, there are two possible confible statesDFF andON. In ON
state, no voltage is applied to the TN-LC cell, light from the input port is guided
to the Output Port Light beam from the input ports is split BBBS1in two
orthogonal polarized beams, P-Polarized lightangmitted while S-Polarized light
is reflected at 45°.

The polarized beam that passes through the PBSiftedshy the TN-LC named
NLCb and the resulting ray, that is S-Polarized, itecééd at 45° byyBS2towards
the output lens. On the other hand, the polarizghbthat is reflected byBS1is
modified by NLCa The obtained P-Polarized beam is transmittedutiinatheP-p
polariser towards the output lens. Both rays aceiged in the output port thanks to

the Output Lens
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In OFF state, the TN-LC are switched by applying voltagéhtm, the light of the
input port are not guided to thi@utput Port As it has been described before, the
input light is split byPBS1 P-Polarized beam is transmitted while S-Polarized
reflected a 45° In one optical path, the trangditbeam passes througdiCb
remaining P-Polarized. The obtained P-Polarizedrbisaalso transmitted byBS2

On the other optical route, the S-Polarized beaat lias been reflected B3BS1
passes througNLCamaintaining its polarization state. The resultinB@&arized ray

is filtered by the P-p’ polariser. As a result, any beam from the inpottgan be
focused in the output port.

Each pixel of the TN-LC cell can be switched indepaily of the others, so the
proposed multiplexer is reconfigurable. The samaaighould be applied to the
suitable pair of pixels in order to perform the t®hing.

[ll.2.c.- Optical Characterization

Two different types of characterization have beemi@@ out: static and dynamic.
Only measurements at one wavelength have been dodescription of the set up
used in both types of characterizations and tHereifit measurements performed are
presented in next sub-sections.

e Setup

Figure 11I-10 shows the experimental set up usedlfong the measurements. Each
port has been measured independently of the otherder to avoid intrechannel
noise.

NLCa
Wave Generator Output Lens
— PBS2
BS1 P Output
Port
1
Input Laser Beam
Optical Source 1 iaphragm @
@ 650 nm

Power Meter 97 em
- S Length

Oscilloscope  Optical Sensor
Figure l1-10: Set up Used for the Optical Characterization.

The proposed device has been implemented with P&8 WMelles Griot 03 PBB
013, the TN-LC cells have been fabricated in @dQ Group of the Universidad
Politécnica de Madricand a 50mm lens is used@stput LensA visible laser diode
at 650nm (620nm — 680nm) and 5.0mW from Power Tdolgydnc. has been used
as optical source. An iris diaphragm has been asélde laser’s output for limiting
the beam’s spot and avoiding light propagationidatsf the TN-LC pixel. No input
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lenses have been used because the used laseirdibaies the collimation optics. A
97 cm length POF connects multiplexer’s output itk measure instrument.

Two different measurements systems have been atilidepending on the
characterization type. A 557B Rifocs commercialicgt power meter has been
employed for the static measurements, while améain SFH 350V phototransistor
with a 10@ and a Tektronix digital oscilloscope has been usedhe dynamic
characterization.

e Static Measurements

This section refers to the measurements made whereshitation of the liquid
crystal is maintained during a long period. An 8kifiequency square which
amplitude was modified from OV to 4V, has been egapto the pair of liquid crystal
cells that form an optical path. In this way, sWitgy voltage of the TN-LC cells,
insertion losses and crosstalk, as it is definedection 11.2.b., can be obtained. A
557B Rifocs commercial optical power meter has beemployed for making
measurements.

The transmission obtained for the three ports isvehim Figure IlI-11. The three
curves have a similar behaviour, input ports@hefrom 0V to 1Vims and they can
be considered a3FF for amplitudes higher than 3}

Multiplexer Transmission

0,0

----- Port1 (@ 630 nn
50 ?:ﬂ.'r.'::-:'.m‘ = =Port2 (@ 630 nm)
' EN -=-Port3(@630nn
10,0 b
-10, W
™
8 150 M
\
AN
-20,0 AN
’ \ N\
~ N
.\.';\\
-25,0 NS
R e T
-30,0
0,0 1,0 2,0 3,0 4,0

Vrms

Figure lll-11: Transmission of the Multiplexer’s for each Input Port.

Maximum transmission is obtained for low voltagé#en voltage driven to the TN-
LC is increased, LC molecules start to reorient #mel polarization state of the
incident linear polarized light is rotated lessrth@0°, thus more light power is
transmitted inPBS2and filtered by thd>-p polariser, so less light can reach to the
Output Port

The measured optical power after the diaphragm.8dBn. Insertion losses of the
multiplexer have been less than 4dB, Extinction &as it is defined in section 11.5,
is more than 23dB. Table 1lI-2 summarises losseas iaalation obtained for each
port.
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Port Insertion (dB) Crosstalk (dB)
P1 3.9 23.2
P2 3.0 235
P3 2.9 23.9

Table lll-2: Transmission of the Multiplexer’s for each Input Port.

* Dynamic Measurements

This section refers to measurements made when tieton of the liquid crystal is
switched on/off repeatedly. An 8kHz frequency aMda@nplitude square wave have
been driven during 50ms, multiplex®FF state, and OV have been applied for other
50ms, in other words, a square envelope of 10Hm&l for modulating the 8kHz
square wave. The described wave has been applidn foroper pair of pixels that
form each optical path. An Infineon SFH 350V phdosistor with a 100 and a
Tektronix digital oscilloscope has been used fordyx@amic characterization.

A capture of the oscilloscope is shown in FigutelR. The upper part of the picture
displays the excitation signal applied to the TN-Li&ets, while the transmission of
the multiplexer'dnput Port 2is shown in the lower section.

Deten.

RTINS METITVALY PIOTT W e 1T

Figure lll-12: Excitation Wave Drived to the TN-LC and the Multiplexer Response.

According to section Ill.2.b, each input of the tiplexer isOFF when voltage is
applied to the TN-LC, while the input @8N when no voltage is applied. Thus, the
multiplexer switching fromOFF to ON states is shown in the left part of the figure.
The voltage applied to the TN-LC cells is stoppedtls® transition corresponds to
the LC relaxation time. Rising timd,s, about 20.4ms has been obtained, in
addition, a delay in switching on the multiplexgy, defined as the time interval
since the voltage is switched off until optical lpas active, have been less than
30.5ms.

Multiplexer switching fromON to OFF states is presented in the right part of the
picture. Fall timef:, about 5.2ms have been obtained, and the delawitching

off the multiplexer o, defined as the time interval since the voltagapplied until
the optical path is inactive have been near 12ms.
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Same excitation has been applied to the three pbrtse multiplexer and similar

measurements have been obtained. The results cabdseved in Figure 111-13.

These measurements are in accordance with liquistatrproperties, because it is
common that relaxation times are greater than mtdeorientation times.

[—Port 1 (@ 650 nm) — Port 2 (@ 650 nm) — Port 3 (@ 650 nm) |

400
[

15,0 ‘
-20,0 / Q’*
25,0 / \

-20.0

dBm
et

-0,15 -0,1 0,05 0
t(s)

Figure llI-13: Multiplexer Response for the Three Input Ports.

A summary of the obtained characterization forttiree inputs of the multiplexer is
shown in Table 111-3.

Port ton (ms) trise (ms) tof'f (ms) tfall (ms)
P1 29.2 20.0 12.0 5.2
P2 30.4 20.4 12.0 4.8
P3 28.8 14.8 10.8 4.8

Table llI-3: Response Times of the 3x1 Multiplexer.

The novel structure proposed for the optical 3x1tiphelxer is based on polarization
management. The device has been implemented with Ndlls that are able of
working in a wide wavelength range, and need lowitakon voltages and have low
consumption.

The device has been characterized. Insertion ldesgshan 4dB and crosstalk better
than 23 dB at 650nm have been measured. In add8ms and 15ms setup and rise
times have been obtained.

[11.2.d.- Multiplexer Control Using a Computer

Additional control electronic and software has be@plemented for controlling

multiplexer state using a computer. Six output aigmmre generated for exciting TN-
LC cells. A serial communication is provided for difging the multiplexer state

remotely. Additional feedback information is possithanks to four optical sensors.
In this way, if a 10/90 optical coupler is usedeimch port of the multiplexer, their
optical power can be measured, and proper operaficghe multiplexer could be

checked.

Figure IIl.14 shows the block diagram of the entmailtiplexer. The designed
eletronic is divided in three different stages:itdigcontrol, analogue adaptation and
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feedback stages. Digital stage is the principat pathe design and generates the
signals needed for controlling the rest of the @ystAnalogue adapt stage modifies
signals voltage for the TN-LC cell requirements. disek stage converts optical
power coming from each multiplexer port to digtvalues, serving as entries for the
digital part.

Personal Computer

Personal Serial
Computer Communication
RS-232 RS-232
Control FPGA ‘ Serial Interface ‘
Electronics 3 4
Digital Control v
> Stage ) System
(FPGA) Memory |« Serial Output | _| Control
Control
Y i Status Reg.
Analog #
Feedback Stage Adaptation
Stage Ssquare Liquid Crystal
ignal )
Signals
i 1 11 Generator
Generator
N Sample Y #
P-1 > T~ Capture
Optical
P-2 »  Mux. » P-4
3x1 .
\ Optical Analog
P-3 Stage Feedback Stage Adaptation
Stage

Figure Ill-14: Block Diagram of the 3x1 Multiplexer. Figure llI-15: Block Diagram of the Digital Stage.

Digital part is implemented in a programmable inéégd circuit, a FPGA (Field
Programmable Gate Array) [Cafiadas-2006]. In theseds, a hardware description
of the electronics is programmed, multiple confgjions are allowed, thus, the
improving and debugging of the designs is easy.

Scheme of the digital stage is shown in FigurelBl.The state register stores the
multiplexer operation mode. An 8kHz square wavgeagserated by the square wave
generator and six different signals are used famtroling TN-LC cells. Not
excitation is applied to those cells that belongroactive input porON state of the
multiplexer, while the square wave is applied te tlguid crystals that form an
inactive multiplexer inputQFF state.

Analogue adapt stage is in charge of applying 8kstpiare wave to the
corresponding TN-LC cells depending on the outpovigied by the digital part. A
voltage conversion is carried out; in this way, ttentinuous component of the
square wave is eliminated, because it could danthgeTN-LC cell, and its
amplitude is adjusted to the adequate value foitiagahe cells. 3 Volts amplitude is
enough for the switching of the used TN-LC cellst the implemented design
allows modifying this value.

In the feedback stage, a four channel, paralleblogue to digital converter
transforms the optical sensor measurements initaldegght bits bus. Digital stage
continuously request samples to the converter sordssthem in an inner memory.
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Control of the multiplexer is done by means of anpater using RS-232 serial

communication. A serial interface and an additiosakial output control are

available for allowing data transfer. A subsequadattronics adapt voltage values to
the protocol specifications. By this way, multipée>operation mode can be switched
and the user can ask for the optical power measmmmand check the proper
operation of the device.

In this way, an application has been programmedaflmwing the control of the
multiplexer using a computer. Users can select Wwhinput ports are active or
inactive. Due to the device’s implementation, thare no restrictions about how
many optical paths are active at the same timey éwve three ports can be active at
the same time.

The program is sending and requesting informatianticoously to the device. In
this way, every modification of the configuratioranc be sent and checked
immediately. Additionally, the user can select vhioptical measurements are
displayed in the program window.

I11.3.- Multiplexer and Variable Optical Attenuator Basedh o
Polymer Disperse Liguid Crystal Cells

Other novel structure for implementing an opticalltiplexer is the one described
below. The proposed scheme is based on Polymer Bespéquid Crystal (PDLC(
cell. It is the active element of the switch anatcols with the voltage applied to it
light transmission through the device. This confegion is simpler than the one
proposed in section 1l1.2., but higher voltagesra@eded for switching PDLC cells.

The proposed multiplexer is also designed for baisgd in POF and GI-POF
networks, so, same considerations previously redorabout the wavelength
operation range has to be taken into account.

As it is introduced in section 1ll.1.d, PDLC hasebeaeported in the implementation
of Variable Optical Attenuators (VOA) [Chanclou-Z)0Chanclou-2005, Du-2004,
Hirabayashi-2001, Ramanitra-2003, Zubia-2002]. AA/® a device with one input
and one output that can modify its transmissiorucady the optical power at its
output. Most of these structures operate at 150@moptical VOA based on a 2x2
coupler implemented with POF and PDLC [Zubia-2082¢rates at 650nm.

There are other different ways to implement a VOAlg§&opoulos-2004, Losert-
2004]. Some of them are based on MEMs technologeg-R@4, Syms-2004]. An
interesting VOA, with response times in the millised order, small size and based
on transparent electro-optics ceramics is propasddiang-]. A PDLC is used for
refracting a polarized beam for guiding it towardsdelay line [Riza-1998Db,
Madamopoulus-1998]

VOAs are used for adjusting the optical power tiegich to the reception stage in
optical networks for equalization of signals trdive different light paths. As an
example, optical fibore amplifiers have different @ification levels for each
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wavelength. This situation complicates receptioWMBM networks. VOA can be
used for equalizing the optical power in the reemy adjusting the losses for each
wavelength.

In addition, variable light transmission is achieweith PDLCs, thus, the novel
proposed design acts as a combination of a Mukgrleand a Variable Optical
Attenuator (VOA). An Nx1 Multiplexer is a systempadble of joining N optical
inputs in a single output. On the other hand, a Vi®A device with one input and
one output that can modify its transmission redy¢ire optical power at its output.

The VOA-Nx1 Multiplexer (VMUX) is capable of atterntirag each input port
independently of the others, even switching it affd combining the resulting light
into a single output fibre.

In this section, the description of the structunel @peration is first detailed, while
the characterization of the implemented opticaltipléixer is presented at the end.

111.3.a.- Device Structure

The structure of the proposed switch is composed BBDLC cell with as many
pixels as input ports, each pixel controls lightnéag from each input port, and a
single lens for focusing all the inputs in the autport. Collimation lenses are
provided in order to collimate light that comesnfr@ach optical fibre. The proposed
structure is shown in Figure I1I-16.

Focusing lens Output port

PDLC cell

Input ports
(Collimating lenses)

Figure lll-16: Schematic of the Proposed VMUX.

PDLC are polarization independent, they do not npeldrisers neither PBS for
optical switching, like occurs with TN-LC, for thieason, fewer elements are
needed and less insertion losses are expectedheFudre, it is supposed that PDL
will be also smaller.

In addition, the structure is fully reconfigurablieir input ports are wavelength
independent and they work in the same way for bR twvavelengths and
independently of the other inputs. For this reasqart of WDM over a fibre, it can
also implement Time Division Multiplexing (TDM), evea mixture of both.
Furthermore, variable attenuation of each input {goavailable.
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[11.3.b.- Device Operation

As mentioned in section lll.1.d., PDLC consistseoimatrix of polymer material

where microdroplets with molecules of nematic lajarystal are dispersed. Droplets
radius is comparable to the incident light wavetBnd his mixture is sandwiched
between transparent substrates covered with ap@esrst conductor that allows
applying an electric field to the mixture.

In OFF state, when no voltage is applied to the PDLC ¢b#, LC molecules are
uniformly aligned inside each droplet, but the nemdirector of each droplet is
randomly aligned and differs from the others. Iis tfcenario, the structure presents
and inhomogeneous refraction index than causdstmmtoming light to be strongly
scattered. The output rays are not parallel toribeming light and the beam is not
transmitted. Figure 1lI-7 (a) shows the diffusingts.

In ON state, when a voltage is applied to the electrtikscover the PDLC cell, LC
molecules are aligned parallel to the electricdfighat is, the molecular axis is
perpendicular to the substrate plane. Thus, the emiaectors of all the droplets
are parallel. In this situation, the polymer matard the microdroplets exhibit
almost the same refraction index in the light pggien direction, because the
polymer matrix is designed for having the ordinba€ refraction index. This causes
the input light optical beams passes parallel ardt@nsmitted through the cell.
PDLC clear state is shown in Figure IlI-7 (b).

The output lens is capable of focusing all the palradys that are transmitted into
the output port.

In summary, the PDLC can acts as optical switdhtlcan pass through the device
when an AC voltage is applied to the cell, and mew light is not able to pass

through the PDLC when no voltage is applied. Inegtate voltages can allow its

behavior as a VOA. Furthermore, a PDLC with as m@irgls as multiplexer inputs

can be used as the switching element of the VMUX.

[11.3.c.- Optical Characterization

Switching voltage, insertion losses, isolation aedponse times, as defined in
section 11.2.b, are measured for several positiohghe optical sources at two
different wavelengths: 530nm and 650nm. There aretypes of tests : static and
dynamic measurements. The first one correspondshéo RDLC transmission

characterization when its excitation is maintaileing a long period. The second
group of measurements evaluates PDLC response times it switched. A

description of the set up used in both types ofaitarizations is presented in next
point.

e Setup

A diagram of the set up used for characterizingtNMJX is shown in Figure 111-17.
The device have been formed by the PDLC sample, asatpby a mixture that uses
80% by weight of TL205 LC with 20% of PN393 mononfgom Merck), a 40mm
diameter focusing lens and the output fibre (200zmgth POF). PDLC transmission
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has been measured for several positions of thead@ources respect to the center of
the focusing lens;r” , in order to check the PDLC capability for beinged as
VMUX. For all the situations the optical sourcey@&een placed close to the PDLC
sampled < 1mm.

'fgﬁ‘f\ Focusing Lens
I (9 =40mm)

—

g e

PDLC
Sample

Output POF
200cm

"N

\\

Iris Diaphrag

n ]

Optical Source
@ (530nm,650nm)

Power Meter

| )

(B ) ) [ [ [ [ [ 55 5

Wave Generator
Figure llI-17: Experimental Set Up Used for the VMUX Characterization.

Transformer

Two visible laser diodes: one at 532nm and 0.99mdvhfHero and the other at
650nm and 5mW from Power Technology Inc have beed urs the test. An iris
diaphragm has limited the laser beam spotlewlett Packard wave generator has
been employed for generating PDLC excitation. D#feé measurement systems
have been employed for static and dynamic chaiaatem.

+ Static Measurements

This section refers to the measurements done wheeexititation of the liquid crystal
cells is maintained during a long period. PDLC srarssion has been measured for
different amplitudes of a 50Hz sinusoidal wave. Al:2 transformer has been
utilized for adapting voltage level drove to the LRDsample. In this way, the
switching voltage, insertion losses and attenuationld be determined. A 557B
Rifocs commercial optical power meter has been eymu for making
measurements.

PDLC response at both wavelengths, when the opsicaice has been placed in
front of the centre of the focusing lemss 0, and when the optical source has been
placed in one side,= 15mm from the centre of the lens, is shown guFe 111-18.

Complete switching has been obtained for drive agds of 20Vrms in all the
situations. Insertion losses have been less thgdBlat 532nm and 1dB at 650nm.
Crosstalk, as defined in section I1.5.b, have hesar 39.5dB at 532nm and 31dB at
650nm. Gray scales have been achieved approximataty 10Vrms to 20Vrms,
transmission can be configured modifying the vatagplied to the PDLC. Despite
that not significant attenuation differences verStishave been obtained when
650nm laser have been used, PDLC responses have lixtedifferent at 532nm.
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Response for different input positions

S —%—r=0mm @ 650nm

------- r=15mm @ 650nm

Attenuation (dB)

—s—rr=0mm @ 532nm |

———-r=15mm @ 532nm ||

30 40 50

Vrms
Figure 1lI-18: PDLC Response for Different Input Port Positions at two Wavelengths.

Figure 111-19 shows the VMUX states when the 650mavelength optical source is
used.OFF state is shown in Figure 111-19 (a) a@N state is presented in Figure llI-
19 (a). In Figure 11I-20, the VMUX states when %@&2nm wavelength optical source
is used are illustratedOFF state is shown in Figure IlI-20 (a) aM@N state is
presented in Figure I11-20 (a).

' - »
(@) (b)

Figure 1lI-19 Pictures of the VMUX in two States: OFF (a) and ON (b) at 650nm.

@) (b)

Figure l1I-20: Pictures of the VMUX in Two States: OFF (a) and ON (b) at 532nm
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* Dynamic Measurements

This section refers to measurements when the PDIsWwitehing on/off repeatedly.
A digital Tektronix oscilloscope and a SFH 350V pithbde with a resistor
compose the main elements of the setup used tondate PDLC response times.
Two sets of measurements have been done. In th@ffies a 2.4:1 transformer have
been used to drive voltage to the PDLC, wheredlarsecond group of tests, a x10
wide bandwidth amplifier from FLC Electronics hagbauitilized.

Figure IlI-21 shows PDLC response times for thetfget of measurements. In this
case, due to the transformer limitations, a 1kinsoidal wave have been applied to
the cell. A 40Vrms, 1kHz sinusoidal wave has begpliad for 0.5s and OV has been
drove to the PDLC during 0.5s, in other words, avetope of 1Hz has been used for
modulating the 40Vrms, 1kHz sinusoidal wave. Inhbiigures, a 10 factor has to be
applied to the measurements done with channel 2QPdiving voltage) due to the
probe was in x10 position. Figure 11l-21 (a) deBed PDLC response at 532nmm,
the rise time is in the upper part of the figurel aecay time is in the lower section.
Excitation signal is depicted below the obtainedgraission response. Figure 111-21
(b) represents the same situation when the 650nitabpource is used.

............

............

®E. M Chl W S.00 W

o o

Figure lll-21: PDLC Response when 1kHz Sinusoidal Wave is Applied at 532nm (a) and 650nm (b).

Figure 111-22 shows PDLC response times for the sdcset of measurements when
a x10 wide bandwidth amplifier has been used. A Zldduare wave has been
applied to the sample in order to keep the samalitons than the previous
measurements. These figures maintain similar latfoan the previous ones, upper
part of each illustration represents rise time fa torresponding wavelength,
whereas lower section represents decay time. Bi1dase, the excitation signal is
shown over the PDLC response. Figure IlI-22 (a)reaspnts PDLC response at
532nmm, rise time can be observed in the uppergbaine figure and decay time can
be seen in the lower section. Figure 111-22 (b)resents the same situation when the
650nm optical source is used.
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Figure llI-22: PDLC Response when 1kHz Square Wave is Applied at 532nm (a) and 650nm (b)

For both wavelengths, there are similar resultsha two set of characterizations.
Rise time less than 2.6ms and decay time better i2adms have been measured.
Difference between rise and decay times is in catamme with nematic liquid
crystal properties where it is known that relaxationes are greater than excitation
times.

A ripple in the PDLC transmission can be observeiniy when a 1kHz sinusoidal
have been applied. It seems that the PDLC is abfellow excitation. Ripple have
been less for square wave voltages; it can be sappd by using a higher frequency
(typically 100 kHz).

The novel structure proposed for the VMUX, VOA andltiplexer, is formed by a
PDLC cell and a lens that focuses the transmititgd In the output port. The device
is projected for being used in POF and GI-POF negksvo

VMUX used a PDLC cell without any pixel. The inpuashbeen placed in different
positions of the PDLC cell in order to check theide operation.

The scheme has been characterized, both staticyaadhically. Complete switching

has been obtained for drive voltages of 20Vrmdllitha situations. Insertion losses
have been less than 1.6dB at 532nm and 1dB at 65Bxitinction Ratio, see section
I1.5, has been near 39.5dB at 532nm and 31dB ahr65@ray scales have been
achieved approximately from 10Vrms to 20Vrms.

Related to dynamic characterization, the PDLC ckdse worked better when a
1kHz frequency square wave has been applied. $nctse, rise time less than 2.6ms
and decay time better than 12.4ms have been melasure
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I11.4.- Summary and Conclusions

In this chapter, an overview about switches baged © cells has been presented.
The study has been focused in two kinds of switctitesse based on polarization
management with TN-LC cells and those based on PIE. c

Two novel structures for implementing a multiplexeave been proposed. Both
structures are planned for operating in POF an&GIF networks.

A polarization independent 3x1 Multiplexer implentexh with TN-LC has been
measured at a single wavelength. Insertion losssesthan 4dB and crosstalk better
than 23 dB at 650nm have been measured. In add8ms and 15ms setup and rise
times have been obtained.

The structure of an optical multiplexer and VOA (VMM based on PDLC have
been proposed in the last part of this chapter.DA® cell without any pixel has
been used in the implementation. The input has p&sred in different positions of
the PDLC cell in order to check the device operatio

Static and dynamic characterization have beenethut. Complete switching has
been obtained for drive voltages of 20Vrms in ladl situations. Insertion losses have
been less than 1.6dB at 532nm and 1dB at 650nraniédtion, relationship between
the situations when transmission is high and lcag, een near 39.5dB at 532nm and
31dB at 650nm. Grey scale have been achieved appately from 10Vrms to
20Vrms. Rise time less than 2.6ms and decay tintierbthan 12.4ms have been
measured when a 1kHz frequency square wave hasapgéad.
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Chapter IV

Advanced Multifunctional Optical

Switch Based on Liquid Crystals

In this chapter, an Advanced Multifunctional Optical Switch based on Liquid
Crystals is presented.

The proposed structure can work as 3x1 Optical Multiplexer/Combiner, dual 3x1
Optical Multiplexer/Combiner, 2x2 Optical Switch, Variable Optical Attenuator or
Variable Optical Power Splitter. A single device can have all these functionalities
without any hardware modification, only by selecting the proper ports of the
device.

The structure of the proposed switch is in the first section. In the second part,
switch operation is explained. The third part of this chapter describes the
functionalities that the proposed device can do.

This switch has been implemented and characterized. The results obtained for
the device are presented in last section.
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Chapter IV Advanced Multifunctional Optical Switch Based on LC

IV.1.- Introduction

The device proposed in section II.3 is a multiptekased on Polymer Dispersed
Liquid Crystal (PDLC) capable of performing variabhttenuation over each
individual input port. That is, it groups two furmtis in the same device, so fewer
components are required in the optical networklandosses are induced.

It is important to have low losses and reconfigoratan be an additional feature in
optical networks, especially in passive opticalwk where there is not additional
amplification. Ideal combiners made up of cascadirg directional couplers have
high insertion losses, of at least 6 dB for a thiggut/one output port device.
Reconfigurable optical networks in critical apptioas demand devices able to have
different functionalities [Chen-2008, Vazquez-2Q08¢luding switching.

As already reported, it is useful the integratiduliferent functionalities in the same
device, in this way cost and losses reductions lmarachieved. There have been
several integrating proposals: a compact opticadsiconnect add-drop switch based
on NLC [Patel-1995], a scalable holographic opticalitch based on FLC
[Crossland-2000], a smart value-added module,tap @oupler, that allows different
tap ratios [Riza-2007], or an integration of anicgdt switch with optical splitting
and attenuating functions [Chen-2008] with a nagpuilil crystal technology. Most of
the proposals given above operate in the 1550nneagth range with a maximum
bandwidth of 60nm; usually integrate just 2 funetiities and are not suitable for
being used in broadband POF networks.

IV.2.- Structure of the Switch

In Chapter Il an introduction about LC switches given, focusing in two different
technologies based on LC. In one hand, a 3x1 nhedp based on TN-LC and
polarization management is introduced in sectid®.10n the other hand, an optical
multiplexer and VOA, VMUX, implemented with PDLCItis presented in section
1.3.

In this chapter, an improvement of the 3x1 multiglestructure is proposed. It is
also based on polarization management, whose opem@inciples are described in
section lll.1.c. The new structure has analogueattaristics to the previous one, so,
low voltage, low power consumption and wide operativavelength range are
expected.

The optical scheme of the new Advanced Multifunaid@ptical Switch (AMOS) is
shown in Figure IV-1. Th®-p polariser, placed after the TN-LC nanf¢dCain the
the 3x1 multiplexer scheme, (see Figure 111.9) ubstituted by a PBSPBS2 in
order to make use of the remaining optical powat th not guided to the original
output port, Output Port 1 An additional lens,Output Lens 2 is placed
perpendicularly to the existent or@utput Lens 1for focusing the obtained light in
the additional portQutput Port 2
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The added output makes the structure more flextdeause different functionalities
can be performed using the same structure, by sellgcting the proper ports for
each function.

Input Ports,,

Input Lensesy,

PBS3
Output Lens;

» NLCb
- b
- = jre
-m 0 gb'"'gf
(2] ©
g C(IZJJ pol’sa PBS1 : : :
s & p+'|"l'NLCa o -
g S ' v
() S 0 0 0 O
= 3 e N
£ (] : Ny
b4 F
ot ©
~ PBS2  + i !
;\\ . ',' = Output Lens;
pﬂ\\ , ':':,", 4 ;
"

Output Port;

p1+S4

Figure IV-1: Structure of the Advanced Multifunctional Optical Switch (AMOS).
Output and Input Port Definition

The proposed structure is also planned for beind is®OF and GI-POF networks.
POF networks operate in the visible wavelengthsored450nm, 550nm and
650nm), while GI-POF offer low attenuation from thisible range until 1300nm.
The scheme of the multiplexer presented in thisi@eatan be used in several
wavelength ranges, it only depends on the bulk efgsthat form the device.
Different TN-LC cells have been designed and manufad, for achieving to the
required operation wavelength.

Summarizing, the novel structure proposed for tdgakced Multifunctional Optical
Switch is composed by PBS, TN-LC cells and lensesedlpairs of inputs are
provided for multiplexing operation. Both, Polyméptical Fibre (POF) and
Graded-Index POF (GI-POF) can be used as inpus pod output ports.

As it is commented in the 3x1 multiplexer descapti the proposed device is
capable of treating both linear polarizations, tHess losses are expected. The input
PBS, PBS] splits the incoming light from each input port two orthogonal
independent linear polarized beams. P-polarizetit lig transmitted, while S-
polarized light is reflected at 45°.
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Each of the obtained beams is handled by one TN4llIC Both cells are controlled
with the same square wave. Switching is obtainedfptying voltage to the TN-LC
cells. Two PBSPBS2andPBS3 are placed after each TN-LC cell for acting like
analyzers. These two PBS are similaP®S1and they work in the same way, S-
Polarized light is reflected at 45°, while P-Pdad light is transmitted. The two
output lensesDutput Lens BndOutput Lens 2focus the beams in the output ports,
Output Port 1and Output Port 2respectively Additionally, in each input port is
placed a lens in order to collimate light from fhe.

IV.3.- Device Operation

The TN-LC cells are the active element of the progasevice. They are capable of
working in a wide wavelength range. This kind oflsemnodifies their optical
behaviour depending on the voltage applied to thasnit is explained in section
l.1.b.

In OFF state, when no voltage is applied to the TN-LQ, ¢leé light beam from one
port of Input Ports ais guided toOutput Port 1and consequently, the matched port
of Input Port bis directed tdOutput Port 2 Figure 1V-2 (a) shows the propagation
when the device is iIQFF state. Light beam frortnput Port ais split byPBS1in
two polarized beams, P-Polarized light is transditivhile S-Polarized light is
reflected at 45°.

On one hand, the polarized light that passes thr&®Bf1is shift by the TN-LC cell
namedNLCb, and the resulting ray, which is S-Polarized,elected 45° byPBS3
towardsOutput Lens 10n the other hand, the beam that is reflectecof$BS1is
modified byNLCa the P-polarized ray obtained passes thrdtigB2and is able to
reach toOutput Lens 1Finally, both beams are focusedOumtput Port 1by Output
Lens 1 Light can be coupled to the output fibre tharkghe high numerical aperture
of POFs. In a similar waynput Port bis guided tadOutput Port 2

IP1,¥
(1]

-W

N

T
w
0

OP;

' 8
OP; ﬂ)m
() (b)

Figure IV-2: OFF state (a) and ON state (b), of the Advanced Multifunctional Optical Switch
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In ON state, shown in Figure 1V-2 (b), when the TN-LC avétched thanks to the
voltage applied, thénput Port ais coupled tdutput Port 2and the corresponding
Input Port bis guided toOutput 1 As it is commented before, the light frdmput
Port ais split byPBS1 P-Polarized light is transmitted while S-Polatdize reflected
at 45°.

In one optical path, the beam that passes thrdeBB1 passes througiNLCb
remaining P-Polarized. The obtained ray is transaiin PBS3and is able to reach
to Output Lens 20n the other optical route, the S-Polarized béameflected by
PBS1 passes througNLCaand is reflected at 45° B3BS2towardsOutput Lens 2
Finally, both beams are focusedOutput 2by this lens. In a similar wajnput Port
b is directed t@utput Port 1 which is the opposite of tH@FF state.

Each pixel of the TN-LC cell can be switched indepeatigeof the others, so the
proposed device can also works as a multiplexerogtical path can be switched by
applying voltage, or not, to the suitable pair ndets.

IV.4.- Functionalities

Different optical functionalities can be implementith the same device, only by
selecting the suitable device ports and using afsgectrical control signals.

e 3x1 Optical Multiplexer/Combiner (OM/OC).

As it is stated in section 111.2, by using onlyeerinputs and one of the outputs, the
device can be used as an optical 3x1 multiplexea iflifferent wavelength is
launched in each input. On the other hand, oppoaler at each input can be also
combined at the output port. A summary of the paded and control signals are
presented in Table IV-1 using notation from Fig.IMFgure 1V-3 shows the
operation of the device as 3x1 multiplexer.

N

Figure IV-3: Operation as 3x1 Optical Multiplexer
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Input Port TN-LC states Output Port Mux State
IPla %FNF o g FNF
IP2a %FNF C?-F-) ' g FNF
IP3a %FNF C?-F-) ' (;) FNF

Table IV-1: Summary of the Ports and TN-LC States for the 3x1 Multiplexer Functionality.
OPa=Output Port a from Fig.IV.1

The device inputs are wavelength independent bedhesework in the same way
for different wavelengths. Time Division Multiplexan (TDM) can also be
implemented by means of this device, even a mixtdira TDM and a WDM, . e,
different fibres involving WDM can be temporally Hiplexed into a single fibre.
Any combination of each input port that carries iiecent wavelength: 530nm,
650nm and 850nm, is possible in the output fibhatsame time.

POF can transmit two wavelengths with relativelw llosses, thus, in automobile
applications two distinct services can use the sdmasmission media for

communicating. For example, 530nm wavelength can used for sending

information related to multimedia applications, egitated webcams instead of
mirrors... and 650nm wavelength can be used forchtarge data related to safety
systems [Chen-2008].

¢ Dual 3x1 Optical Multiplexer/Combiner (DOM/DOC)

As it is described in section V.1, the same dec@e operate as two complementary
3x1 Multiplexers. Inputs to the device are groupegairs, when thénput Port ais
guided toOutput Port a the other input of this paitnput Port b is coupled to
Output Port b On the other hand, when the multiplexer is svatinput Port ais
directed toOutput Port band the matchebhput Port bis propagated t@utput Port

a.

A summary of the ports used and the control sigagpresented in Table IV-2.

Input Ports | TN-LC states | Output Port1  Output Port2  Dual Mux Sate
IPla & IP1b %FNF :iis ||FF>>11: CRE)ASF'{SED
IP2a & IP2 b OOFNF :iﬁ‘;‘ :ﬁig CRE)ASRSED
= ETECseT

Table IV-2: Summary of the Ports and TN-LC States for the Dual 3x1 Multiplexer Functionality

(see Fig.IV.1 for notation).

e 2x2 Optical Switch (OS)

The proposed device can work as a 2x2 switch bygusimy one pair of inputs,
Input Port 2aand Input Port 2h instead of the three available in the previous
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application. An overview of the device working a2@2 switch is illustrated in
Figure IV-4.

(1] (1]
- 1 -
- | i R (O - =
-[] : I ‘\‘ [ ]
-8 - s >
1 /
/
¢
i
(a)

Figure IV-4: Overview of the Device Being Used as a 2x2 Optical Switch
when it is OFF (a) and ON (b)

A summary of the ports used and control signalpegsented in Table IV-3.

Input Ports | TN-LC states | Output Porta  Output Portb  2x2 SwitchState
OFF P2a P2b CROSSED
ON P2b P2a BAR

Table IV-3: Summary of the Ports and TN-LC States for the 2x2 Optical Switch (see Fig.IV.1 for notation).

IP2 a & IP2b

* Variable Optical Attenuator (VOA)

v v
e e

=11

() (b)

Figure IV-5: Overview of the Device Utilization as VOA (a), and VOPS (b).
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By using only one of the input ports of the devacel only one of its outputs, for any
input, the proposed structure can also be used ¥ariable Optical Attenuator
because the TN-LC are able for achieving intermedieinsmission levels, gray
scale, by applying lower voltage to the cells. TWiigation is depicted in Figure IV-5

().

A summary of the ports used and control signalpezeented in Table IV-4.

Input Port | TN-LC states Output Port 2 VOA State
IP2b Low Voltage | High Optical Power of IP2b Transmitted
High Voltage | Low Optical Power of IP2b Attenuated

Table IV-4: Summary of the Ports and TN-LC States for the VOA (see Fig.IV.1 for notation)

* Variable Optical Power Splitter (VOPS)

In the same way, by applying different voltage lsve the liquid crystal cells, and
using both outputs, as it is shown in Figure IVE), the proposed device can also
operate as Variable Optical Power Splitters (VOP&Jause the remaining light that
is not guided to the desired output appears irother output.

All the functionalities described above can be enpénted in the same device by
only selecting the proper ports without any haranaodification.

A summary of the ports used and control signalpezeented in Table IV-5.

Input Port TN-LC states Output Port 2 Output Port b
Low Voltage High Optical Power of IP2ba Low Optical Power ofd&2
High Voltage Low Optical Power of IP2b  High Optical Power of P2a

Table IV-5: Summary of the Ports and TN-LC states for the Variable Optical Power Splitter
(see Fig.1V.1 for notation).

IP2b

IV.5.- Bulk Optical Components Used in the Implementation

One of the most important properties of the Advanigkiltifunction Switch is that it
has to operate in a wide wavelength range. Diffeoptical components make up the
proposed optical switch, and for this reason, th@saponents have to be able to
work in the desired wavelengths. Characterizatibrazch element has been carried
out in order to determine which the most suitalrlesofor the device implementation
are.

IV.5.a.- Polarizing Beam Splitters

A comparison between different Polarizing Beam t8&pk (PBS) has been carried
out for obtaining their optical properties. Foupég of PBS have been tested:
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* Cube PBS of Melles Griot 03 PBB 003 (450nm — 650nm)

* Cube PBS of Melles Griot 03 PBB 013 (650nm — 850nm)

* Wire Grid PBS of Moxtec with antireflection coatig50nm — 650nm):
PPBS202C

« Wire Grid PBS of Moxtec without antireflection coay: PPBS202A

Insertion Losses and Extinction Ratio of the PBSt asdefined in Section 1.5, for
both outputs at different wavelengths are measaretiresults are shown in Table
IV-6. Tx refers to the transmitted X-polarized optipower, while Rx denotes the
reflected X-Polarized optical power.

Polarizer |Characteristics 550nm 630nm 850nm 1300nm
IL Tp (dB) 0.7 0.5 0.8 1.0
ER Tp/Ts (dB) 27.1 27.2 0.6 0.1
PBB 003 IL Rs (dB) 0.2 0.3 12.1 13.8
ER Rs/Rp (dB) 24.1 18.8 26.8 1.0
IL Tp (dB) 1.4 0.6 0.4 0.2
ER Tp/Ts (dB) 3.3 25.7 14.2 0.7
PBB 013 IL Rs (dB) 3.65 0.2 0.2 7.4
ER Rs/Rp (dB) 19.8 24.8 16.8 6.95
IL Tp (dB) 1.8 0.4 1.7 0.2
ER Tp/Ts (dB) 27.5 33.6 14.7 8.6
WGPPBS02A IL Rs (dB) 0.7 0.1 0.6 0.8
ER Rs/Rp (dB) 19.7 18.4 17.1 10.1
IL Tp (dB) 1.1 0.3 1.3 0.2
ER Tp/Ts (dB) 25.7 29.7 14.4 8.5
WGPPBS02C IL Rs (dB) 0.4 0.15 0.6 1.1
ER Rs/Rp (dB) 18.95 22.9 11.5 9.1

Table IV-6: Measurements of PBS Main Parameters.

Three Wire Grid (WG) PBS PBS02A from Moxtek have rbegsed for the
implementation of the advanced multifunctional ogliswitch because they can
operate in a wider wavelength range.

From measurements (see Table IV-6), it can be desneaich PBS has low losses
and high extinction ratios within specified wavejémn range. As an example,
PBBO003 has losses from 0.5dB to 0.7dB, and ER oB2&d630nm and 550nm

respectively. In terms of wavelength range openatia better performance is
obtained with WG PBS, having losses below 1dB andhigfRer than 10dB in a

600nm wavelength range from 550 to 1300nm.
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IV.5.b.- Twisted Nematic Liquid Crystal Cells: Design and
Characterization

Special TN-LC cells were fabricated during a redeatay in Telecom Bretagne,
Brest (France) under supervision of Mr. B. VinouZelecom Bretagne has a 100-
class clean room that allows the development ofr¢lgiired processes involved in
TN-LC cells manufacture: Glass substrate treatmedtcdeaning, LC cell assembly
and filling using vacuum. An adjacent room hasrkeessary equipment for cutting
glass substrates and making optical characterizatio

Four different types of TN-LC cells, in order to aint the expected wavelength
range of operation; were designed and manufact@eekifications proposed for the
device are a contrast more than 20dB or 30dB #®fdHowing wavelength ranges:

e 800nm to 1300nm range.
e 400nm to 800nm range.
e 600nm to 1300nm range.

Three LC mixtures were available for the cell desi@mly two of them were
considered as suitable for fulfilling the paramgtequired:

« Ref A is a not conventional LC mixture, with a vdrngh birefringence, as
defined in section 11l.1.b., 0.38 at 633nm.

 Ref B is a LC mixture used in telecommunication legapions, with a high
birefringence, 0.224 at 633nm.

* Ref C is a LC mixture used usually in display apgiions, with a low
birefringence, 0.105 at 633nm.

The optimization of the TN-LC has been made by ugimgy Gooch and Tarry
transmission law [Gooch-1975]. This calculation gitke transmission through the
TN-LC cell when it is placed between crossed potmszversus the LC thickness
without voltage applied to the cell (see Figured)/-

Cell transmission in parallel polarizers
versus liquid crystal thickness
1
0,9
0,8 \ i
0,7
c ,1_ \ ——T(1,3um)
2 06 —
% oe I T m
g 05 fip —a—T (0,66 um)|
%]
g 04 R —T(O4pm) |~
= 03
palalip
0,1 m
0
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Liquid crystal thickness (um)

Figure IV-6: Simulation of Transmission for a TN_LC Cell at Different Wavelengths
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Contrast versus LC thickness
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Figure IV-7: Contrast Simulation of TN_LC Cell Filled with Mixture Ref A
for 660nm, 850nm and 1300nm.

The shape of the transmission curve is a dampedathwhose minima depend on
the cell thickness and the wavelength. Figure \8héws in log scale the contrast,

that is the inverse of the transmission, at difiergavelengths when the TN-LC Cell
is filled with mixture Ref A.

A detail of the transmission curves in then¥ cell thickness is show in Figure IV-8.

Contrast versus LC thickness
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Figure IV-8: Detail of the Contrast Simulation of TN_LC Cell Filled with
Mixture Ref A for 660nm, 850nm and 1300nm.

Summarizing the obtained results for the simulajdhe optimum cell thickness for
a 20dB contrast is given in Table IV-7 while theioptm cell thickness for a 30dB
contrast is presented in Table 1V-8.

Wavelength Optimal Thickness (M) Thickness Tolerance im)

Range (nm) | RefA Ref B Ref C Ref A Ref B Ref C
850-1300 7.05 11.8 26.0 0.3 +1.0 2.0
400-850 6.8 11.2 25.3 0.8 .4 3.4
660-1300 7.05 11.8 26.0 0.3 +1.0 2.0

Table IV-7: TN-LC Cell Thickness for 20dB Contrast.
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Wavelength Optimal Thickness (m) Thickness Tolerance [im)

Range (hm) | Ref A Ref B Ref C Ref A Ref B Ref C
850-1300 11.2 18.9 41.6 1.4 0.1 0.4
400-850 15.75 23.3 50.4 0.5 0.5 .2
660-1300 22.65 38.0 >70 0.7 0.4 ---

Table IV-8: TN-LC Cell Thickness for 30dB Contrast.

As result of the simulations done, the last mixtwas discarded because it is not
suitable for this application. As it was expectkdher the LC birefringence lower

the cell thickness. The four configurations proposesihg the first two mixtures, are

shown in Table IV-9.

Wavelength Cell : Expected
Cell Type Rangeg Thickness LC Mixture Extinc’ﬁon Ratio
nol 400nm — 1300nm um Ref A 20dB
no 2 400nm —1300nm 11um Ref B 20 dB
no 3 850nm — 1300nm Lin Ref A 30dB
no 4 400nm — 850nm 15um Ref A 30dB

Table IV-9: Characteristics of the Manufactured Cells.

The TN-LC cells have been manufactured accordinpagtrameters defined from
simulations. The first step has been the fabricatiothe mask. The pattern with the
pixels that make up each cell has been transféoed chrome mask. Figure 1V-9
shows the schematic with the pixels distributionat thave been patterned to the

chromium mask.

5mm —»| |e—

—— 45mm ————»
«—11.8mm
<_
]

$ - 12.3mm 10mm — [
le———— 45mm ————>

Figure IV-9: Pixel Distribution of the Fabricated Cells.

In order to fabricate the chrome mask, the pattas been printed in a transparent
film. It has been transferred to the photoresietajat previously covers the chrome
mask using an ultraviolet light. The photoresist basn removed from the zones

exposed to the light by using a developer. The remgiphotoresist, which has the

shape of the pattern to be transferred to the canoask, has been cured by heating
it in an oven. The exposed chrome has been attacketl finally the remaining

photoresist has been cleaned.
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Once the chrome mask has been manufactured, lbhd®as used for transferring the
pixel pattern to the electrode layer that covers glass substrate. Only one glass
substrate of each TN-LC cell has been treated, ttier glass substrate is the counter
electrode, and it is not necessary to pattern it.

A thin layer of Indium Tin Oxide (ITO) is used asalede. The pixels pattern has
been transferred to the ITO by means of a photgigic process similar to the
method described for the chrome mask.

The molecular orientation inside the TN-LC cells istasned by means of the
alignment layers. These layers consist of a polyamidbbed in the desired
directions. In the case of a TN-LC cell, the rubbimg both substrates is
perpendicular in order to obtain the moleculesxhadtirst, the polyamide has been
deposited by spin coating, then the polyamide léges been cured in an oven, and
finally the polyamide deposited in both substrdtage been rubbed in perpendicular
directions.

The spacers that are in charge of maintain the tbatkness are deposited by
sputtering. The glue used for making up the cellcstre has been applied to one
substrate by serigraphy. After the cell assembily,glue has been cured in the oven.
Then, the cell is ready for being filled in.

The fabricated cells have been filled in with the in&ture by the vacuum process.
The LC is injected inside the cell by capillaritydapressure differences. Once the
vacuum has been created in the vacuum chambdigting crystal mixture has been

placed together the orifice left in the assemblgtfor filling it in.

Once the cell has been filled in, the orifice fiting it in is sealed in order to prevent
leaks of LC and its spoilt. Metallic pins are pldce the electrodes edges for
applying voltage to the LC. The pins are fixed usghge and silver paste. Finally,
the wires are soldering to the metallic pins.

The manufactured cells have been characterizedder do check their behaviour.
Three different set of measurements has been caueébr obtaining the TN-LC
response.

Spectral response of the TN-LC cells has been addaising an AvaSpec-128 Fibre
Optic Spectrometer from Avantes, whose waveleng#ration range is from 360nm
to 850nm. Transmission between crossed polariserarallel polarisers has been
measured for two states of the cells, when no gelia applied to the cell and when
a 5Vrms, 10kHz square wave has been droved to it.

Transmission of the TN-LC cells at three wavelengthen the excitation voltage is
modified has been carried out using three diffeigrtical sources: A 1mW laser
diode at 532nm form Hero, a 5.0nmW laser diodes@né from Power Technology
Inc and an 850nm LED from Ratioplast Optoelectrorcuare waves with of
frequencies, from 100Hz to 20kHz, have been drotedhe TN-LC cells for
obtaining the cell’s response. In the following exments, a 10kHz frequency
square wave has been used for characterizing thed bells.
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Dynamic response of the TN-LC cells two waveleng8&nm and 650, has been
obtained a using an Infineon SFH 350V phototraasisith a resistor. The obtained
voltage has been measured with an oscilloscope.

The results obtained for each type of TN-LC cellesented below:

¢ Cell type no 1: 6.&m thick cell filled with Ref A mixture

Figure 1V-10 shows transmission of the cell whernsitplaced between crossed
polarisers and parallel polarisers when the cedingched on and when no voltage is
applied to it.

Transmission of Cell Type no 1
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Figure IV-10: Transmission of Cell Type no 1, Between Crossed Polarizers and Parallel Polarizers
when the LC is Switched (5Vrms) and when it is not Droved (0V)

Figure IV-11 shows the transmission of the Celktyy 1 between crossed polarisers
and parallel polarisers at three wavelengths, whenvoltage applied to the cell is
modified.

Transmission of Cell Type no 1
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Figure IV-11: Transmission of Cell type 1 at Three Wavelengths,
and Between Crossed and Parallel Polarizers
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Table IV-10 summarizes main characteristics of dgfie nol.

Characteristics 550nm 660nm 850nm
CrossP ParP CrossP ParP CrossP ParP
Insertion Losses (dB 3.1 1.0 1.3 1.2 1.3 1.3
Crosstalk (dB) -21.8 -26.75 -27.6 -26.45 -19.7 -21.5
Rise Time (ms) 44.6 3.2 42.4 2.4
Fall Time (ms) 4.0 46.0 4.8 52.6 - -

Table IV-10: Main Characteristics of the Cell Type no 1.

At low voltage, higher transmission is obtained wiee TN-LC cell is placed
between cross polarizers, while higher transmisssoachieved when the cell is
placed between parallel polarizers for higher \gata

e Cell type no 2: 11.&m thick cell filled with Ref B mixture
Figure 1V-12 shows transmission of the cell whensitplaced between crossed

polarisers and parallel polarisers when the caingched on and when no voltage is
applied to it.

Transmission of Cell Type no 2
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Figure IV-12: Transmission of Cell Type no 2, Between Crossed Polarizers and Parallel Polarizers
when the LC is Switched and when it is not Droved

Table IV-11 summarizes main characteristics of dgpe no 2.

Characteristics 550nm 660nNm 850nm
Cross P Par P Cross P Par P Cross P Par P
Insertion Losses (dB) 1.3 1.4 1.4 1.25
Crosstalk (dB) -29.2 -22.4 -25.4 -25.2 -17.4 -16.9

Table IV-11: Main Characteristics of the Cell Type no 2.

Figure IV-13 shows the transmission of the Celktyyo 2 between crossed polarisers
and parallel polarisers at three wavelengths, whernvoltage applied to the cell is
modified.
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Transmission of Cell Type no 2
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Figure IV-13: Transmission of Cell type 2 at Three Wavelengths,
and Between Crossed and Parallel Polarizers

Cell type no 2 has not been used in the implemientatf the prototype because only
one cell of this type was fabricated.

¢ Cell type no 3: 11.am thick cell filled with Ref A mixture

Figure 1V-14 shows transmission of the cell whensitplaced between crossed
polarisers and parallel polarisers when the cdaingched on and when no voltage is
applied to it.
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Figure IV-14: Transmission of Cell Type no 3, Between Crossed Polarizers and Parallel Polarizers
when the LC is Switched and when it is not Droved

Figure IV-15 shows the transmission of the Celktyyo 3 between crossed polarisers
and parallel polarisers at three wavelengths, whenvoltage applied to the cell is
modified.
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Transmission of Cell Type 3
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Figure IV-15: Transmission of Cell type 3 at Three Wavelengths,
and Between Crossed and Parallel Polarizers

Table IV-12 summarizes main characteristics of dgpe no 3.

ch - 550nm 660nm 850nm
aracteristics Cross P Par P Cross P Par P Cross P Par P
Insertion Losses (dB) 1.7 2.3 1.3 1.4 2.0 1.75
Crosstalk (dB) -23.5 -27.5 -28.4 -32.0 -19.4 -19.4
Rise Time 44.6 6.1 42.4 4.1
Fall Time 4.0 66.4 4.8 115.0

Table IV-12: Main Characteristics of the Cell Type no 3.

This type of cell is optimized for operating in tBB0-1300nm wavelength range.
Contrary to expected, more contrast have beenrsatat 550nm and 630nm.

* Cell type no 4: 15.am thick cell filled with Ref A mixture

Transmission of Cell Type no 4
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Figure IV-16: Transmission of Cell Type no 4, Between Crossed Polarizers and Parallel Polarizers
when the LC is Switched and when it is not Droved
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Figure 1V-16 shows transmission of the cell whensitplaced between crossed
polarisers and parallel polarisers when the caingched on and when no voltage is
applied to it.

Figure IV-17 shows the transmission of the Celktyyo 4 between crossed polarisers
and parallel polarisers at three wavelengths, whenvoltage applied to the cell is
modified.
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Figure IV-17: Transmission of Cell type 4 at Three Wavelengths,
and Between Crossed and Parallel Polarizers

Table IV-13 summarizes main characteristics of dgfje no 4.

Characteristics 550nm 630nm 850nm
CrossP ParP CrossP ParP CrossP ParP
Insertion Losses (dB)] 2.1 0.3 1.3 1.3 2.0 2.0
Crosstalk (dB) -25.9 -25.9 -27.7 -24.0 -21.5 -21.6
Rise Time 119.0 13.0 122.2 7.5
Fall Time 10.6 120.0 17.0 140.0

Table IV-13: Main Characteristics of the Cell Type no 4.

IV.6.- Light Coupling and Scalability

The last stages that make up the optical switchiraharge of focusing the light
from both optical paths in both output ports, ahdsiformed by the twdutput
Lensesand theOutput Ports The proposed optical switch is designed for opagat
in multimode optical fibres, especially in Polyn@ptical Fiber (POF) and Graded
Index POF (GI-POF).

One of the main characteristics of step index POiksilarge core, 98@n, and high
Numerical Aperture, near 0.5. These two propertilesvean easy light coupling into
the output port of the device, reducing losses. Kbawo this, only by using a single

85



Pedro Contreras Lallana

focusing lens, most of the guided optical powet Hraves to the output port can be
coupled to the output fibre. Therefore, there isompgromised between the output
lenses parameters and the optical fibre.

Tﬂ AN = sen(a)

r

'

Figure IV-18: Relation between Numerical Aperture of the Output Fiber
and the Output Lens Characteristics

According to the schematic presented in Figure 8ythe relationship between the e
radius ¢) and the focal lengthf)(of the Output Lens and the Numerical Aperture
(NA) of the output fibre is given by equation [IV-1]:

NA=ser(a) > arctar{%] [IV-1]

Wherea is the angle of acceptance.

The Output Lenses used in the implementation ofptieposed device have 50mm

diameter and 75mm focal length; so ideally, lightims would arrive to the focal

point with fewer angles than 18.5°. On the otherdhas POF has 0.5 NA, the beams
that arrive to the fibre with fewer angles than 36®uld be couple properly and

therefore transmitted along the fibre.

If the beams that arrive to the output fibre aregudlimated properly, the light is not
focused in the focal point, and the spot of thgoutight to be coupled into the fibre
increases. Thus, if the input collimated beams tdivergence, it is propagated to
the output port and the output beam spot is endarger this reason, it could be
interesting to use a fibre lens in the output podrder to collect the light that is not
properly focused.

On the other hand, in order to calculate the marimumber of input ports, it
depends mainly on the output lens size and thergiwvee of the collimated beam
that comes from each port. In this way, the NA @M makes the non-ideal
collimated beam have more divergence, than otlberdi An estimation of 4° has
been measured from the implemented set up. In dhs¢, pixel size should be
enlarged for covering the whole beam spot.

Following the consideration given above, the psiek should be about 9mm width
for POF applications, and 4mm for GI-POF becausedae exhibits fewer NA, and
this reduces the beam divergentke pitch in both cases is considered to be 1mm.
According to that, the pixels distributions for P@Rd GI-POF applications in the
output lens is shown in Figure IV-19.
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Figure IV-19: Pixel Distribution for GI-POF and POF applications in the Output Lens

Taking into account the restrictions given befolne, amount of input port could be 6
for POF applications and 18 for GI-POF networkghim current design. New designs
using other lens and pixels can accommodate otlrabar of maximum ports.

IV.7.- Optical Characterization

Preliminary results of de advanced multifunctionptical switch were obtained at
two wavelengths. Deeper characterization of theaaded multifunctional optical
switch has been carried out in the optical testhehat is described in Chapter VI.

IV.7.a.- Preliminary Results

Figure IV-20: Picture of the Impleméﬁted Device for the First Set of Measurements
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Figure IV-20 presents a picture of the implemernttedice. Three uncoated wire grid
polarizing beam splitters PBS02A from Moxtek, twaufn thick nematic liquid
crystal cells optimized for working in the 850nmL300nm wavelength range and
two 50mm diameter plane-convex lenses with 7Smnalfength have been used in
the implementation of the device. The use of uncb&BS and NLC allows their
operation in a wide wavelength range, although drigbsses and reflections are
expected. By the way, only two wavelengths chareatton was made.

A schematic of the experimental set up used foringathe measurements is shown
in Figure IV-21. Each port has been measured intdgaly of the others. Two
visible laser diodes have been used for doing hiaeacterization. One laser diode at
650nm and 5.0mW from Power Technology Inc has bésreg at thénput Port a

of the device, and a laser diode at 532nm and 1mowi Hero has been applied to
the Input Port b Not input lenses have been employed becauseatieg Hiodes
include collimation optics.

Output Lens 1 Wave generator Output Lens 2

i |
Output Port 1\ J / Output Port 2
Power /

Power
Meter

/

Input Port a: |

Laser Diode \ Input Port b:
@650 nm NLCa PBS1 NLCb PBS3 Laser Diode
@ 532 nm

Figure IV-21: Experimental Set up Used for the Preliminary Characterization.

POF has been used in both output ports. A 557 Ritmmmercial optical power
meter has been used for obtaining the measuresewldit Packard wave generator
has been used for applying voltage to the liquigstal cells. A 10kHz frequency
square wave with different voltage levels has bapplied to the suitable pair of
pixels in order to characterize the device transioisat both wavelengths.

Measurements have been taken in two different stapsach pixel of the proposed
device. In a first stage, light from the laser dicat 650nm has been measured in
both outputs. In the second stage, light from #sei diode at 532nm has also been
measured in both outputs. Figure IV-22 shows thesimission obtained for all the
three pixels at both wavelengths.

When no voltage is applied to the liquid crystalls;eOFF state,Input Port ais
guided toOutput Port 1and Input Port bis directed toOutput Port 2 In the
experimental set up used, when the laser diodé&@mré (nput Port § has been
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used high optical power of light has been measurédutput Port 1 and very low
optical power is measured @utput Port 2

Similar situation happens with the light from th&2&m laser diodelrfput Port b,
more transmission is obtained@utput Port 2that inOutput Port 1(see Figure V-
23 (a)).

dB Transmission Pixel 1 Transmission Pixel 2 Transmission Pixel 3
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Figure IV-22: Transmission Obtained for Each Pixel of the Device,

The optical transmission of the device is modifigaew the voltage applied to both
TN-LC cells is increased. Finally, when the cells eaompletely switched, the device
is in ON state: light frominput Port ais guided taOutput Port 2and light frominput

b is directed ta@Output Port 1 In the experimental set up used, there is motiealp
power from the 650 nm laser diodegut @ in Output Port 2b And vice versa,
more transmission from the 532 nm laser diddeut b) is measured i®utput Port

1 (see Figure 1V-23 (b)).

(b)

Figure IV-23: Pictures of Two States of the Implemented Device: (a) OFFand (b) ON.

89



Pedro Contreras Lallana

From the experimental results, Figure 1V-22, cralkstas it is defined in section
[1.2.b, higher than 14dB at 532nm and better thaBlat 650nm have been obtained
with the sample used.

Variable optical transmission or attenuation can bletained by applying
intermediate voltage levels to the TN-LC cells, iaggfrom 2 to 6Vrms,Vy
<V<V,,; lower voltages induce less polarization shiftsput light is split and
directed to both outputs with a variable ratio depeg on the applied voltage, and
consequently on the manipulation of the stagegbitlpolarization by the LC. In this
situation, the proposed device is operating betw®&f and ON states when
implementing this mode.

IV.7.b.- Device Characterization Using the Optical Test Bert

The proposed Advanced Multifunctional Optical Switbhs been characterized
using the optical test bench described in ChaptelRémote control of the optical
test bench is possible and automated measuremerttecaarried out. The optical
device has been built in a separate aluminium lpéete for allowing its removal

from the Optical Characterization Test Bench wheuired.

The proposed device has been characterized witiitbe types of TN-LC available:
Cell type no 1, no 3 and no 4. The same implememtdias been used for all the
possibilities and only the TN-LC has been intercleahgin both set of
measurements, only the central pixel of each TN-UCheas been characterized.

Two set of measurements have been carried out #gacterizing the optical device.
In the first one, multimode silica 62.5/12% fibre has been used at the input ports.
GRIN lenses have been placed at the fibre outputctdlimating light. Two
multimode 99:1 couplers have allowed measuringrikertion losses and crosstalk,
as it is defined in Chapter 11.5, in both input §sor

Response times of the optical switch have been umedsin the second set of
measurements. As optical source, three laser diatlé#ferent wavelengths have
been placed at the input ports. Optical power at dbvice’s outputs have been
measured by means of an amplified photodetectanexiad to an oscilloscope

* Optical Characterization of the Switch using Multimode Silica 62.5/12fm
Fibre as Input Port

An optical source from Ratioplast Optoelectroni¢chwtivo interchangeable LEDs at
different wavelengths, 660nm and 850nm, has beeu disr characterizing the
Advanced Multifunctional Optical Switch. Light isugled by means of a 99:1
multimode fibre coupler from the optical sourcetlte optical switch’s inputs. The
1% branch serves for estimating the optical powehe switch.

Two GRIN lenses have been used for collimating idjig khat exits from the optical
fibre. The obtained beam is directed to the optilsalice. In this experiment, POF
has not been used because due to its high Numépeature (NA) the collimated
beam has a large divergence, making more diffittuét characterization of the
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device. Figure 1V-24 shows a picture of the Advah&anctional Optical Switch
implemented in the Optical Characterization Bench.

PBS3
NLCb
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Port 2b
o
PBS2 ’ ) PBS1
NLCb

-
®
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) - : FY »
Figure IV-24: Picture of the Advanced Multifunction Optical Switch
Built in the Optical Characterization Bench

The Optical Characterization Bench has been progeanfar measuring output
light when the amplitude of a 10kHz frequency squarave is modified from
0.200Vpp to 10Vpp in steps of 0.2V.

Insertion Losses (dB)
Cells Typeno1 (400nm — 1300nm (Fibre — Fibre) Crosstalk (dB)
660nm 850nm 660nm 850nm
Input Port a Output Port 1 13.1 12.0 -15.9 -18.8
Input Port a Output Port 2 14.2 12.25 -14.2 -18.2
Input Port b Output Port 1 15,15 11.25 -17.6 -14.8
Input Port b Output Port 2 15.55 10.9 -16.0 -13.6
Cells Type no 3 (850nm — 1300nm
Input Port a Output Port 1 12.8 11.9 -23.7 -18.4
Input Port a Output Port 2 13.5 11.9 -18.4 -18.5
Input Port b Output Port 1 13.2 111 -23.7 -16.1
Input Port b Output Port 2 15.3 10.8 -14.9 -16.1
Cells Type no 4 (400nm — 850nm
Input Port a Output Port 1 12.9 12.0 -21.9 -17.1
Input Port a Output Port 2 14.1 12.3 -20.8 -19.3
Input Port b Output Port 1 151 11.3 -5.0 -16.0
Input Port b Output Port 2 15.2 10.8 -19.1 -15.7

Table IV-14: Results Obtained for the Device Characterization when

the Multimode 62.5/125um Fibre is Used at the Input Ports.
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A 20cm stretch of POF has been used for guidinigt figpm the output port to an
amplified photodiode PDA100A from Thorlabs. The ob¢al voltage has been
measured using a TDS1200 oscilloscope from Tektronix

The experimental results obtained in this set of sueaments are summarized in
Table IV-14.

From measurements, it can be seen that best oymdibrmance is achieved in
AMOS using cell type n°l. In this case, AMOS ha80®nm wavelength range
operation with losses around 13dB, and crosstélieibthan -15dB.

Anyhow, insertion losses higher than expected Hasen obtained. This can be
produced by the divergence of the light that cofn@s the input port making that
the output beam is not focused well in the outgaref

This issue can be improved by using a fibre lerth@output ports in order to collect
more light. Insertion losses smaller than 5dB canebtimated from the insertion
losses measured of the bulk elements.

Figure IV-25 shows the optical transmissions fromput Port 2bto both Output
Ports when the voltage applied to the TN-LC is medifor the three types of cells.
It can be seen a voltage adjustable around 15dferan

Transmission of Input Port2 b Transmission of Input Port2 b Transmission of Input Port2 b

Cell Type no 1 @ 850nm dB Cell Type no 3 @ 850nm 48 Cell Type no 4 @ 850nm

-10,00

dB

-10,00 - -10,00

-16,00 -16,00 - -16,00 |

-22,00 -22,00 -22,00

-28,00 1 ‘ 1 1 . -28,00 ‘ ‘ ‘ | | -28,00

(a) (b) (c)
Figure IV-25: Transmission from Input Port 2b to Both Output Ports when the Voltage Applied to
the TN-LC is Modified for the Three Types of Cells: (a) Type no 1, (b) Type no 3 and (c) Type no 4.

The proposed device allows variable optical powangmission from the input port
to the output ports. According to Figure IV-25, sthiariation can be achieved
approximately from 2Vrms to 3Vrms.

In this way, Variable Optical Power Splitter (VOP) considered when both
outputs,Output Port 1landOutput Port 2 are used. Variable splitting ratios can be
achieved by adjusting the voltage driven to the T®I-tells. Moreover, Variable
Optical Attenuator is obtained when only one ouiputsed.

92



Chapter IV Advanced Multifunctional Optical Switch Based on LC

¢ Dynamic Characterization of the Switch using LaserDiodes at the Input
Ports

Dynamic optical characterization of the proposedigehas been carried out using
three Lasers at different wavelengths: a 532nmland/ Laser module from Hero, a
650nm and 5mW Laser module from Power Technology &mel an 850nm and

10mW from Thorlabs.

The output part of the experiments is similar to theed in the previous
characterization; a 20cm stretch of POF has beed t@ guiding light from the
output port to the amplified photodetector PDA10BAmM Thorlabs. A TDS1200
digital oscilloscope from Tektronix has been usedieasuring the voltage.

A wave generator 33120A from Agilent has been useddriving the excitation
voltage to the TN-LC cells. A 5Vrms and10kHz squaewve has been applied to the
TN-LC cells for 0,5s and OV has been applied fos0.5

All the three types of cells have been charactdribet only one input port has been
measured. Figure IV-26, Figure 1V-27 and Figure2&-show the response times
obtained in the characterization for the differges of cells used, and Table IV-15
summarizes the obtained results.

Input Port 2b Rise Time Fall Time
Cells Type no 1 532nm 650nm 850nm 532nm 650nm 850nm
Output Port 1 10.1 8.6 8.4 33.2 39.8 42.4
Output Port 2 38.8 39.4 40.0 20.5 24.3 17.3
Cells Type no 3

Output Port 1 24.4 21.0 14.4 73.9 73.8 94.8
Output Port 2 70.6 76.3 101.6 59.8 23.0 15.2
Cells Type no 4

Output Port 1 39.8 27.4 28.8 119.4 118.4 125.0
Output Port 2 117.0 118.3 116.0 38.6 29.4 31.8

Table IV-15: Response times of the Advanced Multifunctional Optical Switch.

Response times from tens to hundreds of millisesdral/e been obtained. Larger
times are related to Liquid Crystal's relaxatioméss while larger times correspond
with LC’s excitation times. It is usual that reléxa times are larger than excitation
times in this type of cells.

The response times represented in Figure IV-26,r€igu-27 and Figure IV-28
correspond to the configuration of the device wttenlight goes frominput Port b
to Output Port 1 According to the device response, higher transionsis obtained
when the TN-LC cells are switched on. So, the repeesl rise time of the optical
switch, left part of the presented figures, arateal to LC’s excitation time.

On the other hand, right part of the figures shbe fall time of the optical switch
for the configuration used in the measurementsgératimes are obtained because
the presented responses are related to LC's redaxaines that are usually larger
than excitation times. As it is expected, largespanse times are obtained for wider
TN-LC cells.
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Rise Time, Celltype no 1:
Input Port 2b - Output Port 1

Fall Time, Cell type no 1:
Input Port 2b - Output Port 1
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Figure IV-26: Response Times of the Advance Multifunctional Optical Switch Built with Cells Type no 1

Rise Time, Cell type no 3:
Input Port 2b - Output Port 1
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Input Port 2b - Output Port 1
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Figure IV-27: Response Times of the Advanced Multifunctional Optical Switch Built with Cells Type no 3

Rise Time, Cell type no 4:
Input Port 2b - Output Port 1
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Input Port 2b - Output Port 1
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Figure IV-28: Response Times of the Advanced Multifunctional Optical Switch Built with Cells Type no 4

Higher response times are obtained when the AMOS®aasured respect to the
TN_LC. Rise times obtained in that case are highan tthose measured for the
single LC characterization. This is due to the taet more liquid crystal has to be
switched. On the other hand, fall time does notfediimuch from the TN-LC
characterization. This thing is due to the fact fadittime is related to the viscosity
of the material and it does not depend on the gel&pplied.

In addition, as it is expected, the response tiofewider TN-LC cells are higher
than those obtained for thinner cells. This is cdusecause the response times are
proportional to the cell thickness.
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Chapter IV Advanced Multifunctional Optical Switch Based on LC

According to the response times measured, the peapdevice is suitable for being
used in applications where switching speed is motddmental

IV.8.- Summary and Conclusions

In this chapter, a novel structure of an Advancedtifinctional Optical Switch has
been presented. The scheme is based on TN-LC pdianzaanagement with TN-
LC cells.

The propose device is suitable for being used intikolde Optical Fibre Networks,

where the output light can be easily coupled todimput port due to the fibre high
numerical aperture. In the specific case of POése¢metworks operate in the visible
wavelengths range, 532nm and 650nm. In additioad&i-Index POF is able for
operating up to 1300nm. Due to this, the proposedcd is designed for working

properly in a wide wavelength range. In the measerds it has been tested its
operation in a 300nm range.

Twisted Nematic Liquid Crystal (TN-LC) cells are ablieperform light switching in
a wide wavelength range, and for this reason tmeyttse candidate used for acting
like active element in the proposed device.

The proposed scheme is scalable. The main restisctiome from the output lens,
which is in charge of focusing all the output lightthe output port. The angle of the
focused beams should be smaller than the acceptaryte of the output fibre. The
lens used in the implementation is 50mm diametdrtas a focal length of 75mm,
this makes to the output lens fulfil the requiretsesf the numerical aperture of the
output POF

On the other hand, the divergence of the input Iseeanise that the output light is
not focused properly into the output fibre. Momghli can be collected if a fibre lens
is used in the output port. Due to the numericarape of POF, collimation in this
kind of fibres makes greater divergences. In tresec the pixel size should be
enlarged for covering the beam spot that comes th@amnput port.

Taking into account these restrictions, using theeséenses in the output ports, up
to 6 input ports could be implemented in POF ajppilons, and up to 18 for GI-POF
applications.

Due to the large operation wavelength range, ufoto different types of TN-LC
cells have been designed and fabricated for teptimgoses. Characterization of the
manufactured TN-LC cells has been carried out ireotd check that they work
properly in the operation range.

The proposed device has been characterized atatiffevavelengths in order to
obtain the most relevant parameters. High insettisses have been obtained, this
can be due to the divergence of the input light, @m be in part corrected by using
fibre lenses in the output ports.
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The obtained crosstalk, is usually better than 15dB 650nm and 850nm.
Transmission through the device can be modifieddpjyéng less voltage to the TN-
LC, so, variable attenuation can be achieved.

The response times has also been characterized.rdpespd device is suitable for
being used in applications where switching speechas fundamental. Larger
response times are obtained for the whole optieaice than when only one LC cell
has been characterized. A reason can be that thealopaths followed for each
polarization are slightly different and makes tlsp wider. In addition, more liquid
crystal has to be switched in order to commutedthace.

Larger times are related to Liquid Crystal relaatiimes. It is usual that relaxation
times are larger than excitation times in this tgbecells. In addition, larger times
are obtained for wider cells, because the equivalgpacitor is higher in this case.

From measurements carried out, it can be seenbisit overall performance is
achieved in AMOS using cell types 1. In this ca®S&OS has a 900nm wavelength
range operation with losses around 13dB, crosd&tatter than -15dB, rise times in
the order of tens of milliseconds, and fall timkerger than 43ms.

Finally, the proposed device can perform differiemictionalities without hardware
changes, only by selecting the proper input anguytorts and control electronics.
Thus the device can act as an 3x1 Optical Multipl€@mbiner, Dual 3x1 Optical
Multiplexer or 2x2 Optical Switch. Moreover, by dppg a variable voltage to the
TN-LC cells, a Variable Optical Attenuator and a Mhate Optical Power Splitter
can be performed with the same device, and varisliting or attenuation ratios
are possible.

Comparing the proposed AMOS with the optical mudtker presented in section
[11.2, better contrast is obtained for the optigalltiplexer. This can be due to the use
of cube Polarizing Beam Splitters (PBS) with Arftiregent Coating that exhibit
more extinction ratio but in a reduced wavelengdmge. In addition, shorter
response times are obtained for the multiplexep@sed in section Il1.2.
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Chapter V

Switches Based

on Integrated Optics

In this chapter, the description of optical switches and tuneable filters based on
Integrated Optics is presented. In the first section of the chapter, an
introduction about integrated optics switches is given. In the second part, there
is an overview about Ring Resonator structure. Section three is about switches
based on Ring Resonator with Liquid Crystal placed inside of the ring in order to
modify its behaviour. A more complex structure based also in micro Ring
Resonators and Liquid Crystals is anticipated for being employed as a scalable
1Ix3 Wavelength Selective optical switch. Simulations of the proposed structures
are also presented.

In the last section of this chapter, a Tap and Two Split optical switch for being
used as multicast capable optical cross connect node architecture is proposed.
The structure for implementing the proposed switch is made of a Multimode
Interference splitter and couplers as part of a Mach-Zehnder Interferometer.
Finally, the results obtained in the simulations of the proposed structure are
given.
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V.1.- Introduction to Integrated Optic Switches

Previous chapters were focused on switches madelkfcomponents and free air
propagation. LC is used as active element in al described devices, TN-LC is
utilized for implementing the 3x1 multiplexer prasad in section Ill.4 and the
advanced multifunction optical switch describedchmapter 1V, while the VMUX
employs PDLC.

In this chapter, three switches based on integrafeits are proposed. Among the
integrated technologies available, two of thesehrietogies are proposed for
implementing the described devices. In the twd 8gitches, Ring Resonators (RR)
in combination with LC is used. The other switch based on Multi Mode
Interference (MMI) splitters and Mach-Zehnder Ifgeometer (MZI).

Integrated Optics allows implementing miniaturizilices with high functionality
on a common substrate, which also reduces falwitatiosts [Chen-2006]. In
addition, Planar Lightwave Circuits (PLCs) have ldass and allows the
implementation of practical integrated devices sashmodulators [Martin-1975,
Baehr-2005, Liu-2004 a, Liu-2007, Thomson-2010],tckes [Keil-1996, Suzuki-
2004], filters [Bogaerts-2010, Goh-1998], multipdes [Neyer-1984, Doer-2005] or
sensors [Ksendzov-2005, Rogozinski-2005]

Different materials have been used for implemenBhg devices, such as Lithium
Niobate [Neyer-1984, Sizhuo-1999, Higuma-2001, T@@&, IlI-V semiconductor

compounds [Deri-1991], polymers [Eldada-2000, Vié899, Noh-2006, Wu-2006],
glass [Bell-1991, Duport-1994, Ramaswamy-1988, e&hndro-2008] or LC
[Yujie-2009, Whinnery-1977].

Integrated optics based on silicon [Soref-1986, &&hir1990] exhibit high index
contrast between the core and common claddingsvialiplight concentration and
guiding, thus, waveguides and devices are compatti@ver waveguide radii are
possible. In addition, silicon technology allowsetluse of established CMOS
fabrication techniques to define integrated cic{liiayadi-1998].

Switching in integrated optics is obtained by myidi§ the refraction index of the
waveguide core or the refraction index of the ciagdThere are different techniques
for obtaining the desired effect. Thermo-optic byatirlg a zone of the device,
Electro-optic when a current is used, Acusto-opficuBing an acoustic or elastic
wave travelling that produces periodical strainthe device, all-optical switching
[Almeida-2004], or using mobile parts.
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V.2.- Introduction to Ring Resonators

A Ring Resonator (RR) is an optical device compadsasically by a 2x2 coupler
where one of its outputs is connected to one dhpsts forming a ring, as shown in
Figure V-1. The coupling ratio of the couplesr, controls the amount of the input
optical power that is coupled to the ring. Lighatttravels along the ring comes back
to the second coupler input and interacts withitipaut light, which enters to the
coupler through its first input. Depending on tight wavelength, constructive or
destructive interference are possible, so the respof the RR is a succession of
maxima and minima optical power that repeat pecalty in function of wavelength.

Ky

Input

-

Output
— —>

Figure V-1: Basic Structure of a Ring Resonator

The periodicity or separation between resonant geqies, known as Free Spectral
Range (FSR), depends on the optical time delay¢clwhborresponds with the time
taken by light when is propagated along the rirspnator.

An additional coupler placed in the middle of th&® Rsee Figure V-2) allows
obtaining the complimentary response of the RR.s€haavelengths that present
maxima in theStraight Outputcorrespond with minima in th€ross Output This
structure is used for implementing Optical Add/DMpltiplexers (OADM).

Straight
Input : Output

Cross
-

Outout
Figure V-2: Ring Resonator structure as Optical Add/Drop Multiplexer

OADM are useful in Passive Optical Networks (PON)ene WDM is performed,
and as part of optical cross-connects in long matlvorks. Data are transmitted at
different wavelengths, depending on the informatorihe destination; the selected
wavelength is obtained in the desired points byngisa RR centred at that
wavelength. Such wavelength is extracted in@hess Outputwvhile the rest of the
information is transmitted through tt®&traight Portat the remaining wavelengths.
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Additionally, new data can be transmitted from tpw@int at selected wavelength
using theAdd Portthat is symmetric to th€ross Outputn Figure V-2.

RR have also been used as routers in Self-Routirequéncy Division Multiple
Access (SR-FDMA) networks [Tsao0-1995, Vazquez-20a0Y as filters in DWDM
(Dense Wavelength Division Multiplexing) systemshiarriers spacing of 50 GHz,
or less [Little-2004]. Non-linear optical applicatis, such as all-optical switches
[Heebner-1999], also use ring resonators. The resdnequencies of filters based
on RR devices have already been shifted by charthm@quivalent loop length by
carrier injection [Djordjev-2002a], or local heajin[Little-2004]. The optical
response of this kind of filters can be improvedusyng second order structures
[Vargas-2010].

Other applications of RR are their use as sensorctiemical vapor sensor [Sun-
2004] or protein detection [Ksendzov-2005]. In diddi, the RR structure can also
be used for self-referencing intensity based sengtizquez-2005a]. By using this

technique, it is possible to cancel the measuremeots due to fluctuations of the

optical power that are not related to the magnittmldbe measured, such as the
lifetime of the optical power source...

More recently microring resonatorgtRR) tuning has been achieved by liquid
flowing in the microchannel which constitutes thepar cladding ofhe resonator
waveguides [Levy-2006]; and 3nm shift by all opticantrol using 980nm light
pulses is reported in [Beaugeois-2007]. Thermalhetble switches based on ring
resonators are reported in [Djordjev-2002b] andgiison is used for controlling the
switch in [Geuzebroek-2002, Little-1998a]. Ultrangoact micro ring resonators with
quality factor Q, defined as the ratio between resonance frequamcy 3-dB
bandwidth) up to 250, and a free spectral rangeR{RS 24 nm are reported in
[Little-1998b] as fundamental building blocks in raccomplex optical processing
circuits. New tuning capabilities, by coupling dogént changes in compound
Sagnac embedded in ring resonators as report&thgliez-2005c]

Thermally changing the RR refractive index, by idtroing a heater close to the
resonator, may induce problems related to powesightion when many resonators
have to be integrated in a DWDM multiplexing systdrhis effect is reduced in ring
resonators fabricated from silicon-on-insulator (S@afers with an electrical

tuning, by incorporating nematic liquid crystals th& waveguide side cladding;
achieving a tuning range of 0.22 nm [Mat2@03]. The high refractive index
contrast available in SOI allows compact micro rregonators with low loss and

high-Q.

Some developments in RR filters was focused oneaolg flattop drop-port
responses with a sharp rolloff (-30 dB at closglgced adjacent channels), low or a
wide FSR. Equally important for add—drop applicasias a high-extinction, boxlike
notch response across the channel band in the girport to avoid so-called
coherent cross talk between drop and add data,b&sned in [Popovic-2006].
Vertically coupledpRRs and cross-grid topology have also been denatedira
review of the different achievements can be se¢dakubun-2005].
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V.3.- Switches based on Ring Resonators and Liguid dsysta

RR structure for integrated optics is preferabledenaf a circular waveguide, or a
disk, evanescently side-coupled to a pair of wawkgpu(see Figure V-3). Power is
transferred between waveguides via the resonaridbe ang.

Output 1 Input 2

Monitor 1

Input L Owmtput 2

Figure V-3: Ring Resonator Structure Built in Integrated Optics with LC in the Loop

A previously stated, the RR can be implementedgusiifferent materials such as
INnGaAsP/InP [Levy-2006], GaAs/AlGaAs, SOl [Kokub@f05, Koonath-2006,

Little-1998 b, Maune-2003], polymeric materials [Mauf-2006]. In that respect,

compact devices such as 1x3 add/drop port micragagnators on silicon have been
fabricated [Koonath-2006]. Lithographic precisian riarely sufficient to achieve

critical coupling (a condition in which null outpdield amplitude is achieved at
specific wavelengths, see next section) in fabedatighQ resonators; and some
form of trimming is usually necessary. On the othand, active devices such as
switches need a control parameter to reconfigeesthte of the device.

As it is presented in section 1ll.1, LC technoldmgs been used as a control element
in switching fabrics, even it has been demonstragézttrical tuning in ring
resonators fabricated from silicon-on-insulator evaf by incorporating nematic
liquid crystals as the waveguide side cladding, dultieving a limited tuning range
of 0.22nm [Maune-2003]. Channel waveguides mad8i0§/Si grooves filled with
liquid crystals are presented in [d’Alessandro-2@)6Donisi-2010]. A new RR
structure with liquid crystals (LC) inside the lgop the waveguide core, as the
control element can be seen in Figure V-3. Moremdyg, tunable couplers based on
tuning LC properties inside waveguide regions hlagen reported within photonic
crystal structures [Yasuda-2005, Liu-2004b].

In next section, an overview of the theory appti@dRing Resonators is presented, in
order to help understanding the expected behawibilne URR, although commercial
software based on Finite Differences Time Domain BOave been used in the
simulations.
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V.3.a.-Ring Resonator Theory

As previously reported, a RR is made of a circulaveguide coupled to a
waveguide. In a first approximation, the parametesed in describing directional
couplers formed by placing two waveguides in clpsaximity from coupled mode
equations and identical waveguides are the couplogificient, x, and the distance
of coupling,l. The relation of those parameters to power cogptatioK is given by
[Madsen-1999, Vargas-2003, Montalvo-2008].

(cosk - ¥ =K [V-1]

The following 2x2 transfer matrix describes the tietasships between input and
output fields of the coupling region:

[Eﬂ:@—g)% VK LK {El} V-2]
E, iVi-Kk  JK|LE
where(1-g) are the power coupler excess loss in the evanesekehregion.

The RR transfer function at the straight or thropght (see Figure V-2), considering
previous description of the evanescent field regi®given by:

‘Ezz(l—g K—Z\/EH*COS(ﬁL[)+(H*)2 V-3
E, 1-2JKH cogAL)+( +K)(H')
WhereH' is overall loop loss, and it is:

H :10_% (1-g) ATN [V-4]

whereATN represents any losses inside the loop apart framennal absorption loss,

such as scattering losses in an interface betweerdifferent materials or radiation
losses in waveguide bends; anda ,, L; and L, are attenuation coefficients and
lengths of SIN and LC sections respectively. is total loop length, being

Li=2-m7-R+ 2L andg is the fundamental mode propagation coefficienthia

waveguide.

Resonance frequencies are obtained vmbe(')BL[) = 1, and the FSR is the inverse of
the optical delay time (FSR=}/ which is given by:

- n-2771 R+ n -2,
¢

[V-5]

being c the speed of lighty;, andn, the effective refractive index of SiN and LC
sections respectively.

Critical coupling, or condition that makes the tigh port output field equal to zero,
Is given by:
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K=(H") [V-6]

The quality factor of the resonator is given by:

f, f
= n—=2 V-7
Q FWHM FSR V7]
wheref, is the fundamental resonance frequency, BWiHM is the Full Width Half
Maximum andl is theFinessewhich is given by:

FSR

O=—— [V'8]
FWHM

V.3.b.- Simulation Software and Waveguide Parameters

Once the introduction of the equations that gov&Rsbehaviour is presented, it is
time to introduce the software and the waveguidematers used for testing the
design. Apart from commercidtull WAVE software (by R-Soft), in some cases
output data are afterwards treated with MATLAB.

Some of the results and simulations have beenafigrtibtained during the research
stay in La Sapieza, University of Rome under thpesusion of Prof. Antonio
d’Alessandro, and supported by PhD student DomeRioaisi. Some of the results
are summarized in [Vazquez-2007].

The type of input field is selected through thepddmwn box shown in Figure V-4.
For 2D simulations, this input field is a normal aeoof a slab waveguide with
characteristics matching those of the input wavdgul E input mode is considered
in all the simulations, which is defined to be paimly along Y, E(x,z).
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Figure V-4: Launch Parameters in the Commercial Software used in Simulations.
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Impulse excitation is used for obtaining the reggom the wavelength domain. For
checking RR behaviour at a single wavelength, C\tation is employed.

The high refractive index contrast available imncsih-on insulator SOI is used in the
simulations, expecting compact micro ring resorgteith low loss and hig®. The
waveguides ofuRR prototypes have the parameters described ineTdhbl. LC
effective refractive index are closed to those regabin [Maune-2003] for a NLC E7
mixture. ldeal waveguides in terms of attenuatioafficient are considered, that is,
a=0dB/cm. In this device the LC refractive index dasm changed by applying an
external electric field (electrooptic effect), whitmduces a molecular reorientation.
In fact, it is assumed that when not electric fisldpplied (LC-off), TE light senses
the LC extraordinary refractive index (1.75) andewlthe electric field is applied
(LC-on), the LC molecules are reoriented such Tiatight senses the LC ordinary
refractive index (1.5).

Core Core Core Cladding
(LC-on) (LC-off) (SIN) (SIOy)
Refractive Index @ 1550nm 1.5 1.75 2.01 1.45
Wavelength 1.5um

Table V-1: URR parameters, waveguide with LC on (LC-on) and off (LC-off) respectively.

V.3.c.- Simple Ring Resonator Configuration

As previously reported there is a great interestamneloping compact tunealRR

to be used as part of complex photonic circuitsthia respect, SOI and LC offer a
good opportunity, which up to now is only exploneda single configuration and
with a limited tuning range of 0.22nm.
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Figure V-5: Different Frequency Responses of the uRR obtained for Distinct Device Configurations.

In this section, auRR with LC in the waveguide core in part of the goength,
which is technologically possible as reported ifA[essandro-2006b] is analyzed.

The influence of LC inside the loop in OFF and Qhites, for a LC length of dm,
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and the particular case of having no LC can be sedrgure V-5 (a). For this
specific design a tuning range of 10nm is achiettad,value can be increased up to
half the FSR (13nm), so tuning from peak to nulvelangths, for a LC length of
5um. It has also been shown the dependengdR& FSR on the different lengths of
the LC section in the loop (see Figure V-5 (PR waveguide parameters are those
reported in Table V-1, and with radius R qir8.

Figure V-5 (b) shows the transfer functions forfetiént lengths of the LC
waveguide, the FSR of each one depends on theloatallength, calculations are
reported on Table V-2 for i=1,2 are the first two resonance frequenfies 1.5
to 1.6um.

LC Length Ay (M) Ao (M) AL (nm) FSR(THz)
1zm 1.522 1.554 32 4.05
3um 1.508 1.536 28 3.62
5um 1.522 1.548 26 3.31

Table V-2: FSR Obtained for Different LC Lengths from Figure V-5 (b).

» Critical Coupling Optimization and Compact Design

The analysis of filter’'s transmission for differegéps between the waveguide and
the resonator can be used for analysing the dritioapling and it is basic for
achieving highQ values, as it has been measured in [Morand-2006].

Output 1. © 1 Inputl
Monitor 1

Leoup = 1.5 pm

‘Monitor 3| . Monitor 2
Input 1 L=15pm  Qutput2

Figure V-6: URR with a single LC and Lcoup

This influence is shown in Equation V-1 where itoisserved that critical coupling
depends on the coupling strength between the wale@nd the ring resonator. A
specific straight waveguide of lengthcoup with no Gap between both waveguies
are included in the evanescent coupling lengthrfgoroving crosstalk and insertion
losses (see Figure V-6). Some simulations withedéiit straight coupling lengths,
Lcoup have been developed. Additionally only one L@®lesced in the loop length
after the drop channel to avoid optical power ledated to Fresnel reflections in the
interface of two materials and related to refraetivdex changes. Results are shown
in Figure V-7 for both outputs, in all simulatiortbe loop length irL.coup has also
been increased. Analyzing the through port respatsEigure V-7 (a), a higher
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crosstalk is achieved by usingoup=1.8um, but considering also the drop port,
Figure V-7(b), a better design length is arounquin5

Output 1 for different coupling lengths

11

Wavelength ( pm)

(@)

Output 2 for different coupling lengths

15 1,51 1,52 1,53 1,54 1,55 1,56 1,57 1,58 1,59 1,6
Wavelength ( um)

(b)
Figure V-7: Output Power in the Through Port (a), and at the Drop Port (b)
versus Wavelength for Different Lcoup

V.3.a.- Cross-Grid Configuration

On the other hand, for achieving compact designsssegrid configurations with
vertically coupledpuRR have been proposed [Kolubun-2005]. Thereforethis
section, a planguRR in a cross-grid configuration is designed. Tinecsure has an
input and three outputs. Optical behaviour in eaatput port depends on the LC
state.

Numerical simulations of the instantaneous eledteid intensity pattern in an ideal
side-coupled for two wavelengths with no LC, ancbapling lengthlcou, Of 1um.
is shown in Figure V-8. In cross-grid configuratiayutput 1 is minimum foh =
1.548m (Figure V-8 (a)), and it is maximum far= 1.56um (Figure V-8 (b)). In
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the same way, in the conventional configurationtpoti 1 is minimum fork =
1.548m (Figure V-8 (c)) and output 1 is maximum for= 1.56%um (Figure V-8
(d)).
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Figure V-8: Simulations of an Ideal Side-Coupled pRR for Two Wavelengths with no LC, Lgyp=1pm

Two wavelengths with complementary response haven behosen, a channel
wavelength of 1.548n that is dropped in both configurations and a oeén
wavelength of 1.56%m that goes through in both configurations but wstime
losses. Equivalent behaviour has been obtainedtmdonfigurations.

Simulations of the different structures at 1.pBdwavelength with two strengths of
LC, in ON state, placed in the loop length are stomv Figure V-9. Lower losses
have been obtained for the structure when the Lased after the drop port. For
this device, changing LC from ON to OFF state,rar¥detuning is achieved
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Figure V-9: Simulations of Ideal Side-Coupled pRRs with Two LC ON at A = 1.564um:
(a) Conventional, (b) Cross-Grid Configuration
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V.3.a.-Compound Structure

Different compound structures can be developed,ofitaining switches that are
more complicated. A serial of tWaRR in a cross-grid configuration is proposed. It
has been tested as a reconfigurable three-chaenalltplexer (see Figure V-10).
The through (output 1) and drop (output 2) porpoese versus wavelength for each
individual u\RR are shown in Figure V-10 (b), they are identifigy LC length labels
as: LC1 (Zim) and LC2 (1.am) and in all cases LCs are OFF. Three outputs powe
channels versus wavelength in the compound cordigur are presented in Figure
V-10 (c), where there are marked those wavelentjths have a maximum output
power only at a single output channel: J4F1.595im; 2) A, =1.554m; 3) A3
=1.54Jum (c).
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; : T 1.9: Output 1

0.7 1
i 1.9: Output 2
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i 2.0: Output 1
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Figure V-10: Serial of Two URR in a Cross-Grid Configuration: Structure (a),
Individual Response (b) and Compose Response (c)

Instantaneous electric field intensity patternshia serialuRR configuration, shown
in Figure V-10 (a), have been numerically simulaf@dthe selected input channel
wavelengths that are marked in Figure V-10 (c).SEhsimulations are presented in
Figure V-11 for all LC in OFF state.
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Maximum at Output 1and minimum atOutput 2 and Output 3 are obtained at
1.543um wavelength (see Figure V-11 (a)). MaximunQattput 2and minimum at

Output 1andOutput 3is obtained for 1.554n wavelength (see Figure V-11 (b)).
Maximum at Output 3and minimum atOutput 1 and Output 2 are obtained at
1.595um wavelength (see Figure V-11 (c)). The maximunsstalk is achieved for
wavelength. =1.554im demultiplexed aDutput 2 In all these simulations, LC is in
OFF state.

Cortour Map of Ey Contons biap o Sy Contour Viap of Ey

i I =10
A {um) X nm) H

(a) (b) (©)
Figure V-11: Simulations of a Serial of two YRR in Cross-Grid Configuration
for Three Wavelengths, and LC OFF.

It seems that for avoiding possible coupling betweag resonators at closed LC
sections, they should be a bit more apart from edbhr, this will be optimize in
future designs. In addition, as previously reporbsd other authors the through
channel, or wavelength demultiplexed at output fidnas high losses because there
IS a multiplication of the transfer function of hoRR with the corresponding
accumulative loss penalties.

Finally, simulations of serial twpRR cross-grid configuration output powers versus
wavelength for different LC ON and OFF conditioressé been developed. Results
are shown on Figure V-1Rutput 2corresponds to Figure V-12 (a) whiutput 3

Is in Figure V-12 (b).
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Figure V-12: Serial Two pRR in a Cross-Grid Configuration for Different LC states. Compound pRR
Response Versus Wavelength at Output 2 (a) and at Output 3 (b).
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If a specific channel, for instance a TE fieldlat 1.541um, is launched; it can be
seen that maximum output power is on port 3. Byngireg the LC state, the output
power at a specific wavelength in each output iesh

Depending on the output considered, the statespieaific LC does not affect to the
frequency response. On the other hand, relatdaetOutput 3 tuning range of about
5nm in the different conditions and loss increasiagobserved, as previously
reported. In addition, losses increase in all ckéwhen both LC are ON.

V.4.-Tap and Two Split Switch Based on Mach-Zehnder
Interferometer

In this section, a specific switch for being usedMulticast-Capable Optical Cross
Connect (MC-OXC) architecture is developed [Ferr@r009].

Multicast is a way for providing communication frgeoint-to-multipoint, one source
sends information to multiple destinations [Zho®2P Optical multicast refers to
performing multicast directly on optical layerstire network.

Optical multicast can be developed over WDM networikhere a dynamically

configurable photonic switch, or Optical Cross-Cecin(OXC) is placed in each

node. OXCs have the capability to switch connechtiased on wavelengths carrying
data. When the OXC is able for light splitting éfarred as MC-OXC.

For a point-to-point request, thightpath concept is used. It corresponds to an all
optical channel form the starting point to the reee In order to implement optical
multicast, thdightpath concept was generalized in [Sahasrabuddhe-199%9jatoof
light-tree that refers to the point-to-multipoint all-optiegavelength channel.

The key element dight-tree routing is the MC-OXC. Different architectures have
been proposed, Split and Delivery (SaD) [Ali-200®a-1998] or Tap-and-Continue
(TaC) [Ali-2000b]. Tap and two split (Ta2S) is angeromise because has some
advantages in comparison with the previous ardhites; it is power efficiency and
Is easier to perform than anysplit.

Therefore, a device with a single input signal amd output signals, able to switch
to any of the outputs (0:100 or 100:0), or to shheeoptical power to both outputs
(50:50) is necessary. The optical switch has aldwetable to tap a fixed value of the
incoming signal. This novel device is hamedp-and-2-Split switch (Ta2S switch)
that we have designed for the first time with ergphotonic devices.
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V.4.a.- Proposed Structure of the Tap-and-Two Split Switch

According to the requirements presented, the Tad®ls has three outputs. TAP is
used for providing 6% of the input power to thedbnode (see Figure V-13). The
remaining optical power can be switched from arpouto the other, or even 50% in
each one. These outputs, namedrPand Rross allow connecting this node with
two adjacent nodes. In this way, continue or spgttunctionalities are possible.

The 2-split operation is a good choice because @plitting in two is a good
compromise between the amount of the used resoameéspower efficiency. In
addition, it is easier to perform splitting in tvlean multiple splitting, in terms of,
component used, losses or manufacturing complexitthis way, the use of optical
amplification is reduced.

The given fixed tap value comes from analyzingdpgcal transmission along an n-
nodes branch. The signal has to transverseodes performing tap-and-2-splitting
until it cannot be detected by the following nodilee number of reachable nodes is
optimized by using a fixed 6% tap.

The proposed switch, as a novel contribution of D work, has been designed in
integrated optics in order to obtain a more comp@detice. The structure is
comprised by a 94:6 MultiMode Interference (MMI)igpr for implementing TAP
operation, followed by a reconfigurable Mach-Zehmisheerferometer (MZI) switch
[Tarek-2006] that perform the continue or split dtianalities. A schematic of the
novel device is shown in Figure V-13.

MMI MZI
Pin P4 Pgar
‘ Y1 V2

94:6

An,a, L
k=05 S k2= 0.5
] ]
PCROSS
tap (6%)

Figure V-13: Schematic of a Ta2S Switch Composed of a Fixed Splitter and an MZI.

The MZI is formed by two 3dB MMI couplers, with gaoling ratiosk; =«, = 0.5 and
excess losses andy,, joint by two waveguides of length and attenuation. The
switch output is selected by modifying the refraetindex difference between both
waveguides/n.
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Figure V-14: Output Power Response at Bar and Cross Outputs of MZI vs An.
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Thus, whernvn = 0, at initial setup, all the optical input powsguided to thé&cross
output port, having both Mach-Zehnder arms equagtleL. When the refractive
index difference is induced, either by applyingreat or by thermo-optic effect, the
optical power at both output ports changes. Oufpawer variations,Pgar and
Pcross With the refractive index difference changes lestw the waveguides are
shown in Figure V-14. Outputs are symmetrical, aximam in cross output
coincides with a minimum in bar output, and theiagtpower at each port can be
adjusted modifyingin.

A compact solution can be realized using MMI setittor the tap [Feng-2007] and
3dB MMI couplers [Vazquez-1995] in the MZI. The MMperation is based on the
property of self-image of the light propagationpiianar waweguides [Heaton-1999,
Soldano-1995]. A MMI coupler consists of two inpatsd two outputs attached to a
wider section waveguide whose length determinesdl@ling ratio.

In next section, there is an overview of the thempplied to the switch based on a
MZI, in order to help understanding the expecteldabveur of the switch, although
commercial software based on FDTD have been ustgkisimulations.

V.4.b.- Theory

The structure of the switch is made of three MMd#nt by waveguides. Proposed
MMI couplers have their input and output waveguigésced at a third part of the
MMI width in order to obtain a shorter device, atsedlength is given by:

1 140W72 Ch
Loy (3dB)==L ==——2— V-9
wa (39B) =2 L =5 [V-9]

WhereL, is the beat length), is the MMI width, /o is the vacuum wavelength and
is the effective refractive index of the waveguiBeng-2007, Vazquez-1995].

The overall behaviour of the proposed Ta2S is gmerby the next expressions.
Equation V-10 presents the optical power in thegP while Equation V-11
corresponds todRoss

P (1-&,) d1- &, ) & 22" + &, [k, |
R =T ) [V-10]

P —20Q(1-&,) M1~ &, ) Ok, Tk, (@™ cogABTL)

Feros (1-r) 1=k, ) &2+, &, |
Py 31_ +20)(1- k) U1~ ;) h, [k, (€7 cogABLL) | -
M =(1-Tapdi- yr,,)fL- 1) L - s ) ™" [v-12]
INE 2/][ " an [V-13]
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Being Pin, Pear and Pcross optical powers at the input, bar and cross output
respectivelyTapis the optical portion of the power needed fortdye operationytap,

y1 andy,, are the excess losses of each MMI coupterandx, are the coupling
ratios.L is the waveguide length,is the attenuation of the waveguide in Neppers/m.
4o is the attenuation increment due to the variatdnthe refraction index in
Neppers/m.4p is the change of the propagation constant duesfi@ative index
change 4n), andlq is the vacuum wavelength.

When the refractive index is modified, an incrementthe attenuation loss is
expected. The increment of attenuation simulategdté®rded to the equation given in
[Leuthold-2001] for free-carrier-absorption wherrreumt injection is used to change
the refractive index.

The necessargn for optical switching is obtained by solving EgoatV-10, when
bar output is 1, considering that there are ncelosghen the MMI is switched.

AO
200

An=

[V-14]

The obtained refraction index variation necessanysiwitching a 10Qum length
waveguide MZI has beedn = -7.75 - 13. Simulations have been made with a 6%
tap, 0.1 dB extinction losses for each MMI, coupliriosx; = x, = 0.5, 10@m
waveguide lengthL(), and 1.55um vacuum wavelength.

A description of the Ta2S switch has been donegusiatlab in order to probe the
equations presented. These simulations have begadcaut because it is important
to know the losses induced by the optical switadgdose it has to be taken into
account for estimating the overall losses along litjet tree, that determine the
election of one or another lightpath.

Output powers of the Ta2S switch as a functiore@ractive index variations at ideal
(lossless) and real case are shown in Figure Val5Excess losses, as it is defined
in Section I.5, about 0.7dB and 0.55dB have bebtained for bar and cross
outputs, respectively, when they have been achngertion losses have been about
3.7dB when switch have been in (50:50) configuratiéy fabrication tolerance error
of 0.1% in both MMI coupling ratiosg; and k,, have also been considered in
simulations. A detail of the bar output in actitats is shown in Figure V-15 (b).
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Figure V-15: Simulation Results for a MZI Optical Switch with Fixed Tap
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V.4.c.- Simulation of the Structure

Finally, simulations using the Beam Propagation hddt (BPM) atdy, = 1550nm
have also been carried out in order to show theabipa principle. The effective
refraction index of the ridge waveguides has beeift® waveguides have been
1.3um wide, and the 3dB MMI couplers have been jih3vide and 170m long. A
detail of the optical power distribution in the 3dBMVil, is shown in Figure V-16 (a).
Two simulations of the MZI with 1@0n long waveguides between the two couplers,
have been carried out. Figure V-16 (b) shows thit&irstate while Figure V-16 (c)
corresponds to simulation whenn=-0.00775. The output for both cases has
changed.

(b) (©)
Figure V-16:Distribution of the optical power: in the MMI 3dB coupler (a),
in the MZI at initial state (b) and when the MZI is Switched

The Ta2S can also be realized using a tuneablgesglieuthold-2001], a 2x2 MMI
with symmetric splitting ratios. The insertion lessfor the different states of the
Ta2S optical switch are given by the following et

P L!:ross
P LTaZ s~ P Ltap +.P I‘bar [V_15]

P I‘2—split

Where Plg, corresponds with the insertion losses due to dipeoperation, Ploss
and Plsa are losses in cross or bar states andskLis the excess loss when
performing 2-splitting, and corresponds with theegi values.

Once the insertion losses of the Ta2S optical $watie given, the expression for
losses in the complete node is given by:

IL :PLtaZS +10|Og(m) + (|092 P+ ])'Plswle/zxz [V'16]

Being, ILra2sthe insertion losses obtained befd?ehe number of output ports) is
the split factor, 1 or 2, Rhexi2x2iS the power loss due to the 1x2 or 2x2 switching
element.

A comparison of the 2-STCM, based on the Ta2S abtswitch, with other
technologies for different number of ports is givenFigure V-17. It shows the
power loss of a single optical signal when a taggdand continue action is
preformed. The insertion losses of the 2-STCM ramaw when the number of
ports increases.
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Figure V-17: Comparison Between Different Architecture Modules

Related to the overall behaviour of the architextibased on the proposed optical
switch, the average optical power that arrives athenode is one of the most
important parameters in the evaluation of theséi@mctures. A comparison of the
ratio of the average incoming power to each nodekpemetre is shown in Figure
V-18.
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Figure V-18: Ratio of Average Incoming Power per Kilometer (dBm/km)
for Different Architecture Modules

Higher optical power is received in the 2STC asttiire, built with the proposed
optical switch, Ta2S. This is due to the combimatid the optical switch proposed
that has less losses than other alternatives, dbeofithe 6% tap for the local node
and the advantage of only splitting in two, if $t mecessary, the incoming optical
power that reduces the power losses when lightgmaies through the node.

Usefulness of the device in terms of optimizing $leéection of the final light path in
terms of reconfigurable routing in long haul netksohave been studied by members
of Prof. D. Larrabeiti researching group of TeleiwaDepartment at UC3M.

Further information, about software simulation toah be seen in Appendix C.

116



Chapter V Switches Based on Integrated Optics

V.5.- Summary and Conclusions

In this chapter, an overview about switches basedntegrated optics has been
presented. The study has been focused in two kihdwitches, those based on RR
and LC and those based on a MZI.

For the first technology, RR in combination with Ldifferent designs are proposed.
Simulations of the basic structure with distinctrgmaeters: different RR lengths,
coupling ratio or waveguides stretches with LC desthe loop, are carried out in
order to test the variation of the RR response.

All the parameters modified have changed the FSBi@fstructure. RR tuning has
been possible by changing the state of the LC ptesethe waveguide. LC switch
can be obtained by applying voltage to it.

Availability of RR with LC inside the loop in croggid has also been probed. Its
behaviour is similar to the basic structure wheme@arameters are used. Cross-grid
scheme allows implementing compound structures.s;Tlaureconfigurable three-
channel demultiplexer comprised by two serial RRrigposed. Reconfiguration has
been done by modifying electrically the LC state.

Last section of the chapter has been focused ihemmgnting a Tap and two Split
Ta2S switch for being used in a multicast capahlpéical cross connect node
architecture that features both tap-and-continued atap-and-binary-split
functionalities. By using this type of optical seht the power efficiency of the light
tree is increased, and less uses of optical ampigirequired.

An optical switch based on integrated optics hanlesigned for implementing the
required functionalities. It is comprised by a 9M#/I splitter in combination with a
reconfigurable MZI switch.

Simulation of the Ta2S switch has been done. Matkb been used for simulating
the behaviour of the switch described by the equatgiven in section V.4.b. These
simulations have been carried out because it i®itapt to know the losses induced
by the optical switch, because it has to be tak#o account for estimating the
overall losses along the light tree, that deterntime election of one or another
lightpath.

The obtained refraction index variation necessany dwitching a 100m length
waveguide MZI has beesn = -7.75 - 10. Simulations have been made with a 6%
tap, 0.1 dB extinction losses for each MMI, couplirjiosx; = k, = 0.5, 10@m
waveguide lengthl(), and 1.55um vacuum wavelength. BPM software has been
utilized in order to probe the results obtained/atlab.
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Chapter VI

Optical Characterization Bench

This chapter describes the implementation of an optical bench that can be used
for characterizing different optical devices. After a brief introduction, the
requirements of the optical characterization bench are indicated. The proposed
structure of the bench is presented in section three.

Section four introduces the precision movement system. It is composed by a
universal controller that can manage up to three axes, and the actuators in
charge of doing the movement. The application programmed in LabView that
allows the control of the system using a computer is presented in section five.

Measurements carried out for testing the behaviour of the system is given in
section six, while measurements within the framework of this PhD work where
reported on section 1V. Finally, the summary and main conclusions are given in
the last point of the present chapter.
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Chapter Vi Optical Characterization Bench

VI.1.- Introduction

Previous chapters describe different novel strastyroposed for different optical
devices. Those presented in Chapter Il and 1V Hmeen partially characterized with
the optical bench reported in this chapter.

Additionally to the optical characterization of tiraplemented schemes, the bulk
elements that make up these devices need also testegl in order to determine its
contribution to the overall behaviour. This issweaaghes in a great amount of
measurements to be done. For this reason, it igecoent to develop an automated
measure system for characterizing all the companent

The automated characterization system should allwavacterizing a huge variety of
components, thus, it should be reconfigurable.ilistoptical sources and sensors
should be used in order to make different typeshairacterizations. Therefore, the
Optical Characterization Bench is implemented faking easy the measurement
acquisition.

The proposed system is able of obtaining measuresnaemmomatically. Additionally,
an automated position system makes possible theuistbon of different
measurements when the input or the device underatesin different positions.

In this chapter, the description of the Optical @lsterization Bench is given, in
order to show just the potential and work doneeittirsg up the bench.

VI.2.- Requirements

Output @
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Figure VI-1: Structure Proposed for the Optical Characterization Bench.
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The proposed system should be used in a wide yasfeaipplications, so the main
requirement is its flexibility. Figure VI-1 showsé structure proposed for the
Optical Characterization Bench.

The Optical Characterization Bench is divided ireéhsections: input, device under

test and output. The device under test should deeglin a separate base in order to
allow its retirement without dismantle the expenrehen required. Different bases

sizes should be necessary for implementing dewvittsdistinct lengths.

Both input and output parts should allow their nraeat in different axes. In this
way, characterization of a sample when the inpatefrom distinct positions can
be done. Depending on the application or deviceeunest, some of the allowed
movements should be manual, and some others cauldutbmated. Additional
inputs and outputs should be provided for the attarezation of some devices.

The movement range can vary from microns, whenojptecal bench is used for

coupling light in singlemode optical fibres, to seal centimetres when an optical
device is characterized. Related to the elememd usthe input ports, it is possible
the use of different types of optical fibre (singlede and multimode silica and

polymer one) with different kinds of connectorst lituis also possible the use of
laser modules at different wavelengths. In the oupwrts, in addition to the optical

fibres, some photodiodes or optical powermeters alao be used in the devices’
characterization. For this reason, it is necestahave different elements that makes
possible the use of the listed elements in the gqeeg Optical Characterization

Bench.

VI.3.- Structure of the Optical Characterization Bench

The Optical Characterization Bench is basicallyrfed by a three axes precision
linear stage, translation stages, breadboardsadlisdIn addition, automation of three
axes is carried out by using actuators handledrgt@on controller.

Figure VI-2: Picture of the Three Axes Precision Linear Stage M-562-XYZ from Newport
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The three axes precision linear stage is placedhat input of the Optical
Characterization Bench. It has a 13mm travel initsllaxes M-562-XYZ from
Newport, and additionally a tilt mount with a ralplaced at its top. Different items
are available for being mounted in the rail; filared lenses holders can be used for
implementing and aligning the input part of thetegs. Figure V-2 shows a picture
of the three axes precision linear stage.

Four 25mm linear travel translation stages M-UMP8febm Newport (see Figure
VI-3) and two 50mm linear travel stages M-UMRS8.5bnfi Newport can be
combined using angle brackets and other mountingmehts allow the
implementation of other inputs or outputs. In aiddit a rotation stage M-RS65 from
Newport (see Figure VI-4) makes possible perfornangular displacements. Figure
VI-5 introduces a possible implementation of theuor output systems.

Figure VI-5: Possible Implementation of the Input or Output Part
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Three motorized actuators can be used for automdliree axes of the system.
Manual actuators can be used with the rest of therotranslation stages. The
automated axes can be used in different placesndegeon de applications, or the
measurements to be done. A precision movementmystapable of controlling
three actuators can be used for automating theedieaxes of the input or of the
output.

Figure VI-6 shows the picture of the proposed (ypticharacterization Bench. Rail
system makes easy the implementation of the expetinThe three axes precision
linear stage is placed in one of the inputs, &sdepicted in the lower part of Figure
VI-6. The device under test can be built in a safgaaluminium plate that can be
removed from the Optical Characterization Benchheut disassembling. Two

possible structures made with the linear trangtastages are illustrated in right part
and upper part of the same figure.

rrrrr
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jon Bench.

An experiment implemented in the Optical Charaztgion Bench is shown in

Figure VI-7. It has two inputs and two outputs. Omeut is placed at the bottom of
the picture and is composed by a multimode opfibe¢ and a GRIN lens. The other
input is located on the right and is formed by &3r8n Laser. The two outputs are
formed by polymer optical fibre and are locatedront of each input, one is at the
top of the figure and the other is located onefs Finally, the device under test is in
the centre of the picture.

The Optical Characterization Bench is complemenitgdifferent optical sources
and detectors. In addition, an oscilloscope TDX1f@dm Tektronix (Figure VI-8), a
wave generator 33120A from Agilent (Figure VI-9)daa digital multimetre 1906
from TTi (Figure VI-10) are connected to a compubsr means of the General
Purpose Interconnect Bus (GPIB).
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Figure VI-10: Picture of the Digital Multimetre 1906 from TTi.
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VI.4.- Precision Movement System

The precision movement system is made of a thres emovement controller EPS
301 and three automated actuators CMA25CCCL, athfNewport. The actuators
control the desired movement for automating theadtarization of the device under
test.

VI.4.a.- Motion Controller ESP 301

The motion controller is capable of handling upthoee axes. It can control any
combination of stepper motors and DC motors upAa@rrent in each axis. It can
be controlled by means of a GPIB, USB, RS-232 faters, or by using the frontal
panel. Figure VI-11 shows the picture of the frop@nel of the motion controller. It
is provided with button for controlling the actuegon stand-alone mode. Figure VI-
12 shows the rear panel with the available conoestiThe GPIB bus does not
appear in the photo).
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Figure VI-11: Frontal panel of the motion controller ESP 301 from Newport
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Figure VI-12: Rear panel of the motion controller ESP 301

The motion controller allows several positioningdas. Speed and acceleration are
configurable. Different types of movements are fmessynchronized or not, linear
and circular or some axes can implement masteesteavements.
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VI.4.b.- Actuator CMA-25CCCL

This actuator is a 25mm travel DC motor with anceter that provides feedback to
the motion controller. It allows incremental movernghorter than dm and loads
up to 90N. Figure VI-13 shows a picture of the atdu. The main characteristics of
this actuator are shown in Table VI-1.

Figure VI-13: DC motor CMA-25CCCL from Newport

Characteristics
Movement Range 25mm
Minimum Incremental Movement 0.2um
Maximum Speed 0.44mm/sec
Maximum Axial Load (+Cx) 90N
Bidirectional Repeatability 3um
Retrocess Movement less than 1m
Feedback 40 pts/rev rotator encoder
Motor Type Servo motor DC UE10CC

Table VI-1: Characteristics of the CMA-25CCCL actuator from Newport

VI.5.- Software Developed

A software programmed in LabView has been implemerfor making easy the
control of the Optical Characterization Bench [Eei2010]. It can move each
actuator in order to place each axis properlyldb allows the modification of the
configuration of each actuator; additionally it cgplit a movement in different steps
in order to capture measurements in each singlgigrasin addition, control of the

wave generator is implemented for exciting, theickeunder test if it is necessary.

The main windows used in the program are presentdte next figures. Figure VI-

14 shows a capture of the window for ordering a emoent. Relative and absolute
movements are possible. A position for each axis lwa configured; incremental
movement can be also applied to the desired actuato

Figure VI-15 presents the window for configuring tharameters for the movement
of each motor: speed and acceleration. In addititoig also possible configuring
limits for the movement of each axis. Different danws are available for
configuring each actuator.
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Figure VI-14: Window for ordering a movement

Velocidad 1 Aceleracién1
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Figure VI-15: Configuration window for an actuador.

- Flgure VI-16: Window for 'c'o'nfig'u'rir'lg a sblit' movement

Finally, Figure VI-16 depicts the window used fanfiguring movements step by
step. Each actuator can be ordered independertiteymiovement from the beginning
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to the end is performed in the number of stepscatdd. In this type of movement,
the measurements done with the multimetre in eaait pan be stored them in a text
file. In manual set up, the program waits in eaokiton until the user pushes the
button for continuing. On the other hand, if auttimé selected, the software waits
for a delay before performing the next movement.

As complement of the program previously descrilmtder functions for controlling
the wave generator and the oscilloscope have Ineglemented. Figure VI-17 shows
the window of the implemented program. A voltageesp can be configured for
characterizing an optical device, the start ang stitage and the increment in each
step should be indicated for perform the sweejs ftossible measuring a voltage
using the oscilloscope in each step. As occurfiensbftware described previously,
the measure capture is stored in a text file.

conmouRscion | MEDDAS | sssors | . eBa |

Seleccionar las direcciones de los equipos de instrumentacion,
Introducir los valores de AMPLITUD maximo, minimo y el incremento,
Seleccionar el tiempo de variacion y el nimero de medidas a recoger,

Presionar OK para comenzar a medir,

DIRECCION DEL GENERADOR DIRECCION DEL OSCILOSCOPIO
% GENERADOR =l % 0SCILOSCOPIO =l
INICIO FIN VARIACION
£ Vi Fu ry
901 PP | glo1 Vpp | 501 Vpp
Medida Generador Numero de medidas Tiempo entre cada medida
A A
AMPLITUD @l 71000 ms

Medida Osciloscopio

Vn1Edia

Introduzca los valores de barrido y PRESIONE OK

Arthivo con los valores de Amplitud [Vpp] o Frecuencia [Hz] del generador y la medida seleccionada en el osciloscopio
Medidas i

7,|c:‘\Medidas.txt I

Valores de la Medida seleccionada en el osciloscopio

Lectura OSCILOSCOPIO Barrido Incremente Lectura OSCILOSCOPIO Barrido Decremento

Figure VI-17: Window of the function for controlling the wave generator and the oscilloscope

Further information, about how using the opticahretterization bench can be seen
in Appendix B.
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VI.6.- Test of the Optical Characterization Bench

Once the Optical Characterization Bench is intredids time for presenting some
measurements done for probing its proper operafidre test has consisted on
placing face-to-face two fibres and move one resfethe other in order to obtain
the position with the maximum power transferencewoTgrin lenses have been
placed between the fibres in order to collimate towlis light from the input fibre
into the output one.

VI.6.a.- Set-up Used for the Test

The input part has consisted of the input fibre #redtwo grin lenses and it has been
placed in the three axes precision linear stage.tllree axes precision linear stage
has been equipped with three actuators CMA-25CQ0Gm fNewport. The output
part has been hold in a fixed post. The input systas been placed close to the
output fibre and has been able to move around drder to obtain the maximum
power transference point. Figure VI-18 shows theupaused for the test.

- =

F_igure VI-18: Set-up used for carrying out th test of the test.

The input fibre used for the test has been a twisasdéength multimode 62.5/1@
fibre. One of its edges has been connected to am6DED from Ratioplast-
Optoelectronic driven with 9V DC that has been uaedptical source. The other
edge has been placed in front of the grin lensks. first lens collimates the light
from the fibre and the second lens focuses thentatéd light in the output fibre.
The two grin lenses have their operation waveleogtitred at 650nm.

Two different types of optical fibores have beenduge the test: a 1mm diameter
Polymer Optical Fibre (POF) stretch has been usethe first experiment, and a

130



Chapter IV Optical Characterization Bench

62.5/12%m has been used in a second test. The optical patwbe system output
has been measured using an amplified photodet®@#r100A-EC from Thorlabs
and the multimetre 1906 from Tti.

VI.6.b.- Test using the 1mm Diameter Polymer Optical Fibre s Output
Fibre

A 1mm diameter PO F has been used as the outpatudged in the first experiment.
The input has been moved in two axes for obtaitifegymaximum power transfer
point. The axes origin is approximately configuiedhe centre of the output fibre.
The displacement has been configured in 50 ste@§oh each for travelling in the
horizontal axis the diameter of the output fibrdheTmovement has started in the
horizontal position -0.50mm (form the centre of thetput fibre). Figure VI-19
shows the result obtained.
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Figure VI-19: Optical power coupled between the fibres in the horlzontal axis for the POF

The maximum has been obtained for a displacemer@@.®6mm from de reference
origin. Then, for analyzing the vertical axis, therizontal actuator has been moved
to the position where the maximum has been fouhd. same configuration used for
the previous measurements has been used for ofdzang the vertical axis. The
movement has been started in the position -0.5mivhas been performed 50 steps
of 20um each. Figure VI-20 shows the result obtainedH@ experiment.
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0,35 —

Figure VI-20: Opt|cal power coupled between the ﬁbres in the vert|cal axis for the POF

The maximum for this experiment is obtained for plosition 0. It can be observed
that the reference origin is not placed in the reof the output fibre because the
measurements do not represent the transition déthpart.
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VI.6.c.- Test using the 62.5/12Bm Multimode Glass Fibre as Output
Fibre

The experiment described in section VI.6.b has bearried again using a
62.5/12%m multimode fibre (MMF) instead of the POF fibre th&® output fibre.
The displacement has been configured in 65 stefs96im each, thus, the travel
covers the core of the fibre, from -31426 to 31.2%m, fixing the reference origin
in the centre of the output fibre. Figure VI-21 wisothe results obtained for the
horizontal displacement.

A

-0 I04 -0 ‘03 —D,IOZ -0 ‘01 0 0 61 D,‘E]Z 0 63 0 (IM
Figure VI-21: Optical power coupled between the fibres in the horizontal axis for the MMF

The maximum power transmission has been obtainettheatposition -fm. The
horizontal actuator is placed at the position wheee maximum has been obtained
for performing the vertical movement. This chardaztgion has been configured in
the same way than the horizontal travel. That $sst@ps of 0.96m each, from the
position -31.2hm to the 31.2Am. Figure VI-22 shows optical power obtained at the
fibre output for the vertical displacement.
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Figure VI-22: Optical power coupled between the fibres in the vertical axis for the MMF

The maximum for this experiment has been obtainedhe position 154m in the
vertical axis of the output fibre.
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VI.7.- Summary and Conclusions

In this chapter, the implementation of an automagtical Characterization Bench
has been described. The proposed Optical Charzatien Bench is versatile
because distinct optical structures can be charaeteusing the same components in
a different set-up. The user can configure the @ptCharacterization Bench in
accordance with his experiment requirements. Thecdaunder test is implemented
in a separate aluminium base and can be removedtfre Optical Characterization
Bench when the experiment is finished without distivag it.

Three actuators are available for automating uthtee movements of the Optical
Characterization Bench. These actuators are managedthe ESP 301 motion
controller that allows remote control using a cotepu

Automated movements up to 25mm when the linearskasion stage is used and
13mm travel is available when the three axis precidinear stage it is used. The
minimum incremental movement is r@ while the bidirectional repeatability is
3um. Additional movements are available by using nadagtuators.

Software has been implemented in LabView for mak&agy the control of the
Optical Characterization Bench. It allows the useperform single movement of
each actuator for positioning the axis in the adrrplace. Additionally, Split
movement can be also executed for doing measuremewlifferent positions. The
software is complemented with some functions tHeiwacontrolling the wave
generator and an oscilloscope if it is necessargxoiting the device under test.

Finally, two experiments have been carried outdsting the proper operation of the
Optical Characterization Bench and the softwareelbgped. Both examples have
consisted in searching the maximum transferenaat peitween two optical fibres. In
the first test light from a Multimode Fibre, MMFa& been coupled in a Polymer
Optical Fibre. In the second trial, coupling betwéso MMF have been carried out.

Each experiment has been performed in two set afsarements. First, the input
fibore has been displaced respect to the outputhé Horizontal axis. Once the
maximum in this axis has been obtained, the inpytlaced in the maximum and a
vertical travel is performed for obtaining the nmrawim. Both phases have been
carried out performing a split movement along tlesied axis, while the optical

power has been measured in each step.

The Optical Characterization Bench has work propdHe personal computer has
handled the motion controller according to the mpmked sep-up have and the
measurements have been captured from the multirmetrdvave been stored in a text
file.
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Chapter VI

Conclusions and Future Work

In this chapter, the main conclusions extracted from the presented work are
given. Different novel optical switches architectures based on fibres, integrated
optics and liquid crystal have been proposed. Some of the presented schemes
are able of working in WDM networks and advanced functions can be
implemented by using the same device.

In addition, an optical characterization bench has been implemented for making
easy the characterization of different optical devices, in particular, some of the
devices proposed in the present work.

In the second part of this chapter, several issues related to the proposal
reported in this work can be consider in further detail as future research.
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VII.1.- Conclusions

In this work, several novel structures for beingedusas advanced devices in
Wavelength Division Multiplexing (WDM) networks haween proposed. Different
technologies have been utilized for their impleratoh. Some of them are based on
liquid crystal cells and have been built with belkements, whereas others are based
on integrated optics and have been simulated.

Those devices implemented with Liquid Crystal celle suitable for being used in
Polymer Optical Fibre (POF) networks. These kindnefworks are used in short
range applications and operates in the visible ragat infrared wavelength range:
450-650nm for automobile applications, and 650Home broadband applications
using POF or 850nm using standard multimode filvseover, graded index POF
works in the 850-1300nm wavelength range being usadcess networks.

Thus, two novel structures for implementing a nplétker have been proposed in
Chapter Ill. A broadband 3x1 optical multiplexesbd on polarization management
has been presented. The novel scheme, make use pdlarization diversity method
in order to reduce its insertion losses. High nucataperture fibres should be used
for proper operation. The proposed scheme hasibggamented with TN-LC cells,
and it has been measured at a single wavelengtértion losses less than 4dB and
crosstalk better than 23 dB at 650nm have been ureghsin addition, 30ms and
15ms setup and rise times have been obtained.

The second structure proposed in Chapter Illl,esponds to an optical multiplexer
and VOA (VMUX) based on Polymer Dispersed Liquidystal (PDLC). A PDLC
cell without any pixel has been used in the impletagon of the optical switch. The
input has been placed in different positions of Bl C cell in order to check the
device operation.

Static and dynamic characterization have beenezhiut. Complete switching has
been obtained for driving voltages of 20Vrms inthk situations. Insertion losses
have been less than 1.6dB at 532nm and 1dB at 658temuation, extinction ratios

of 39.5dB at 532nm and 31dB at 650nm, have beemrsdat. Grey scale have been
achieved approximately from 10Vrms to 20Vrms. Rigee less than 2.6ms and
decay time better than 12.4ms have been measured alikHz frequency square
wave has been applied.

A novel structure of an Advanced Multifunctional t@pl Switch (AMOS) based on
Twisted Nematic Liquid Crystal (TN-LC) cells hasepeintroduced in Chapter IV.
The proposed scheme comes from the 3x1 multiplesesented in Chapter Ill. As it
occurs with the previous 3x1 multiplexer, the pregub device is suitable for being
used in POF network, where the output light caredmsgly coupled to the output port
due to the POF high numerical aperture.

TN-LC cells have been selected for acting as thavea®lement in the proposed
structure because they are able of performing lggtitching in a wide wavelength
range. Due to the large operation wavelength raegeired for the proposed device,
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up to four different types of TN-LC cells have bedasigned and fabricated.
Characterization of the manufactured TN-LC cells baen carried out in order to
check that they work properly in the operation ng

The proposed device has been characterized atrefiffevavelengths in order to

obtain the most relevant parameters. High inseftt@ses have been obtained, this
can be due to the non coated polarization bearttesgliused, the divergence of the
input light not fully collimated, and can be in paorrected by using fibre lenses in
the output ports.

The obtained crosstalk, as defined in section h#&ye been better than 13dB for
650nm and 850nm. Transmission through the devieebeamodified by applying
less voltage to the TN-LC cells, so, variable atsion can be achieved from 3 to 4
Vrms.

Response times from 10ms to more than 100ms haste dlgtained for the optical
switch. The proposed device is suitable for beirsgduin applications where
switching speed is not fundamental. Larger respdimses have been obtained for
the whole optical device than when only one LC ¢els been characterized. A
reason for that can be that the optical pathsvi@tbfor each polarization are slightly
different and makes the pulse wider. In additiomgrenliquid crystal has to be
switched in order to commute the device.

Larger times are related to Liquid Crystal relassattimes. It is usual that relaxation
times are larger than excitation times in this tgbecells. In addition, larger times
have been obtained for wider cells, because thva&eguat capacitor is higher in this
case.

Through different characterizations it has beenetkshe device performance in a
900nm range, so for operation in broadband accest@me networks.

The proposed scheme is scalable. The main restr&ctome from the output lens,
which is in charge of focusing all the output lightthe output port. The angle of the
focused beams should be smaller than the accepsangte of the output fibre. The
lens used in the implementation is 50mm diametdrkas a focal length of 75mm,
this makes to the output lens fulfill the requirentseof the numerical aperture of the
output POF.

On the other hand, the divergence of the input Isezanse that the output light is not
focused properly into the output fibre. More liglan be collected if a fibre lens is
used in the output port. Due to the numerical aperbf POF, collimation in this
kind of fibores makes greater divergences, In tregec the pixel size should be
enlarged for covering the beam spot that comes th@ninput port.

Taking into account these restrictions, using maeslenses in the output ports, up to
6 input ports could be implemented in POF applacetj and up to 18 for GI-POF or
standard silica multimode fibre applications.

The proposed device in Chapter IV has been defaseddvanced Multifunctional
Optical Switch because it can perform differentclionalities without hardware
changes, only by selecting the proper input anguiyports and control electronics.
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Thus the device can act as a 3x1 Optical Multipl&@mbiner, Dual 3x1 Optical
Multiplexer/Combiner or 2x2 Optical Switch. Moreayeéy applying a variable
voltage to the TN-LC cells, a Variable Optical Atteator and a Variable Optical
Power Splitter can be performed with the same @evand variable splitting or
attenuation ratios are possible.

Comparing the proposed AMOS with the optical mudter presented in chapter
[11.2, better contrast is obtained for the optigalltiplexer. This can be due to the use
of cube Polarizing Beam Splitters (PBS) with Arftirlgent Coating that exhibit
more extinction ratio but in a reduced wavelengémge. In addition, shorter
response times are obtained for the multiplexep@sed in Chapter Ill.

In Chapter V, two kinds of optical switches basedlategrated Optics have been
introduced. The first type of the proposed switclesformed by micro ring-

resonators (RR) combined with liquid crystals (LC), while thast type of the

presented schemes makes use of a Mach-Zehndédetotaeter (MZI). Both types

of devices have been described using integratett,opbhd simulations of their

behaviour have been carried out in order to detezrthieir proper operation.

Different designs have been proposed for the dptswvétches base omnRR
combined with LC. Simulations of the basic struetwith distinct parameters:
different RR lengths, coupling ratio or waveguidé®tches with LC inside the loop,
have been carried out in order to test the vanadicthe RR response.

All the parameters modified have changed the Freect®al Range (FSR) of the
structure. RR tuning has been possible by chantj@gtate of the LC present in the
waveguide. LC switch can be obtained by applyingage to it.

Availability of RR with LC inside the loop in croggid has also been probed. Its
behaviour is similar to the basic structure whemegarameters have been used.
Cross-grid  scheme allows implementing compound ctiras. Thus, a
reconfigurable three-channel wavelength selectiviéch comprised by two serial
RR has been proposed. Reconfiguration has beenljomedifying electrically the
LC state.

The last optical switch proposed has been develdpednplementing a Tap and
Two Split (Ta2S) switch for being used in a mulsicaapable optical cross connect
node architecture that features both tap-and-coatiand tap-and-binary-split
functionalities. By using this type of optical seht the power efficiency of the light
tree is increased, and less use of optical amaliba is required.

An optical switch based on integrated optics hanlesigned for implementing the
required functionalities. It is made of a 94.6 MMplitter in combination with a
reconfigurable MZI switch.

Simulations of the Ta2S switch have been done.d¥dihs been used for simulating
the behaviour of the switch described by the equatgiven in section V.4.b. These
simulations have been carried out because it i®itapt to know the losses induced
by the optical switch, because it has to be tak#a account for estimating the
overall losses along the light tree, that deterntime election of one or another
lightpath.
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The obtained refraction index variation necessany dwitching a 100m length
waveguide MZI has beedn = -7.75 - 13. Simulations have been made with a 6%
tap, 0.1 dB extinction losses for each MMI, coupliriosx; = x, = 0.5, 10@m
waveguide lengthl(, and 1.55um vacuum wavelength. BPM software has been
utilized in order to probe the preliminary resutstained in Matlab.

Finally, in Chapter VI, and automated Optical Clotggization Bench has been
implemented in order to make easy the measureniathtferent optical devices. In

addition, it has been used for characterizing somthe devices proposed in this
work.

The proposed Optical Characterization Bench isatdesbecause distinct optical
structures can be characterized using the sameaants in a different set-up. The
user can configure the Optical Characterization dBem accordance with the
experiment requirements. The device under testbeaimplemented in a separate
aluminium base and can be removed from the Opf@ibalracterization Bench, when
the experiment is finished, without dismantling it.

Automated movements up to 25mm when the linearskasion stage is used and
13mm travel is available when the three axis precidinear stage it is used. The
minimum incremental movement is r@ while the bidirectional repeatability is
3um. Additional movements are available by using nahmactuators.

Software has been implemented in LabView for mak&agy the control of the
Optical Characterization Bench. Two experimentsehlagen carried out for testing
the proper operation of the Optical CharacterizatBench and the software
developed. Both examples have consisted in seayadhim maximum transference
point between two optical fibres. In the first tégtht from a Multimode Fibre,

MMF, has been coupled in a Polymer Optical Fibrethe second trial, coupling
between two MMF have been carried out.

VII.2.- Future Work

Finally, several issues related to the resultsntedan this work can be considered in
further detail as future research. Some of thenidcbe the following:

» Characterization of the optical switches based olk lelements using grade
index polymer optical fibre at the input port. Byiese measurements,
characterization of the device in a GI-POF systeould/ be carried out. In
previous measurements, multimode silica fibre seila at different wavelengths
have been used as input ports.

* Optimization of the light that comes from the P®iput port. Fewer insertion
losses can be obtained if the input light is wellimated. In that way, different
collimation systems could be used for optimizing thptical switch behaviour.
Also different collecting lenses at the output dddae tested.
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Study and improvement of the output port of theagbtswitches based on bulk
elements. If the light from the input ports is mollimated properly, the output
lenses do not focus light well. In this case, cougplight into the output fibre can
be improved by using a fibre lens in the output.por

Related to the proposed multiplexer based on PDIl use of a PDLC with
pixels should be implemented in order to charantettie optical device.

Related to the Advanced Multifunctional Optical &hi (AMOS) based on
Twisted Nematic Liquid Crystal cells, the optimipat of the pixels in the used
cells can reduce the size of the device and inerdesnumber of available input
ports.

Study of the structure of the AMOS, trying to avoadlections which can affect
the device operation.

Improvement of the excitation signal driven to thequid Crystal Cells,
especially when the device is switching, in oraderaduce the response times.

The Polarization Dependent Losses in the propogidab switches based on
bulk elements should be characterized.

Optimization of the AMOS structure in terms of LQiemtation and driven
voltages; in order to reduce asymmetries such ksipation dependent loss and
different polarization delays.

Different strategies to reduce AMOS size shouldi®ecloped.

Selective injection in multimode fibres as fundamaénpart of broadband
network using multimode fibres should be explofewagh experience acquired
in AMOS characterization and using the implemen@gatical Characterization
Bench.

Related to the optical switches based on integrapgits, manufacturing of the
proposed structures and their characterizationdcbal interesting for checking
their proper operation.
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Chapter VIII

Resumen del Trabajo Realizado

A lo largo de este capitulo se presenta un resumen en castellano del trabajo
realizado. En la primera seccion se muestra la motivacion y objetivos del
trabajo desarrollado. En el segundo apartado se realiza una introduccion sobre
redes dpticas y conmutadores opticos.

En la tercera seccion se describen los conmutadores opticos basados en Cristal
Liguido. Inicialmente se propone un multiplexor dptico basado en la gestion de
la polarizacion utilizando Cristal Liguido Nemadtico. Posteriormente, se presenta
un multiplexor y/o atenuador optico variable fabricado con Crystal Liguido
Disperso en Polimero. En la seccion cuarta, se introduce un conmutador dptico
multifuncion avanzado hecho con Cristal Liguido.

En el quinto apartado se detallan varios conmutadores opticos desarrollados en
optica integrada. Inicialmente se describen diferentes estructuras con anillos
resonantes que incluyen cristal liquido, para finalmente presentar un
conmutador optico basado en un interferometro Mach-Zehnder con una
funcionalidad especifica en redes opticas transparentes. Fn la sexta seccion se
muestra el banco de caracterizacion dptica desarrollado para /a realizacion de
medidas. Finalmente, se indican las conclusiones obtenidas y las futuras lineas
de investigacion.
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VIII.1.- Motivacién y Objetivos

El incremento de ancho de banda requerido por lasvas servicios de
comunicaciones ofrecidos, hace necesario el usfibde 6ptica como medio de
transmision. La fibra Optica de silice se ha engnedradicionalmente en
comunicaciones de larga distancia y ha provocadalesharrollo de diferentes
elementos Opticos para su empleo en este tipo des,regero las tecnologias
existentes son caras para su uso en los bucldsdado.

Diversos sistemas han permitido aumentar el anehmadda ofrecido por los bucles
de abonado basados en el par trenzado, pero emeato de banda requerido supera
el ancho de banda que este sistema puede ofrecer.

Las fibras multimodo de nucleo grande, y elevadatam numérica, de plastico o de
silice, permiten la realizacion de instalacionesimsecostosas puesto que son menos
restrictivas respecto a la falta de alineamientéasrninterconexiones lo que permite
el uso de conectores y equipos mas baratos, a gesguie el ancho de banda que
presentan es menor. Por otro lado, la Fibra OpdieaPlastico (POF del inglés
Polymer Optical Fibrg en distancias cortas, presenta diversas ventagate a la
fibra Optica convencional. Es mas ligera y flexiplpermite un facil acabado lo que
reduce el tiempo de instalacion. Por este motiad?OF se estd empleando en un
namero creciente de aplicaciones entre las quaakesta transmision de video en
equipos médicos o aplicaciones multimedia en admecivil y coches de gama alta,
ademas de redes en el hogar o redes de sensoresteds.

Se puede obtener mayor ancho de banda con unsjjigzial de POF, que es la fibra
Optica de plastico de indice gradual perfluorina(RF-GIPOF del inglés
Perfluorinated Graded IndeROF). Este tipo de fibra presenta menor atenuaaion
un amplio rango de longitudes de onda, desde 6%@wta 1300nm. Por este motivo,
se puede usar en redes en el edificio/hogar cotandias inferiores a 1km,
permitiendo una tasa de transferencia de hasta @O®h 100m y transmision
Ethernet de 1.25Gbps en 1km.

Por otro lado, multiplexores y combinadores sord&mentales en las redes Opticas
que emplean multiplexacion por division en longitdel onda (WDM del inglés
Wavelength Multiplexing Divisign pero todavia no se han desarrollado para este
tipo de redes 6pticas operando en un amplio rardorgjitudes de onda y con fibras
multimodo. Caracteristicas adicionales en dichdsgépticas pueden ser las bajas
pérdidas y su capacidad de reconfiguracion. Tamtide mencionar que las redes
reconfigurables para aplicaciones criticas demaddguositivos de conmutacion con
diversas funcionalidades. Por este motivo, el jrabasarrollado se ha centrado en el
desarrollo de diversos conmutadores Opticos parasvapos de redes opticas.

Se emplean diversas tecnologias en la fabricace&rahmutadores opticos. Los
Cristales Liquidos se emplean con frecuencia ertaffas, aunque también se
utilizan en telecomunicaciones. Otra tecnologigalithle se basa en la Optica
integrada. En este caso, la luz se transmite par guia de onda en la que la
conmutacion se realiza por la modificacion de abgude sus parametros. También
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se emplean los mecanismos micro-electromecanicdsM@/del inglésMicro-
Electromechanical Mechanigngue se basan en pequefios espejos moviles que
cambian la direccion del haz de luz cuando es a€ces

VIll.1.a.- Objetivos

El objetivo del presente trabajo consiste en prepaliversos conmutadores opticos
empleando diversas tecnologias dependiendo dditaGpn para la que se vayan a
emplear. Algunas de las estructuras propuestasidanmplementadas y evaluadas
experimentalmente, mientras que otras so6lo hanséidoladas.

Algunos de los dispositivos presentados emplearasete cristal liquido y permiten
la realizacion de diversas funcionalidades y puddamajar en un amplio rango de
longitudes de onda. A tal respecto, se ha realizedmultiplexor/combinador y un
conmutador 6ptico multifuncion avanzado, todossehasados en la tecnologia de
Cristal Liquido Nematico. También se ha desarrollad multiplexor/combinador
basado en una célula de Cristal Liquido DispersdPelimero (PDLC del inglés
Polymer Dispersed Liquid Crys)al

El tercer tipo de conmutadores O6pticos propuesta basado en micro-anillos
resonantes combinados con cristal liquido. La estra del micro-anillo se compone
de una guia de onda circular acoplada a una o uias ge onda rectas que actian
como puertos de entrada/salida. La luz que paskapstructura se filtra de acuerdo
a las caracteristicas del anillo resonante: lodgigoplo entre el anillo y las guias de
onda rectas, pérdidas en el anillo... El uso de &risquido permite la variacion de
las caracteristicas del anillo modificando su respau

El dltimo conmutador propuesto esta basado en tenfémometro Mach-Zehnder y
realiza una funcion novedosa de monitorizacionnnoatacion selectiva a 2 salidas,
como parte de una matriz de interconexion de unonéptico. Este tipo de

dispositivo emplea la tecnologia de Optica integrada interferometria para realizar
la conmutacion. La variacion de las propiedadescaptque influyen en los dos
haces de luz que interfieren se puede realizarcdrasinte por dos métodos:
térmicamente o electronicamente.

Finalmente, se ha implementado un banco de cawtEm Optica automatizado
que facilita la adquisicion de medidas. Se compmtena plataforma de translacion
en tres ejes con tres actuadores, complementadadisnsas plataformas de
translacion lineales y distintos soportes para etdgos Opticos que permiten adaptar
la estructura del banco al experimento.
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VIII.2.- Tecnologias de Conmutaciéon para Redes Opticas

El desarrollo de los sistemas de comunicacion ogtia permitido la implantacion
de nuevos servicios y aplicaciones para el ustiaabh El ancho de banda requerido
para la transmision de dichos servicios se harideementando en los ultimos afos,
mientras que a la vez, los usuarios demandan cazl@ervicios que requieren una
transferencia de datos mayor. Esto ha sido pogilaas al uso de las fibras opticas
como medio de transmision y al empleo de dispastivpticos que realizan
funciones que se desarrollaban anteriormente pauitos electronicos.

En relacién con las fibras épticas, el método aaéempleado para incrementar el
ancho de banda ha sido el uso de multiplexaciondpasion en longitud de onda
(WDM del inglés Wavelength Division Multiplexing Esta técnica consiste en
transmitir diferentes longitudes de onda a travéslad misma fibra Optica, cada
longitud de onda lleva su propia informacién queimterfiere con la informacion
transportada por el resto de longitudes de ondaldmitudes de onda se separan en
la etapa de recepcion, y cada una es tratada peicapto independiente.

VIll.2.a.- Tipos de Redes Opticas

La tecnologia de la fibra dptica ha evolucionadmegantemente desde que en 1966
K. Kao se percato de que una guia de onda conumerta de material transparente
con menor indice de refraccion podia confinar laéa su interior, ademas, si la
diferencia entre los indices de refraccion de léagle onda y la cubierta eran
pequefios, el diametro del ndcleo podria ser de paogs micrometros y se guian
transmitiendo Unicamente un modo, lo que permitiaesipleo en aplicaciones
practicas.

La reduccion de la atenuacion en las fibras optieasiso de fibras multimodo, la
aparicion de los amplificadores Opticos, la intrmdddn de sistemas WDM

comerciales entre otras mejoras ha permitido laesipn del uso de la fibra optica
como medio preferente de transmision.

Por otro lado, los diferentes tipos de redes oOptipege se han desplegado se pueden
clasificar atendiendo al tipo de informacion quangmiten, asi se puede tener: voz,
video o datos. La red telefénica nacional se haargado tradicionalmente de
transmitir voz, mientras que el video se ha emitidediante radioenlaces o por
medio de cable, finalmente, las redes de datognsargaban de transmitir datos
entre computadores.

En la actualidad, la integracion de tecnologiasrdsaltado en la transmision de
diferentes tipos de informacion a través del mismedio. Por ello, resulta mas
interesante realizar una clasificacion de las ref#Eas en funcion de su area de
influencia. En ese sentido, pueden ser redes tiesicaedes de area metropolitana
(MAN del inglésMetropolitan Area NetworR redes de acceso.
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» Redes TroncalesBackbone Networks

Este tipo de redes de comunicaciones se encargantr@@smision de datos a largas
distancias, conectan oficinas interregionales doseeconcentran los datos de
muchos usuarios. El flujo de datos de los usuagoagregan en las MAN, que a su
vez se interconectan con otras MANs por medio sleddes troncales.

El rango de aplicacion de estas redes se extiezgilededes mundiales o submarinas
hasta redes de menor ambito como puedan ser las negionales o regionales. Se
emplea fibra 6ptica monomodo en combinacion con WiVjue permite obtener
un gran ancho de banda a grandes distancias.

Uno de los objetivos de este tipo de redes es aptacion al trafico demandado en
cada instante de tiempo. Las matrices de interédngxo Cross-Connectsse
emplean para distribuir el ancho de banda en fand&las demandas de tréafico. Por
su parte, el ancho demandado se incrementa comstante, lo que exige el empleo
de matrices de interconexion Opticas, de esa féancanmutacion se realiza de una
manera mas rapida y eficiente que realizando laarsion al dominio eléctrico para
ejecutar la conmutacion. Unicamente aquellos wéfigue requieran conmutacion IP
se transfieren al dominio eléctrico.

Mediante el empleo de estas matrices de conmutaisimedes WDM pueden ser
encaminadas por longitud de onda, permitiendo etboa de destino segun la
longitud de onda. Las redes de proteccion y restablento Unicamente se deben
encargar de modificar el camino cuando la rutacgad presente fallos.

Por otro lado, una caracteristica de las matrieestérconexion es su posibilidad de
realizar el envio a mdultiples destinos Multicast De esta forma, se pueden
implementar aplicaciones de distribucion de datosvaaios usuarios, como
videoconferencias, juegos on-line o tele-ensefiahaaprincipal ventaja de las
matrices de interconexion es su independenciaptede trafico transmitido.

» Redes de Area Metropolitana (MAN)

Este tipo de redes estan encargadas de unir |&s el acceso con las redes
troncales. Debido a la diversidad del tipo de ¢t@afoportado, que depende de las
singularidades de cada cliente, el uso de WDM gerenimentar el ancho de banda
y el escalado de este tipo de redes.

En ese sentido, todas las ventajas descritas parandtrices de conmutacion son
aplicables a este tipo de redes. También es hakituaso de multiplexores de
insercion/extraccion (ADM del ingléadd Drop Multiplexers que permiten la
extracciéon o adicién de longitudes de onda dedaTambién se hace uso del trafico
concentrado, en el que se empaquetan datos caerdde tasas de transferencia
formando una unidad que se transmite a alta veddcib que reduce el nimero de
conmutadores.
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+ Redes de Acceso

Estas redes son las encargadas de conectar auasogscon los proveedores de
servicios. En telefonia se corresponde con el bdelabonado y esta basada en el
par de cobre trenzado. Esta tecnologia se emplaag#&ansmision de voz a bajas
frecuencias, por lo que soporta un ancho de baedaefo. Diferentes técnicas
como la Red de Servicios Integrados (ISDN del mdtegrated Service Digital
Network o el bucle de abonado digital asimétrico (ADSL iglés Asymmetric
Digital Subscriber Loophan permitido el incremento del ancho de bandecwfo a
los usuarios.

Los nuevos servicios demandados por los usuaripseren mayor ancho de banda,
por lo que el cambio hacia la fibra 6ptica en dfte de redes es una de las
soluciones. El problema de esta migracién vieneuasta por el coste, por ello
existen diferentes escenarios posibles dependidadiinversion permisible.

Las redes de acceso basadas en fibra dptica sempukedificar atendiendo al limite
hasta donde se despliega la fibra, asi se tiernlera Rasta el hogar (FTTH del inglés
Fibre to the Homk fibra hasta el edificio (FTTB del inglésbre to the Buildiny o
Fibra hasta el bordillo (FTTC del inglésore to the Curl. Todas estas posibilidades
se describen bajo las siglas FTTx. Otra posibilidac! hibrido fibra coaxial (HFC
del inglésHybrid Fibre Coa) que hace uso de ambas tecnologias.

Tradicionalmente se emplean redes punto a puniaseque se despliega un cable
por cada usuario. Por otro lado, las redes Oppeas/as (PON del ingléBassive
Optical Networky en las que se emplean dispositivos como multipex o
combinadores pasivos permiten el agrupamientoafiedr de forma que se reduce la
cantidad de fibra desplegada y permite el ahornpotiencia.

VIIl.2.b.- Aplicaciones de la Fibra Optica de Plastico

Otro tipo de fibra usado en las redes Opticas dibda Optica de plastico (POF del
inglés Polymer Optical Fibrg Este tipo de fibra presenta un mayor tamafio de
nacleo, es mas ligera y flexible y segura en starmeento. Debido a estas
caracteristicas, es mas sencilla de instalar loreece considerablemente su coste.
Al igual que ha ocurrido con las fibras Opticassdiee, la atenuacion en este tipo de
fibras se ha ido reduciendo paulatinamente, y #aieipn de las fibras de plastico de
indice gradual (GI-POF del ingl€araded Index POFhan conseguido aumentar el
ancho de banda que éstas presentan.

Existe un tipo especial de GI-POF que reduce souatedn hasta el rango de
longitudes de onda en el entorno de los 1300nna fifsta se basa en la sustitucién
del hidrégeno presente en la moléculas de poliperdltor, de ahi su nombre de
GI-POF perfluorinadas. Con el empleo de este tipdilata, se ha demostrado una
tasa de transmision de hasta 10.7Gbps en unadast@n220m [Lee-2007].

Dadas las razones expuestas previamente, la PO#mpkea como sistema de
transmision para distancias pequefias. En dichasaeioines, el cobre no ha sido
sustituido puesto que es mas barato que el usdbde dptica de silice. En ese
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sentido, POF es un buen candidato para la sustitudel cobre porque posee las
siguientes caracteristicas:

* Inmune frente interferencias electromagnéticas.

* Seguras, no hay riesgo de explosion en ambierftamiables.

* Gran ancho de banda en distancias cortas, mermsrdmetros

» Ligeras.

» Faciles y baratas de producir

» Faciles de manejar y conectar, lo que reduce elgde instalacion.
* Soporta radios de curvatura pequefios.

e Seguras en su manipulacion, factible su uso pazliestes.

Por este motivo, POF se emplean en diferentesaaites. A continuacion se
describen las mas significativas:

* Redes para el Automovil

Los servicios multimedia disponibles en el autorh&e han incrementado en los
altimos afos: reproductores de DVD (del ingigital Video DisB, sistemas GPS
(del inglésGlobal Positioning Systeimmanos libres... En 1998 se introdujo el bus
doméstico digital (D2B del inglé®igital Domestic Bug que fue la primera
aplicacion de transmision de datos basada en PG atomovil, y permitia tasas
de transferencia de hasta 5.6Mbps.

Uno de los estandares mas empleados es el defwidel Sistema de Transporte
Medio Orientado al Medio (MOST del ingl&edia Oriented System Transpogue
fue desarrollado bajo la participacion de variobritantes y permite tasas de
transferencia de hasta 25Mbps [Muyshondt-2005, felay2000, Kibler-2004,
Baierl-2001]. Su arquitectura esta basada en ulo amidireccional en el que cada
dispositivo conectado a él funciona como un repetid

Los dispositivos de comunicacion estan separadaiferentes redes atendiendo al
ancho de banda que precisan:

» Sistema de propulsion: incluye sistema anti-bloqdeofrenos (ABS del
inglés Anti-Block Systein sistema de control del motor (EMS del inglés
Engine Management Systermuspension, caja de cambios...

» Electronica del Habitaculo: panel de instrumentase acondicionado,
antirrobo, control del elevalunas, ajuste de IpeEs o0 de los asientos...

» Sistemas del Chasis: direccion electronica o fedactrénico.

» Sensores de entorno: acceso a los datos de dimgnakdicumentacion del
automovil, manual de uso...

e Informacion y Entretenimiento: navegacion, telefpniaudio y video,
multimedia.

Cada una de las redes cumple con la arquitect@#0ISI (del inglédnternational
Organization for Standardization/ Open System buanectio de siete niveles. La
longitud total de fibra en el coche es menor a 30m.
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Existen otros sistemas desarrollados por otrosiciafiies que también pueden
emplear POF para su implementacién en automoviles.

* Redes en el Hogar

Las redes desplegadas en el hogar derivan dedas mmplantadas en las oficinas
basadas en par de trenzado de cobre (Cat5e o Gdib)a multimodo de silice. En
el hogar, las redes son una extension de las wmlesxceso de banda ancha. Un
controlador de la comunicacion del hogar (HCC deglés Home Communication
Controller) se encarga de agrupar toda la informacion protedsge las diferentes
redes de acceso para distribuirla en todas lasdtadnes.

Existen diferentes topologias de red. La mas dirsetbasa en una topologia punto a
punto, en la que se tiende una fibra individuaddesl HCC hasta cada habitacion
(Figura VIlI-1(a)). Una estructura alternativa eapdear una arquitectura punto a
multipunto. En una estructura en arbol, cada fdeasubida conecta el HCC con un
divisor colocado en cada planta que distribuyee@ak entre las habitaciones de
dicho piso (Figura VIII-1 (b)). En lugar de esteaj en una arquitectura en bus como
la presentada en Figura VIII-1 (c), se emplea lsnmai fibra para distribuir la sefal a
cada una de las habitaciones del mismo piso. Ferdbn en una estructura
multipunto a multipunto, una red en forma de estrelada nodo de una habitacién
esta conectado a un acoplador en estrella situadma adel HCC. Este esquema
permite la comunicacion entre diferentes nodofiaaer uso del HCC.

= 1 T — T
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3 1 l i l
2 2
1 | ] ! [D#—; T1
1 1
Red de f‘ Red de
Acceso == HCC | Acceso —LHCC |

(a)

R i
N
'
I { l
2
S I i ¢ T l
Red de Red de Star
Acceso —LHCC | Acceso = HCC

(c) (d)
Figura VIIl-1: Estructura de una Red en el Hogar:(a) Punto a Punto, (b) Arbol, (c) Bus, (d) Estrella.
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Estas topologias se estan utilizando también pmtaibdir las sefiales de radio
dentro del hogar, considerando cada habitacion aemaopico-celda. Por otro lado,
las arquitecturas propuestas pueden implementarse todo Opticas, en tal caso no
hay conversién a eléctrico, u opacas, en el queae&a la conversién cuando se
precisa.

En la Seccion 4, se presenta un conmutador Optidtfamcion avanzado basado en
Cristal Liquido disefiado para ser empleado en ré&d@6 capaz de operar en
sistemas de radio sobre fibra (RoF del ingk&slio over Fibrg o como parte del
HCC mostrado en esta seccion.

* Redes de Sensores

La fibra Optica de plastico también se puede em@eaedes de sensores, bien como
medio de transmision de datos, bien actuando cdrmpmpio sensor. Mediante este
tipo de redes, es posible la implementacion degsuté medida remotos. La medida
es por tanto, transmitida por la fibra al puntadetrol para su evaluacion.

En muchos sistemas de medida, la distancia enfrergd de medida y el centro de
control es relativamente corta, y la medida no iexgude un gran ancho de banda.
Ademas, la fibra Optica es segura por naturalezastp que se puede emplear en
ambientes inflamables sin que haya riesgo de explog€n [Vazquez-2004] se
muestra un sensor de nivel para tanques de aceite.

El uso de POF en combinacion con conmutadores agpfiermite aumentar el
namero de puntos de medida, tal y como se muestidézquez-2003]. También se
puede emplear como medida de seguridad, empleandsensor cuando falla el
sensor principal.

Al igual que ocurre con las fibras de silice, laFPt@mbién se puede emplear como
sensor [Kalymnios-2004, Poisel-2005]. Los sensdeePOF se pueden clasificar en
diferentes grupos [Ziemann-2008], a continuaciodaealgunos ejemplos:

Sensores de Transmision y Reflexiéstan basados en las propiedades de acoplo
de las POFs. Presentan la ventaja del gran nuclegpgseen estas fibras y de la
apertura numeérica que favorece el acoplo de luzdtaictura consiste en una fibra
qgue guia la luz hasta el punto de medida, de fayugala luz se acopla de nuevo,
bien en la misma fibra de entrada o en otra ddaalia magnitud a medir modifica
la cantidad de luz que regresa al centro de medqida,lo que son sensores
extrinsecos. Algunos ejemplos de este tipo de sesismn [Vazquez-2004, Zubia-
2007].

Sensor con la Fibra como Elemento Sensiblaplean la influencia de distintos
parametros cuando la luz se propaga a lo largondefibra oOptica, por lo que se
denominan sensores intrinsecos. La manera mas Ihdeneealizar este tipo de
sensor es mediante el aumento de atenuacion pdadagando la fibra se curva. Un
ejemplo de este tipo de sensor se presenta enrf&a@09].
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Sensores con Fibras de Superficie Modificaden algunas ocasiones, la
sensibilidad obtenida con una fibra sin modificarirsuficiente, por ello se hacen
modificaciones en la fibra para aumentar la selidda de la fibra ante algunas
perturbaciones. Las modificaciones realizadas puesd® mecéanicas, o mediante
modificaciones quimicas de los indices de refracai@l ndcleo o la cubierta.
Algunos ejemplos de este tipo de sensores se ranestr [Miedreich-2004, Poisel-
2005, Lomera-2007, Montero-2009]

Sensores Quimico®asados en la modificacion de la transmision deshuuna
POF con un material sensible al elemento quimieosgudesea medir.

* Redes de Control

Otras aplicaciones en las que se emplea este éidibich son en redes de control,
como Byteflight, en redes para automatizacion, coBewcos, para realizar la
interconexidn de diferentes circuitos integradosnauminacion.

VIIl.2.c.- Parametros de los Conmutadores Opticos

Una vez se han descrito someramente los difereipies de redes épticas que se
emplean, y antes de proceder a la descripcionsddisdtintas tecnologias empleadas
para realizar la conmutacion Optica, se presentan drincipales parametros

empleados para la caracterizacion de los conmugadipticos [Papadimitrou-2003,

Chua-2010, Rivero-2008]. La definicion de los paetnos se basa en la notacion
empleada en la Figura VIII-2.
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Figura VIlII-2: Esquema de un Conmutador Optico para la Definicién de sus Parametros.

Pérdidas de InserciofiL del inglésinsertion Losk se define como la fraccion
de la potencia de entrada que se pierde cuande lael transmite a un puerto de
salida.

IL =-10 [I]og[itj“] >0 [VIII-1]

n
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Pérdidas en Exces(iEL del inglésExcess Logses la relacion entre la potencia
total en todas las salidas respecto a la potercenttada.

n
k
Z Pout
EL = -100og “P—J >0 [Vil-2]

in

Diafonia(CT del inglésCrosstall: es la relacion entre la potencia remanente en
una salida no seleccionada, respecto de la potda@atrada.

n
CT= 10Dog[%] <0 [VIl-3]

In

Relacion de Rechazo (Conmutadores ON-OFB)la relacién entre la potencia
de salida cuando el puerto correspondiente estaoslo activo respecto de cuando
se encuentra inactivo.

Tiempo de Conmutacion: es el tiempo que tarda edifroarse la salida desde el
momento en el que se manda el comando que ordeaméio.

Otras caracteristicas de los conmutadores refeadas funcionamiento son: las
pérdidas de retorno, directividad, simetria, pé@aslidependientes de la polarizacion,
dispersién por el modo de polarizacion, tasa destesencia o la dependencia con la
longitud de onda.

Ademas, otras caracteristicas de los conmutadose eelacionadas con los
requisitos de las redes en las que se emplean eataces multipunto, dimensién,
escalabilidad... o también con los requisitos ddksia completo como consumo,
coste, repetitividad...

VIIl.2.d.- Tipos de Conmutadores

La principal ventaja del uso de conmutadores épties que no se necesita la
conversion a sefal eléctrica para realizar la céacmn. De esta forma se mejoran
las caracteristicas del sistema, reduciendo el roides elementos, incrementando la
velocidad de transmision y mejorando el consum@édBemitrou-2003, Ma-2003
and Rivero-2008].

Por el momento el uso de conmutadores Opticos lestéalo restringido debido a las

limitaciones tecnoldgicas. Se han definido treshpes escenarios para reemplazar la
conmutacién electrénica por conmutacion Opticanuatacion de paquetes opticos,

protocolo multiple generalizado de conmutacién gtiguetas o conmutacion Optica

por rafagas.

Dentro de las aplicaciones de los conmutadoresajtsu uso depende del tipo de
red en el que se empleen. Asi, las matrices de wawion se encargan de la
interconexiéon de diferentes nodos de red empledmgitudes de onda dedicadas,
creando caminos opticos. De esta forma se permiteeacion de comunicaciones
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punto a punto [Ramaswami-2002]. Este tipo de coadures son transparentes al
protocolo empleado y realizan el enrutamiento adidala conversién al dominio

eléctrico. Por otro lado, no permiten la realizacie funciones de control ni la
regeneracion de la sefial de entrada.

Los conmutadores de proteccidbn se encargan de eetupa transmision de
informacion entre dos puntos cuando el enlace ipahdalla. Estos conmutadores
deben ser robustos, mientras que el tiempo de daecin no es critico, puesto que
las tareas a realizar al detectar el fallo y rdsta la comunicacion son mas
complejas y tardaran mas en realizarse.

Los multiplexores para la insercién/extraccion deates opticos (OADMs del inglés
Optical Add/Drop Multiplexérpermiten la extraccion o introduccion de informyac
en el flujo de datos sin interferir con el restccdeales.

Los conmutadores para la monitorizacion optica germla extraccion de una
pequefia porcion de la potencia o6ptica disponiblelaemed WDM y permiten
supervisar cada uno de los canales [Dugan-2001].

Finalmente, los conmutadores para el aprovisionamigermiten establecer nuevas
rutas para los datos, o modificar las actualedentiss dentro de una red.

Por otro lado, los conmutadores Opticos se puedasificar en funcion de la
tecnologia empleada para realizar la conmutaci@i, $e obtienen los siguientes
grupos:

Conmutadores Opto-mecéanicasalizan la conmutacién por medios mecanicos.
Se emplean prismas, espejos Yy acopladores diredeonpara realizar la
conmutacion. Poseen tiempos de respuesta del dedemlisegundos y se emplean
como conmutadores de proteccion.

Sistemas Micro-Electromecéanicaspesar de que pueden ser considerados como
conmutadores opto-mecanicos, se han consideradde agabido a su amplio
desarrollo y gran interés. Estan formados por p@agiesuperficies reflectoras
movibles que permiten modificar la direccion det inecidente de acuerdo al destino
seleccionado. Existen configuraciones en dos ydireensiones [Dobbelaere-2002].
Este tipo de conmutadores se emplea en la implatiént de OXC o OADM
reconfigurables (ROADM del ingléReconfigurable Optical Add/Drop Multiplexer
y también en monitorizacion o sistemas de proteccio

Los MEMS en dos dimensiones poseen una limitac&82lentradas y 32 salidas en
el nUmero de puertos, mientras que los basadosesrdimensiones pueden tener
mas de 1000 puertos de entrada y salida. EI monimide los espejos se puede
conseguir por medios electromagnéticos, electiostto térmicos. Este tipo de

conmutador se caracteriza por tener unos tiemporesgjguesta pequeios, buena
relacion de acoplo fibra a fibra y bajo consumgatencia.

Conmutadores Termo-Opticogealizan la conmutacién por medio de la
variacion del indice de refraccion de un matengnto se modifica su temperatura.
Dentro de esta categoria los conmutadores se pusgtepar en dos grupos, los
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basados en los efectos termo-opticos de los migenalos conmutadores termo-
Opticos, en los que la variacion de temperatuiagptiea a una guia de onda.

Ejemplos de conmutadores basados en los efecto®-tgticos de los materiales
son los conmutadores de burbuja [Fouquet-1998], tpamo-capilaridad [Sakata-
2001, Rivero-2008, Makihara-2000], resonadores deromsfera recubierta
[Tapalian-2002].

Por el contrario, dentro del segundo tipo de coacres Termo-Opticos se
encuentran entre otros los conmutadores interfdr@ng. Normalmente estan
basados en un interferémetro Mach-Zehnder, real@asonmutacion mediante la
variacion de las propiedades del interferémetroa Warsion generalizada de este
tipo de conmutador consiste en la denominada zenantérferencia multimodo
(MMI del inglés Multi Mode Interference En este tipo de zona se cumple el
principio de las auto-imagenes descrito en [Solde#fib]. Si se modifica el indice
de refraccién dentro de la zona MMI, la potencitiodppuede ser guiada a la salida
deseada. Un ejemplo de este tipo de conmutadousstra en [Leuthold-2001].

Otro tipo de conmutadores interferométricos sonelos basados en los anillos
resonantes. Las condiciones de resonancia de dichibs se pueden modificar por
diferentes métodos entre los que se encuentralitaepn de calor al anillo. Otras
tecnologias que permiten cambiar las propiedadesrdéo son aplicando voltaje
[Maune-2003], por efecto magneto-6ptico [Tanustds]® modificando el indice de
refraccion de la cubierta. En [Almeida-2004] se stigeel efecto de conmutacion
por el efecto de absorcion de dos fotones.

Conmutadores Acusto-Opticase basan en el efecto acusto-6ptico que poseen
ciertos materiales como la peratelurita (3e{3apriel-2002] o el Niobato de Litio
(LINbOg3) [d’Alessandro-1993], por el cual, su indice d&aecion se modula por
medio de ondas acusticas. El fendbmeno consisteiemiga onda acustica que viaja
por dicho medio causa una onda de presion peri@iocdicho medio que altera su
polarizabilidad modificando el indice de refraccd®al material.

Conmutadores Todo-Opticogealizan la conmutacion por medio de efectos no
lineales dependientes de la intensidad en las gigiasda, tales como el efecto de
absorcion de dos fotones, la auto-modulacion de yasl efecto Kerr que causa el
fendmeno de mezcla de cuatro ondas (FWM del ing@g Wave Mixing y el
fendbmeno de modulacion de fase cruzadas (XPM dglésnCross Phase
Modulation) [Ma-2003].

VIll.2.a.- Comparacion entre Conmutadores Opticos.

Los conmutadores Opto-mecéanicos fueron los primenodesarrollarse. En general
poseen menores velocidades de conmutacion, pero ests extendidos. Presentan
alto contraste, bajas pérdidas de insercion, ysbpgrdidas dependientes de la
polarizacion. Por otro lado, muestran altos consudgopotencia.

Los MEMS, por su parte tienen bajas pérdidas der¢ian, son independientes de la
longitud de onda y de la polarizacién. Se empleatose OXC que operan en las
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redes troncales. En general precisan de altos j@®ltpara la conmutacion, y
presentan peores grados de estabilidad debidm alaupartes moviles.

La principal ventaja de los conmutadores termoedgties su insensibilidad a la
polarizacion y su velocidad de conmutacion. Presebijos niveles de diafonia y
medio-altos para la relacion de rechazo. Sin enghailgs conmutadores
interferométricos son dependientes de la longiteidnida, ademés de necesitar del
control de la temperatura para su correcto funcioaato.

En general, los conmutadores electro-6pticos ptesebuenas caracteristicas de
velocidad, en el entorno de los picosegundos, stabkes y poseen repetitividad, por
ello son adecuados para la implementacién de cauidut 6ptica de paquetes, y
conmutacién optica por rafagas. Por otro lado,sestmmutadores también requieren
altas tensiones de excitacion.

Los conmutadores acusto-6pticos presentan buepaesta temporal, en el orden de
los nanosegundos, y pueden operar con diversagudag de onda, que los hace
adecuados para su uso en conmutadores selectivose@mencia. Con estos

conmutadores se puede realizar conmutacion a Hesliguntos, pero son caros.

Finalmente, los conmutadores todo-Opticos, permites rapida conmutacion, son
transparentes a los protocolos de red, poseen thsasansferencia elevadas y
permite un numero elevado de canales.

Un resumen de las caracteristicas mas importagtdasddiferentes tecnologias se
muestra en la Tabla-Il.1

VIII1.3.- Conmutadores Basados en Cristal Liquido

Como ya se ha comentado en el apartado anteripdifeaentes tecnologias para la
realizacion de conmutadores 6pticos. En esta sesgdvzan a presentar dos tipos de
conmutadores novedosos basados en Cristal Ligdidambos casos, la fabricaciéon
se ha llevado a cabo empleando elementos discretos.

VIII.3.a.- Multiplexor 3x1 Basado en el Tratamiento de la Poldzacion

La estructura del multiplexor propuesto se muesinala Figura VIII-3. Esta
compuesto por divisores polarizadores de haz (P&Singlés Polarizing Beam
Splitterg, células de Cristal Liquido Nematico TorsionadtN{LC del inglés
Twisted Nematic Liquid Crysfallentes, y polarizadores. Posee tres puertos de
entrada y una salida.

El dispositivo esta disefiado para su uso en regdstma Optica de Plastico (POF
del inglésPolymer Optical Fibrg Se emplea la gran apertura numérica que ésta
presenta para facilitar el acoplo de luz en el foude salida. También se puede
emplear en redes de fibra de plastico de indicgugitague permiten un mayor rango
de longitudes de onda de operacién. En ese semtideso de células de TN-LC
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permite la operacion del conmutador en un rangoomeg longitudes de onda en
comparacion con otras tecnologias y otros tipoSristal Liquido.

NLC,
_l_:
=

p rg' P

» o L

S & < . PBSt i 1 1 PBS2

2o mEaNC oo

3 = pt T I o

S 3 == ——— Output Lens
\CQ \\ o',':’ p

Output Port

p+s

Figura VIII-3: Estructura del Multiplexor 3x1 Basada en el Tratamiento de la Polarizacion.

El esquema propuesto esta basado en el tratander&opolarizacion, puesto que la
conmutacién se realiza a través de las células Nl que actlan sobre la

polarizacion de la luz que incide sobre ellas. Eraso de que no se aplique ningun
campo eléctrico, las moléculas estan ordenadasquerda polarizacion sea rotada
90°. Al aplicar un voltaje a la célula de TN-LCs Imoléculas se reorientan en el
sentido del campo, en esa situacion la polarizad®ma luz incidente atraviesa la
célula sin modificarse.

Por otro lado, el conmutador propuesto, es capanalejar ambas polarizaciones,
haciendo uso del método de diversificacion de larpacion. A pesar de que la
estructura es mas compleja, al transmitir las dadargzaciones, el dispositivo tiene
menos pérdidas.

El dispositivo se ha implementado y caracteriz&whan llevado a cabo dos tipos
de caracterizaciones, por un lado se ha medidatesmision del conmutador para
diferentes niveles de tension aplicados a las a=ldlie TN-LC. También se ha
realizado una caracterizacion dindmica del dispwosipara poder comprobar su
comportamiento cuando se modifica su estado. Andaaacterizaciones se han
realizado a una longitud de onda de 650nm.

Del primer conjunto de medidas se ha comprobadoetjaispositivo se encuentra
completamente conmutado para tensiones superioré/rens. Para voltajes
superiores a dicho valor, los puertos se encueertrastado inactivo, es decir que no
pasa luz de dicha entrada a la salida. Por otm |[gala tensiones inferiores a 1Vrms,
no se ha inducido suficiente cambio en las céldéasristal liquido, y la luz atraviesa
el dispositivo hasta el puerto de salida. Las péslde insercion son menores a 4dB,
mientras que la diafonia medida es superior a 23dB.

Para facilitar el uso del dispositivo, se ha dislefi&a electronica de control que
permite conmutar las células de TN-LC. Dicha etsutta puede comunicarse
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mediante protocolo de comunicacion serie RS232uroordenador para realizar el
control remoto del dispositivo.

VIII.3.b.- Multiplexor y Atenuador Optico Variable Basado en Glulas
de Cristal Liquido Disperso en Polimero

En la Figura VIlI-2 se muestra otra novedosa egiracpropuesta para funcionar
como un multiplexor 3x1. El esquema presentadofestdado basicamente por una
célula de Cristal Liquido Disperso en Polimero (RDdel inglésPolymer Dispersed
Liquid Crysta). Al igual que sucede con el conmutador presenpaeloiamente, este
esquema esta disefiado para trabajar en redes BOFQF.

Input ports
(Collimating lenses)

Figura VIII-4: Estructura del Multiplexor 3x1 Basada en el PDLC.

En este esquema también se emplea el cristal iqu@oho elemento activo, pero no

hace uso del método de tratamiento de la poladima€uando no se aplica tension a
la célula de PDLC, las moléculas de cristal ligujde se encuentran en unas micro-
bolas dentro de una matriz de polimero, se enaremntesordenadas, por lo que la
luz incidente atraviesa una zona en la que el éndiéicrefraccion no es constante por
lo que se dispersa.

Cuando se aplica un campo eléctrico a la céluRRIeC del conmutador, las células
de Cristal Liquido se orientan en la direccion dempo, de forma que la luz
incidente se encuentra con una zona donde el irdceefraccion es constante,
puesto que el indice extraordinario del cristalilg coincide con el de la matriz
polimérica, de forma que la luz atraviesa el digpas

El dispositivo puede actuar como un atenuador optaziable sobre cada uno de los
puertos de entrada, porque la transmision de ladaséde PDLC puede ser
modificada mediante la tension aplicada.

El dispositivo se ha implementado y se ha caraetdd, tanto estaticamente como
dinAmicamente. La caracterizacion se ha realizaddos longitudes de onda
diferentes. Puesto que la célula empleada paraoatape del dispositivo no tenia
pixeles, se ha situado la entrada en diferentesiposs para evaluar la capacidad
del dispositivo como multiplexor.
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La conmutacion completa del dispositivo se prodpaea tensiones superiores a
20Vrms para todas las posiciones del puerto deadsmtry para las diferentes
longitudes de onda empleadas. Las pérdidas decidsenbtenidas son menores a
1.6dB a 532nm y 1dB a 650nm. Se han obtenido &ldeediafonia de 39.5dB a
532nm y 31dB a 650nm. La transmision variable g¢epé para valores de tension
comprendidos entre 10Vrms y 20Vrms.

Respecto a la caracterizacion dinamica, en unaepaintaracterizacion se ha
empleado una sefal sinusoidal para excitar a ldacde cristal liquido. Se obtenia
un rizado en la respuesta obtenida en la salida @sa situacion. En una segunda
caracterizacion se ha empleado una sefial cuadiadas resultados obtenidos para
el segundo grupo de medidas no se apreciaba la®séoi obtenida en las primeras
medidas. Para las dos longitudes de onda medidaspgo de subida es menor a
2.6ms mientras que el tiempo de bajada es mejorlgudms. La diferencia entre
ambos tiempos esta en concordancia con las prajg@edtel cristal liquido nematico.

VIIIl.4.- Conmutador Optico Multifuncion Avanzado Basado en
Cristal Liguido

El Conmutador Optico Multifuncion Avanzado estadsis en el multiplexor 3x1

presentado en el apartado VIII-3.a. Al igual quehdi dispositivo, hace uso del
método de tratamiento de la polarizacion y reaizaétodo de diversificacion de la
polaridad para reducir las pérdidas de insercioh.eguema del dispositivo
propuesto se muestra en la Figura VIII-5. Se haidbaun nuevo puerto de salida y
un juego de puertos de entrada.
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Figura VIII-5: Estructura del Conmutador Optico Multifuncién Avanzado.
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Los elementos afiadidos hacen que la estructurangsaflexible, puesto que se
pueden realizar mas funciones seleccionando adacwede los puertos a emplear, y
configurando las sefales de control.

El funcionamiento del dispositivo es analogo al tipldxor descrito en la Seccién
VIlI-3.a. Los cristales liquidos actian sobre ldapaacion de la luz incidente
dependiendo del voltaje que se les apliqgue. Eas® de que no se aplique voltaje, la
estructura guia los puertos de entragaut Ports ahacia la salid@®utput Port 1y

de forma analoga lo hace con los puertos complariestdelnput Port bhacia la
salidaOutput Port 2

Por el contrario, cuando se aplica suficiente tensi la pareja de pixeles que tratan
uno de los puertos daput Port g la estructura dirige la luz procedente del puerto
correspondiente hacia la otra salida, es d@aiput Port 2 mientras que el puerto
asociado dénput Port bes guiado haci@utput Port 1

Se pueden obtener valores de transmision intermeldigpotencia Optica en cada uno
de los puertos de entrada, si se aplican un vadoitedsion menor que el de
conmutacioén a las células de TN-LC.

El uso de células de TN-LC permite el funcionanmoesl dispositivo en un amplio

rango de longitudes de onda. Debido al rango deaofm esperado para el
conmutador, se han disefiado y fabricado variadasétie TN-LC con propiedades
diferentes para que funcionen en diversos rangagpdecion, en concreto aquellos
para los que estan disefiadas, es decir, poseenpmjidas, las fioras POF y Gl-
POF.

De acuerdo con la informacion presentada previaeneslt dispositivo permite
implementar diferentes funcionalidades sin realmadificaciones en el esquema,
anicamente seleccionando los puertos de entradhdaspropiados, y aplicando las
sefales de control a los pixeles adecuados.

El esquema propuesto es escalable. La principaia@én viene impuesta por las
lentes de salida que se encargan de focalizardosshde luz en el correspondiente
puerto de salida. El angulo con el que los haced®mlizados debe ser menor que
el angulo determinado por la apertura numeéricaiadaa la fibra de salida.

Por otro lado, la divergencia de los haces de @atcausa que la luz no se focaliza
correctamente en el puerto de salida. Se puedeangbacoplo de luz en el puerto
de salida empleando una lente de fibra en los gueade salida. En ese mismo
sentido, la gran apertura numérica que presensalR@ hace que la divergencia del
haz de entrada sea mayor, por ello, los pixeledeamips en aplicaciones con POF
han de tener un tamafo suficiente para cubrir ébth@z de salida.

Teniendo en cuenta estas consideraciones, se @gianaara las lentes que utilizadas
actualmente en el dispositivo, el mayor niumero dertps de entrada para una
aplicacion con POF es de 6, mientras que paraaapdices con GI-POF se puede
llegar hasta 18 canales de entrada.

El dispositivo ha sido caracterizado con las digiinparejas de células para
diferentes longitudes de onda. Se han obtenidadasdlie insercion elevadas. Como
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ya se ha comentado, esto se puede solucionar engmapleando lentes de fibra en
los puertos de salida y optimizando la colimacida seleccién de las lentes.

La diafonia obtenida en todos los casos es mepid§dB en un rango de 900nm. Se
pueden obtener valores de transmision intermedimmntrolados, aplicando voltajes
menores a las células de TN-LC, entre 2Vrms y 3Vrms

También se han medido los tiempos de respuesthaSeobtenido valores entre
10ms y mas de 100ms dependiendo de la célula dglcliquido y los puertos
empleados en la medida. Los tiempos mayores sespamden con los tiempos de
relajacion del cristal liquido, ademas que paralaglcon mayor espesor también se
obtienen tiempos de respuesta mayores, cCOmo eyspeear.

Por otro lado, también se verifica que los tiemgelssistema completo exceden las
medidas realizadas para los componentes individu&lsto se puede deber a la
diferencia de caminos fisicos entre las dos pa@arimes y al hecho de que hay que
conmutar una mayor cantidad de cristal liquido doase realiza la conmutacién del
sistema completo.

Finalmente, el dispositivo propuesto puede impldarevarias funcionalidades con
el mismo esquema, simplemente seleccionando lostosuedecuadamente y
aplicando las sefales de control a los pixeles uadies. De esta forma, el
conmutador puede funcionar como un Multiplexor/Corabor 3x1, un

Multiplexor/Combinador 3x1 Dual, un Conmutador 2x®demas, si se aplican
valores intermedios de tension a las células deLTN-se puede obtener un
Atenuador Optico Variable o un Divisor de Poter@jatica Variable.

El dispositivo se puede emplear en aplicacioneslelda velocidad de conmutacién
no sea critica, tales como las descritas en la@ede aplicaciones.

VIII.5.- Conmutadores Basados en Optica Integrada

En esta seccion se van a presentar los conmutdoiasados en Optica integrada que
se han desarrollado. Estan basados en dos tipéscdelogias, una en la que la
conmutacién se realiza mediante un anillo resonamtel que se introduce un tramo
de cristal liquido para modificar sus propiedadeigntras que el tltimo conmutador
presentado es capaz de realiZap and Two Splitesto es, primero desvia una
porcién pequefia de la potencia de entrada hacipuarto fijo y con la potencia
Optica restante puede enviarla por las dos salideekaciones de potencia 100:0,
50:50 6 0:100 y se basa en un interferémetro Maaimder (MZI del inglédach-
Zehnder Interferometgr

VIIl.5.a.- Conmutadores y Filtros Sintonizables Basados en Altos
Resonantes y Cristal Liquido

La estructura en anillo resonante posee una furdidtransferencia que puede ser
empleada en filtros o conmutadores. Modificando dasacteristicas del anillo
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resonante, o también el acoplo con las guias da qod actian como puertos de
entrada o salida, se puede variar la funcién desfeaencia que esta estructura
presenta.

En esta seccidén, se van a emplear tramos de diigtalo dentro del anillo resonante
para modificar sus caracteristicas y obtener da fstma filtros sintonizables o
conmutadores.

En la Figura VIII-6 se muestra la estructura badieain anillo resonante acoplado a
dos guias de onda. La potencia de entrada se apliaaentraddlnput 1" y se
monitoriza la potencia éptica en las diferentesdaal Para la realizacion de las
simulaciones de esta estructura se ha empleadoglama Fullwave de Rsoft que
hace uso del método de las Diferencias Finitas &@ominio Temporal (FDTD del
inglésFinite Differences Time Doma3in

Output 1 Input 2

Monitor 1 Monitor 2

Input 1 Owmeput 2

Figura VIII-6: Estructura del Conmutador Basado en Anillo Resonante con Cristal Liquido.

Las primeras simulaciones realizadas han servida ppeientar optimizar los
parametros del anillo resonante, en especial lgitlashde acoplo, el espacio entre las
guias de onda en la zona de acoghp( o la longitud del anillo resonante. En estas
simulaciones previas, no se ha incluido ningln t¢rason cristal liquido. Se ha
obtenido un mejor resultado cuandayap es nulo y para una longitud de acoplo de

1.5um.

En el siguiente grupo de simulaciones, se handotido hasta dos tramos de cristal
liquido dentro del anillo resonante. El cristalliip permite modificar su indice de
refraccion aplicando un voltaje, de esta forma wedp modificar la respuesta del
anillo resonante. De las simulaciones se desprgudese puede obtener un margen
de variacion de 13nm que se corresponde con ladrdiéh Rango Espectral Libre,
(FSR del ingléd-ree Spectral Rangecuando se emplea un tramo de cristal liquido
de Jum, en un anillo con zonas de curvas gem3le radio.

Para facilitar el disefio en estructuras mas complegs interesante emplear la
configuracién en malla cruzada. En este tipo dpddigivo, la segunda guia de onda
se sitla en posicion perpendicular a la guia da dedentrada, con el anillo situado
tangente a ambas guias de onda.
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Comparando las simulaciones cuando se emplea facest convencional, y la
estructura en malla cruzada, se obtienen resultsidokares cuando se emplean los
mismos parametros.

Gracias a la estructura en malla cruzada, se pueddinar estructuras compuestas
como la mostrada en la Figura VIII-7

Output 1

Output 3

Input

Figura VIII-7: Estructura Compuesta de un Conmutador con dos
Anillos Resonantes con Cristal Liquido.

La estructura propuesta permite realizar un condautd a 3 en el que la salida
escogida viene determinada por el estado de lowogale cristal liquido en los dos
anillos resonantes.

VIII.5.b.- Conmutador Optico 2x2 Basado en un Interferémetro Mch -
Zehnder

En esta seccidn se presenta un conmutador diseSpecificamente para su uso en
matrices de conmutacion capaces de realizar comemioites multipunto. El
dispositivo se engloba dentro de una arquitecteraainunicaciones en la que una
comunicacién punto a multipunto se realiza sin eosidon al dominio eléctrico.

En ese tipo de aplicaciones, se han propuestcedifes arquitecturas para optimizar
el nimero de enlaces y la potencia Optica necegarahacer llegar la informacién a
los destinos deseados. La division en dos de lal seficada nodo se ha demostrado
como soluciébn de compromiso porque posee las \@ntdp las arquitecturas
previamente propuestas y es eficiente en térmimopadencia, ademas de ser su
implementaciéon menos complicada.

Por tanto, se precisa la implementacion de un dispo capaz de monitorizar la
sefial de entrada para realizar una copia locabdeafbrmacion, con dos salidas
adicionales que permiten la interconexion con otltes nodos adyacentes, y que la
potencia de salida se pueda distribuir UGnicameoteupa salida o compartir al 50%
entre las dos salidas.
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De acuerdo con los requisitos de potencia previstol arbol de conmutacion

Optico, la potencia destinada al nodo lotah, es el 6% de la potencia recibida. El
resto de potencia Optica se puede direccionar ssalida, a la otra o0 a las dos a la
vez en funcién del arbol de conmutacion éptica plémentar.

En la Figura VIII-8 se muestra la arquitectura pregia para el conmutador descrito.
Estd formado por un acoplador de Interferencia khaltlo (MMI del inglés
MultiMode Interference94:6 que se encarga de realizar la copia dddanmacion al
nodo local. A continuacion un conmutador 2x2 basadan interferometro Mach-
Zehnder (MZI del inglé&lach-Zehnder Interferomefepermite seleccionar la salida
por la que se transmite la potencia éptica.

MMI MZI
P, P, Pear
‘ 71 Y2 :|
94:6 ) An aL )
\; k1 =05 ko =0.5 :|
L I L1 Pcross
tap (6%)

Figura VIII-8: Estructura del Conmutador Basado en Interferometro Mach-Zehnder.

El conmutador propuesto se ha disefiado en Ooptitegrada para obtener un
dispositivo mas compacto. Se han simulado las emes del comportamiento del

conmutador en Matlab, para comprobar el comportatmieorrecto del dispositivo y

poder estimar las pérdidas introducidas. Es imptetauantificar las pérdidas del
conmutador para de esta forma poder realizar wulcaimas adecuado del arbol de
conmutacién Optico y seleccionar convenientemeote daminos Opticos mas
favorables.

La variacion necesaria del indice de refracciora pgsnmutar el interferometro
Mach-Zehnder que posee una guia de onda entredptadores de 1@@dn ha sido

An = -7.75 - 16. Adicionalmente, se ha empleado el software BFBéam
Propagation Methop para contrastar los resultados obtenidos empiedmatiab.
Para ello se ha seleccionado tap del 6%, unas pérdidas en exceso de 0.1dB en
cada acoplador que forma parte del conmutador,aylamgitud de la guia de onda
del MZI de 10@m, todo ello para una longitud de onda en el veei&.55um.
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VII1.6.- Banco de Caracterizacion Optica

Para la caracterizacion de algunos de los dispositpresentados en el presente
trabajo se ha desarrollado un Banco de Caract@iz&iptica que facilite la toma de
medidas.

Puesto que el banco disefiado se va a empleararerdés tipos de caracterizacion,
se ha optado por que sea lo mas versatil posib@lithndo al usuario que lo
modifique de acuerdo al experimento que deseateaizar. En la Figura VIII-9 se
muestra la estructura propuesta para el banco.

Salida @

2

— =11
c=
+
——= +d=gEEF 9

i
o

Figura VIII-9: Estructura del Banco de Caracterizacién Optica

Bases de Diferentes Tamarios
Para el montaje del dispositivo t

Entrada

[
\

Adicionalmente, se ha dotado al banco con un ssstmmomatizado de movimientos
en tres ejes que permite variar la posicion dedwsponentes, dando més grados de
libertad al usuario. También se han incluido loarags electronicos de medida
necesarios para la caracterizacion de diversoseel&s optoelectronicos.

En cuanto a la parte mecanica, el banco constaaelataforma de translacion de
precision en tres ejes, diversas plataformas deslaeion lineal, una plataforma
rotatoria, bases y railes.

El experimento se puede montar en una base qu#laessebre railes de forma que
permite su extraccion del banco de prueba sin gmedesmontarlo.

Se ha desarrollado el software en LabView paraekizacion de movimientos
automatizados, asi como para la captura de meeicigdeando el equipamiento
disponible en el laboratorio.

Se han realizado dos experimentos para probasteinsa completo, incluyendo el
software. Se han enfrentado dos fibras Opticas yaseuscado el punto de maxima
transferencia de potencia. En cada experiment@seadlizado el movimiento en un
eje y se han tomado medidas para distintas posigion
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En el primer experimento se ha realizado el aceplwe una fibora monomodo de
silice y una fibra 6ptica de plastico, mientras goneel segundo experimento se han
enfrentado dos fibras Opticas multimodo de siliEé. software ha funcionado
correctamente, y las medidas se han almacenado &ohero de texto. Este banco
se ha utilizado para la caracterizacion del disiposmultifuncion conectado a
fibras opticas de entrada y salida.

VIII.7.- Conclusiones y Trabajos Futuros

A lo largo de este trabajo se han propuesto difeseestructuras novedosas para su
uso en redes con Multiplexacion en Longitud de Q(dM del inglésWavelength
Division Multiplexing. Para su fabricacion se han empleado difereet@mlogias
de conmutadores. Algunas de ellas estan basadeélidas de cristal liquido, y se
han implementado con elementos discretos, mientasofyos dispositivos estan
basados en Optica integrada y se ha simulado spartamiento.

Aquellos dispositivos basados en células de crigjaido se pueden emplear en
redes de fibra 6ptica multimodo como las Fibrasdptde Plastico (POF del inglés
Polymer Optical Fibrg Ese tipo de dispositivos, tanto por sus caristieas como
por el tipo de fibras utilizado se pueden empleaa@icaciones de corto alcance, y
puede trabajar en longitudes de onda del rangbleis infrarrojo cercano: 450-
650nm para aplicaciones en el automovil, 650nnedes dentro del hogar, o 850nm
si se emplea con fibras multimodo. Ademas, pueddmajar en el rango de 850-
1300nm para redes de acceso.

Se han presentado dos estructuras novedosas pamaplamentacion de un
multiplexor 6ptico. En primer lugar, se ha descutomultiplexor 3x1 de gran ancho
de banda basado en el tratamiento de la polariza&ib esquema hace uso del
método de diversificacion de la polarizacion, p&ducir las pérdidas de insercion.
El uso de fibras Opticas con gran apertura numeéregora la operacion de la
estructura propuesta. El dispositivo descrito sefdimicado mediante células de
Cristal Liquido Nematico Torsionado (TN-LC del iaglTwisted Nematic Liquid
Crysta). Se ha caracterizado a una longitud de ondanigeose unas pérdidas de
insercion, segun se define en la seccion VIlI-Znenores a 4dB y una diafonia
(definida en la seccién VllI-2.c) mejor de 23dB%06m. También se ha obtenido un
tiempo de establecimiento menor a 30ms, siendaeripb de subida mejor que
15ms.

La segunda estructura propuesta para la implemaéntdel multiplexor se basa en el
uso de una célula de Cristal Liquido Disperso dimtewo (PDLC del inglé®olymer
Dispersed Liquid Crystal EI esquema propuesto para este conmutador mgermit
combinar en un mismo dispositivo un multiplexor 3udto con un atenuador Gptico
variable puesto que la transmision se puede madifntre los valores extremos
simplemente modificando la tensién aplicada atalrigquido.

Para la caracterizacion de este conmutador se pkeato una célula de PDLC sin
ningun pixel. La entrada se ha situado en difeseptesiciones respecto de la célula
de PDLC vy del puerto de salida para comprobarredifunamiento del dispositivo. Se
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ha realizado la caracterizacion tanto estatica calimamica. La conmutacion
completa se ha obtenido para valores de tensiderisops a 20Vrms en todas las
posiciones. Las pérdidas de insercion son menaresl@dB a 532nm y que 1dB a
650nm. Se han medido relaciones de rechazo magoee39.5dB a 532nm y 31dB a
650nm. Se obtienen valores intermedios de tranémge obtienen para tensiones de
excitacion entre 10Vrms y 20Vrms. Finalmente, se meedido tiempos de subida
menores a 2.6ms y tiempos de bajada menores a4 2l4tonmutar la excitacion de
la célula de PDLC entre una onda cuadrada de 1ktézoyvoltios.

También se ha propuesto una estructura para leeimgpitacion de un dispositivo
optico multifuncion avanzado basado también enlaglde TN-LC. El esquema
propuesto deriva del multiplexor 3x1 propuesto @otemente. Como se ha
comentado con dicho multiplexor, el dispositivogaresto permite su uso en redes
POF debido a la gran apertura numérica que e$tias fpresentan.

Se ha empleado TN-LC como elemento activo debigoeapuede operar en un gran
rango de longitudes de onda. Debido al rango deaojm requerido para el

dispositivo propuesto, se han diseflado y fabrideakia cuatro tipos diferentes de
células TN-LC. Dichas células también se han caraetdo para comprobar su
rango de operacion.

El dispositivo propuesto se ha caracterizado aratites longitudes de onda para
obtener los parametros mas relevantes. Se han guodsepérdidas de insercién

superiores a lo esperado. Esto puede ser debigkpale divisores polarizadores del
haz (PBS del inglé®olarizing Beam Splittejssin recubrimiento antireflejante,

ademas de la divergencia que posee el haz de amjuedno esta completamente
colimado, y que en parte se puede corregir emptelamdes para fibra en los puertos
de salida.

La diafonia obtenida, tal y como se define en kxisa VIlI-2.c, es mejor a 13dB
para 650nm y 850nm. La transmision a través delogdiivo se puede maodificar con
valores de excitacion entre 3y 4Vrms.

Los tiempos de respuesta medidos varian entre $0n#&s de 100ms. Estos tiempos
del dispositivo completo son mayores que los obdtenpara las células de TN-LC

debido en parte a la diferencia de caminos Oppena las dos polarizaciones, lo que
hace que se ensanche el pulso. Ademas de que eiteomas cantidad de cristal

liquido en el conmutador completo. El dispositieopsiede emplear en aplicaciones
donde el tiempo de conmutacién no sea fundamental.

Los mayores tiempos se corresponden con los tiemdposelajacion del cristal

liquido, puesto que estos tiempos superan a logte de excitacion para este tipo
de células. También hay que destacar que se obtiemenores tiempos de
conmutacién para las células de menor espesordaledique el condensador
equivalente es menor.

De la caracterizacion realizada, se puede deair efjdispositivo es capaz de operar
en un rango de 300nm, lo que permite su uso ers @el@cceso de gran ancho de
banda.
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El esquema propuesto es escalable. Las principestscciones vienen impuestas
por la lente de salida, que se encarga de focdbzdnaces de salida en el puerto de
salida. El angulo de los haces focalizados debemsgror que el definido por la
apertura numérica de la fibra éptica empleada aalada. Puesto que la lente
empleada tiene un diametro de 50mm y una distdacé& de 75mm, no afecta a la
restriccidn impuesta por la apertura numeérica deOé&.

Por otro lado, la divergencia de los haces de @afpaovoca que la luz no se focalice

correctamente en el puerto de salida. Es posilplacmas luz a la fibra de salida si

se emplea una lente de fibra en dicho puerto. &a gpertura numérica que presenta
la POF dificulta una correcta colimacion de la labteniendo haces con mayores
divergencias. Para ese caso, el tamafio del piXal ddula de TN-LC debe ser mas

grande para cubrir completamente el haz procedknliz fibra de entrada.

Teniendo en cuenta estas limitaciones y empleaadmisma lente de salida, el
namero de puertos de entrada queda limitado errélaa aplicaciones con POF y
18 para aplicaciones con POF de indice gradual.

Por otro lado, el dispositivo presentado se hardesmomo multifuncién. Esto es asi,
debido a que se pueden realizar diferentes funiiaukes con el mismo dispositivo,
sin realizar cambios de hardware, Unicamente seleatdo los puertos de entrada y
salida adecuados, y aplicando las sefiales de tootreenientes. De esta forma, se
puede implementar un Multiplexor/Combinador 3xIyroMultiplexor/Combinador
3x1 Dual, o un Conmutador Optico 2x2. Ademas saskca un nivel de tension
intermedio a las células TN-LC se puede realizaAtemuador Optico Variable o un
Divisor de Potencia Optica Variable, con diferemiagles de atenuacion o division
dependiendo del caso.

Adicionalmente a los conmutadores 6pticos presesthdsta ahora, en el presente
trabajo también se han propuesto dos estructurasrtautacion basadas en Optica
integrada. En un primer disefio, se ha propuest@ngbleo de micro-anillos
resonantes combinados con cristal liquido. Se mmalado la estructura basica con
diferentes parametros: longitudes del anillo, aiefites de acoplo, tramos con
cristal liquido dentro del anillo... para poder oletela variacion de la respuesta del
anillo.

Todas las modificaciones afectan al Rango Espetibaé (FSR del ingléd-ree
Spectral Rangede la estructura, de forma que la modificacidhedéado del cristal
liquido dentro del anillo resonante, modifica lapeesta del mismo. Esto se puede
obtener aplicando un voltaje al cristal liquido geeencuentra dentro del anillo.

También se ha propuesto la aplicacion del un trdearistal liquido dentro de un
anillo resonante en configuracion de rejilla crugado que permite la

implementacion de estructuras compuestas. Asi,as@rbpuesto un conmutador
selectivo reconfigurable de tres canales formadadpe anillos situados en serie. La
reconfiguracion del dispositivo se puede realizamigiando el estado del cristal
liguido situado en cada uno de los anillos res@zant

El dltimo esquema propuesto para la implementad&mnin conmutador 6ptico esta
basado en un interferometro Mach-Zehnder (MZI deylés Mach-Zehnder
Interferomete). El dispositivo es capaz de tomar una muestia getencia Optica a
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la entradaTap) y si es necesario dividir el resto de la potemermanente entre las
dos salidas disponibles, o dejar que continle hasta de ellas. Este tipo de
conmutador se puede emplear en nodos para arquaeale matrices de conexion
gue pueden realizar comunicaciones multipunto. Kadiel empleo del conmutador
propuesto, se puede mejorar la eficiencia en piatetel arbol de comunicacion
empleado.

El conmutador Optico basado en Optica integradaidia especificamente disefiado
para realizar las funcionalidades requeridas. Estapuesto por un divisor de
potencia Optica 94:6 basado en una zona de indeder multimodo (MMI del inglés
MultiMode Interference en combinacién con un MZI reconfigurable.

Se han realizado simulaciones del dispositivo. &erhpleado Matlab para simular

el comportamiento del dispositivo mediante las eicurees presentadas en la seccién
V.4.b. Dichas simulaciones se han realizado pugs&es importante conocer las

pérdidas inducidas por el dispositivo, dado quéhae de tener en cuenta en la
estimacion de las pérdidas totales del sistemdaado del arbol para poder elegir un

camino Optico u otro para realizar las comunicaeson

La variacion necesaria del indice de refracciom parconmutacion del MZI con un
brazo de 106m ha sidadn = -7.75 - 18. Las simulaciones se han realizado con un
Tap del 6%, 0.1dB de pérdidas por exceso para cada MM forman el
interferdmetro, constantes de acoplo de 0.5, paadangitud de onda en el vacio de
1.55 um. Se ha empleado el software BPHEe&m Propagation Methddpara
comprobar los resultados preliminares obtenidos\attab.

Finalmente, se ha disefiado y puesto a punto unoBdecCaracterizacion Optica
versatil que se ha empleado en la caracteriza@drados de los dispositivos Opticos
descritos. El usuario puede configurar el BancoidOptde acuerdo con las
restricciones de su experimento. El dispositivaeacterizar se monta en una base
independiente para facilitar su retirada cuandoalacterizacion haya acabado, sin
necesidad de desmontarlo.

Se pueden realizar movimientos automatizados déa h2Smm gracias a las
plataformas de translacion lineales. También est&igio de una plataforma de
precisibn con movimiento en 3 ejes de 13mm de riglworEl minimo recorrido
incremental es de Quth, mientras que la repetitividad bidireccional es3dm. Se
pueden realizar movimientos adicionales empleamticadores manuales. Ademas,
se ha desarrollado un software mediante LabView famwilitar el control del banco
de caracterizacion.
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VIIl.7.a.- Lineas de Trabajo Futuras

Como posibles lineas de trabajo futuras relaciohada los resultados obtenidos en
el presente trabajo, se pueden considerar lasesitgpsi:

Caracterizaciéon de los dispositivos 6pticos basagloselementos discretos
empleando fibra éptica de plastico de indice grbdnal puerto de entrada. Con
estas medidas, se puede llevar a cabo la caradiénzde los dispositivos en un
sistema de GI-POF. En las medidas realizadas, senpéeado fibra multimodo
de silice o laseres a diferentes longitudes de oon puertos de entrada.

Optimizacion de la luz procedente de los puertosrdeada con POF. Se pueden
obtener menores pérdidas de insercion si la engadalima correctamente. En
ese sentido, se pueden usar diferentes sistemealidecion para optimizar el
comportamiento de los conmutadores o6pticos. TamBi&npueden emplear
diferentes lentes para mejorar el acoplo en lostpsiee salida.

Estudio de la mejora de los puertos de salida srcémmutadores basados en
elementos discretos. Si la luz procedente de Ilaadat no se colima
correctamente, las lentes de salida no colimandadrrectamente. En ese caso,
el empleo de lentes de fibra puede mejorar el acdplluz en el puerto de salida,
asi como el uso de lentes con otras caracteristicas

En relacién al multiplexor propuesto, implementada PDLC, se debe fabricar
un PDLC con diferentes pixeles y caracterizar gpasitivo Optico completo con
acoplo a fibras.

En relacion al Conmutador Optico Multifuncion Avadp basado en células
TN-LC, la optimizacién de los pixeles en las c&uapleadas puede reducir el
tamafio del dispositivo e incrementar el nimero deertps de entrada
disponibles.

Se debe realizar un estudio del AMOS para prevasireflexiones que puedan
afectar al funcionamiento del dispositivo.

Mejora de la sefial de excitacion de las célula€rigal Liquido, especialmente
en la conmutacion para reducir sus tiempos de esspu

Se debe realizar la medida de las Pérdidas Depeadide la Polarizaciéon en los
conmutadores basados en elementos discretos.

Optimizacion de la estructura del AMOS en térmimes orientacion de las
células de Cristal Liquido y los voltajes aplicagmsa reducir las asimetrias
como las relativas a las Pérdidas Dependientea @®larizacion y los retardos
diferentes para cada polarizacion.

Desarrollo de diferentes estrategias para reducitareafno del Conmutador
Optico Multifuncién Avanzado.

Se puede plantear el control de una inyeccion thedede modos en una fibra
multimodo como parte fundamental de las redes desacde banda ancha. La
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experiencia adquirida con la caracterizacion del n@atador thico
Multifuncion Avanzado, y el uso del Banco de Cagdehcion Optico
implementado se debe utilizar para avanzar eniesta

» Relacionado con los conmutadores basados en dptezrada, la fabricacion y

caracterizacion del las estructuras propuestas epussl interesante para
comprobar su funcionamiento.

VII1.8.- Publicaciones Obtenidas

Véase Anexo A
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Microtechnologies for the New Millennium 2005

9 - 11 May 2005, Seville (Spain), Oral

C.Vazquez, J. M. S. Pena, P. C. Lallana, M. A. Jurado Pontes

“Development of a 2x2 Optical Switch for Plastic Optical Fiber Using Liquid Crystal Cells”
Microtechnologies for the New Millennium 2005

9 - 11 May 2005, Seville (Spain), Oral

A.3.- Contributions in National Conferences

D. S. Montero, C. Vazquez, P. C. Lallana, J. M. Baptista

“Nueva Configuracion Electro-Optica Para Redes WDM de Sensores de Intensidad Optica con
Autoreferencia”

OPTOEL’09: VI Reunion Nacional de Optoelectrénica
15 - 17 July 2009, Malaga (Spain), Poster

Carmen Vazquez, P. C. Lallana, D. S. Montero, J. M. Sanchez Pena, J.M: Oton
“Optical Switch for Instrumentation Based on Liquid Crystals”

IV Reunion Espanola de Optoelectronica: CDE'07

31 January - 2 February 2007, El Escorial (Spain), Oral

C. Vazquez, P. C. Lallana, J. M. Sanchez Pena, M. A. Jurado Pontes

“Multiplexor Optico 3x1 para Fibra Optica de Plastico Empleando Cristales Liquidos”
OPTOEL: IV Reunion Nacional de Optoelectronica

13- 15 July 2005, Elche (Spain), Poster

A.4.- Research Stays

November 2006 - January 2007 (3 months)

Electronic Engineering Departemen La Sapienza University, Rome (ltaly)
Funded by the V PM EU Network SAMPA program

Simulation and development of several integrated optics devices

July 2007 (1 month)

Optics Department, Telecom Bretagne, Brest (France)

Funded by: the Mobility Actions of University Carlos Ill de Madrid 2007

Bone Network of Excellence UE. IST FP7, grant ICT-216863

Manufacturing and characterization of Twisted Nematic Liquid Crystal Cells for broadband
reconfigurable devices
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September 2008 - October 2007 (2 months)
Optics Department, Telecom Bretagne, Brest (France)
Funded by the Mobility Actions of University Carlos lll de Madrid 2008

Manufacturing and characterization of Twisted Nematic Liquid Crystal Cells for broadband
reconfigurable devices

A.5.- Other Relevant Information

R. Vergaz, J. M. S. Pena, D. Barrios, C. Vazquez and P. C. Lallana
“Modelling and Electrooptic Testing of Suspended Particle Devices”
Solar Energy Materials and Solar Cells 92(11), 1483 - 1487, November 2008

Supervisor of the Master Thesis:

“Implementacion de herramienta software para la automatizacion de un banco de
caracterizacion optica”

Author: José Joaquin Ferrer de la Cruz

Master in Advanced Electronic Systems, September 2010

Co-Supervisor of the Bachelor Project:

“Desarrollo de Electrénica de Control para un Multiplexor Optico 3 a 1 para Redes Opticas con
Fibra Optica de Plastico”

Author: Juan José Canadas Rufo

Industrial Electronic Engineering, September 2006
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Appendix B

Optical Characterization

Bench’s User Manual

In this Appendix, a description of how to use the software developed for
controlling the automated part of the Optical Characterization Bench is
presented.

Two programs have been developed using LabView. The first one is in charge
of controlling the automation part of the optical bench. It is capable of
configuring the parameters of the actuators and performing single movements.
Moreover, the software can make stepped displacements and capture the
measurements in each position.

Additional functions have been implemented for controlling the wave generator
and the oscifloscope.
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B.1.- Software for Controlling the Motion Controller

A program implemented in LabView allows controlliige motion controller by
means of a computer. The motion controller is coteteto the computer thanks to a
USB-GPIB converter from National Instruments. Irdiéidn, the software can also
control a TTi 906 multimetre in order to capture theasurements.

The implemented software is able of configuring thetion controller parameters.
Simple movements can be ordered using this prog&epped displacements can
also be configured by using this software. In ttese, it is possible to capture a
measurement in each position. The main window efdéveloped software is shown
in Figure B-1.

Figure B-1: Main Window of the Developed Software.

The information of the actuators is in the lefttpafrthe window, while the right part
of the window is dedicated to order the movememthé¢ actuators.

B.1.a.Configuration of the Communication Ports

Once the program is open, the communication pottergy each equipment is
connected has to be configured. In the top pathefFigure B-2 is the section for
configuring purposes. Left channel will be used iandling the motion controller,
while the channel placed on the right is used @mfiguring the multimeter.

181



Pedro Contreras Lallana

Figure B-2: Configuration of the Communication Ports.

The selected channel for the EPS 30ERS while the channel selected for the
multimeter TTi 906 iPOLIMETR

B.1.b. Data File

The data captured and the position of the actuatben the data is measured can be
stored in a file. The text file (“.txt") has to loeeated in the desired destination folder
before selecting it in the text boAfchivo de Destind

Each measurement is stored in a line with four oolsl separated by commas. The
three first columns correspond with the positiorthed actuators when the data has
been captured. The last column contains the voltegjae measured with the
multimeter.

The new captured data is written at the end offitelt also happens when a new
experiment is ordered, so old data are not oveewit

B.1.c.Parameters of the Actuators

The parameters related to the movement of the @ctuare shown in the left side of
the program window (see Figure B-3). These paramete continuously updated.

Figure B-3: Window Showing the Parameters of the Three Actuators.
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For each axis, the parameters shown are:

“Posicion Absoluta This value indicates the real distance travelled the
actuator from its origin. In other words, it indiea the position in which the
actuator is located.

“Posicion Relativa This value indicates the distance travelled fritva position
of reference that is known &ome A positive value indicates that the travel is
increasing the absolute position of the actuatdmena negative value denotes
the travel is towards the origin of the actuator.

“Limite lIzquierdd: Lower position allowed to the actuator. The t®a position
of the actuator is used for determining this limitis not configured by the
absolute position of the actuators.

“Limite Derechts Higher position allowed to the actuator. Theatele position
of the actuator is used for determining this limitis not configured by the
absolute position of the actuators.

“Velocidad: Speed of the actuator.

“Aceleracion: Acceleration of the actuator.

The Home position refers to the position saved as the eefez for the relative
movements. InitiallyHome corresponds with the position of the actuator wtien
motion controller is switched on. A new value foetposition of theHomecan be
stored by pressing the button labelled &sléccionar Honfie

The parameters that configure the movement of eatitor can be modified. The
window for changing these parameters is shown @ Rigure B-4. The default
values of these parameters are configured untyl éhe changed.

ﬂ GetData_l.vi Y ’ &j

Velocidad 1 Aceleracion 1

& n
7 0,2 o 08

Limitelzq 1 Limite Der_ 1
2y &
o 0 o 25

Figure B-4: Window for Configuring the Parameters of Each Actuator.

The parameters depend on the actuators used arapphieations. In the present
work, actuators CMA-25CCCL from Newport are usem,the parameters stored in
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the applications are those related to these actialdve parameters the user can
modify are:

* “Velocidad: Set the speed for each actuator. For the aatsiatsed in de Optical
Characterization Bench, the speed can vary up 4md/s. By default, it is
configured with 0.2mm/s.

« “Acceleracion: Set the acceleration of the actuator. For theators used in the
Optical Characterization Bench the acceleratiaroisfigures at 0.8mnfs

e “Limite lzquierdd and “Limite Derechti Set the limits of the actuator’s
movement at both edges. They should be used fppistp the actuator before
obstacles. The reference position of the actuatarsied for determining these
limits. They are not configured by the absoluteias of the actuators.

B.1.d. Actuator Enabling

The actuators can be enable or disabled. Whenateegisabled, they do not move.
By pressing the buttonHabilitar/Deshabilitar Motore$ (see Figure B-5) the
actuators can be enabled of disabled.

Habilitar / Deshabilitar M.

2

Figure B-5: Button for enabling/disabling the actuators

B.1.e.Single Movement of the Actuators

The actuators can be ordered to translate to thieedieposition. The movement can
be ordered by indicating the position or the trashstance in the right part of the
program window (see Figure B-6).

Relativo/Absoluto 1 Motion I Home 1
- g -
Relativo/Absoluto 2 Hotion Ir Home 2
o »
Relative/Absoluto 3 Motion 3 Ir Home 3
Mover Abortar Movimiento
- -

Figure B-6: Part of the Program’s Window where Order the Movement to the Actuators

The actuators have to be enabled of performingrtbeement. Relative and absolute
movements is possible by selecting it in tHeelativo/Absolutd button. In the
absolute movement, the final position of the acugt written in the Motion” text
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box. If “Relativd is selected, then, the length of the movememisfigured in the
“Motion” text box. Once the movement for all the actuatisrsconfigured, it is
performed by pressing théfover’ button. The value used for ordering the travel of
the actuators can have six decimals.

The three actuators move at the same time. An tactwoes not perform the
movement if zero is written in theVibtion” text box and a relative movement is
selected.

It is possible to abort the movement of the actsatny pressing theAbortar’
button.

Absolute movements are useful for placing the dotgan a determined position,
while the relative movements are used for applyangrovement from the actual
position of the actuators.

B.1.f. Return to Home

By pressing the It Home' button (see Figure B-6), the actuator moves te th
position saved as the reference for the relativeements or “Home” position. This
order is independent for each actuator.

B.1.g.Stepped Movement of the Actuators

The developed software allows performing a traveldifferent steps in order to
capture measurements in each intermediate positmzone for configure this type
of movement is on the left in the lower part of fregram’s window (see Figure B-
7).

Ejel Inicio 1 Finl _muestras1
@ 4o ’,."]0 .:)]U

Eje 2 Inicio2 Fin2 i
™ o o oo

Eje3 Inicio 3 Fin3 ‘muestras 3
> ¥ £ o

Automitico/Manual Realizar Movimiento
- -

Figure B-7: Part of the Program’s Window where Order the Stepped Movement to the Actuators

The movement is performed by the selected axiggu$ia ‘Eje” button on the right
part of Figure B-7. The start and final positioms @ritten in the Inicio” and “Fin”
text boxes respectively. The number of steps idigored in the Muestra$ text
box. A warning message appears if the movementeebscthe limits configured for
the actuators.
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Two possibilities are available for continuing tme®vement after each step, manual
and automatic configurations. In the automatic umétion, the translation of the

actuators continue without the user confirmatiohermeas, the manual configuration
implies the user has to accept for continuing it translation. This issue can be
configured by pressing théutomatico/Manudlbutton.

The translation starts when thRéalizar Movimientb button is pressed. Once the
movement is started, it is not possible to abort it

The measurements captured by the multimeter aredsto the text file indicated in
“Archivo de Destinbwith the structure indicated in section B-1.b.

B.1.h.Voltage Measured with the Multimeter

By pressing theActualizar’ button placed on the left of th&/alor Multimetrd text
box (see Figure B-8), it is possible to visualizee tvoltage measured by the
multimeter. The value is shown iWalor Multimetrd text box.

Actualizar Valor Multimetro

> |

Figure B-8: Measured Obtained with the Multimeter

B.2.- Software for Controlling the Oscilloscope and thaw&/ Generator

Additional functions have been programmed in LabWiéor controlling the

Oscilloscope TDS 1012 from Tektronix and the Waven&ator 33120A from
Agilent. These functions operate independentlyhefrhotion controller and they can
be used for characterizing the transmission respaofs several electro-optical
elements such as the liquid crystal cells.

The program’s window is organized in tabs; in orderreduce the information
displayed at any time. In this way, the user watmhly the information required for
the experiment he is carrying out.

The “Configuraciori tab is used for configuring the equipment of tab. Three
possibilities are available. Theviedidas tab is used for implementing amplitude
swept in amplitude in the output signal of the waenerator. The Error” tab
contains all the error boxes related to each disddgpx programmed.

B.2.a.“ Configuracion” Tab

The “Configuraciéri tab allows the user to configure the oscilloscape the wave
generator. Figure B-8 shows the information dispthyn this tab. An additional
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section allows the user to configure the equipnmmnusing text commands. This
section can also be used for configuring other@gent.

Each equipment addresses has to be selected intorsiend and receive information
to/from them.

Figure B-9: Information Displayed in the “Configuracion’ Tab

The “Generadot section allows configuring the main parameterstiog¢ wave
generator: amplitude, shape and frequency. An iaddit command allows obtaining
the configuration from the wave generator.

FRECUENCIA | o1 | e |
FRECUENCIA, AMPLITUD Y TENSION DE DESPLAZAMIENTO | |

Figure B-10: Detail:-df the Wave Generator Conﬁguratibn Section
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Once the configuration value is written in the tbri, the parameter is applied by
pressing theOK” button.

The “Osciloscopi6 section allows the user to obtain different meaments values
from the oscilloscope (see Figure B-11)

DIRECCION DEL OSCILOSCOPIO \
¥ 0SCILOSCOPIO = 1k osciLosc

| Venedia i |-1.&95me-4 LI
| Vep I j¢.moouoze-s L

I FRECUENCIA l 18.3333328125E4 Hz
\k_

Figure B-11: Detail of the Oscilloscope Configuration Section

‘o—nonmor-nmn

The “Autoset button makes the oscilloscope to perform a seiffiguration order.
In this way, the correct sensitivity values areamitd for the waves to measure.

By pressing other button:Vmedid, “Vpp' or “Frequency, the average voltage,
peak to peak voltage or the frequency of the chHanomber two are obtained.
Correct values are obtained when the wave is plppisplay on the oscilloscope
screen.

The additional section allows configuring somehad quipments using commands.
This section only permits to send information te #gquipment, it is not possible
receiving information from the equipment.

DIRECCION EQUIPO DE CAMBIO DE CONFIGURACION

] -l &
INSTRUCCION CAMBIOQ DE CONFIGURACION

1 [ ok §
-~

Figure B-12: Detail of the Additional Section

It is possible to configure another equipment dgaeg the proper communicacion
channel in the equipment address.

B.2.b.“Medidas” Tab

The “Medidas tab allows the user configuring amplitude sweffttbe signal
provided by the wave generator. An image of thkedidas tab is shown in Figure
B-13.

As it occurs in the Configuraciéri tab, the addresses of each equipment has to be
selected in order to send and receive the infoonairoperly.
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The swept is configured by configuring the startuea the stop value and the
increment in ticio”, “Fin” and “Variacion’ text boxes respectively. The amplitude
values can increment or decrement.

comamacon weooss |eorss | |

Selecdionar las direcciones de los equipos de instrumentacian.
Introducir los valores de AMPLITUD maximo, minimo y el incremento.
Seleccionar el tiempo de variacion y el nimero de medidas a recoger.
Presionar OK para comenzar a medir,
DIRECCION DEL GENERADOR DIRECCION DEL OSCILOSCOPIO
% GENERADOR = % 0SCILOSCOPIO =
INICIO FN VARIACION
A Vi A v A
01 wJ g0l w_J /01 \n'ppJ
Medida Generador Nimero de medidas  Tiempo entre cada medida
AMPLITUD A 1000 ms |
7 v
Medida Osciloscopio
s >
Introduzca los valores de barrido y PRESIONE OK
Arthive con los valores de Amplitud [Vpp] o F Hz] del y la medida en el
Medidas
e e
jc\Medidas bt [ |

Valores de la Medida seleccionada en el osciloscopio

Lectura OSCILOSCOPIO Barrido Incremento L ectura OSCILOSCOPIO Barrido Decremento

Figure B-13: Detail of the “Medlidas" Tab

The information about the wave generator and thasemements obtained by the
oscilloscope is saved in the file indicated by thedidas Recogiddglialog box.
The file is created if it does not exist, and te&measurements are saved at its end.
The first column contains the information from thave generator while the second
one contains the measure obtained by the oscil@sco

The number of measurements captured for each imerems configured in the
“Numero de Mediddgext box.

The delay between measurements is configured with ‘Tiempo entre cada
medidd text box.

The measurements captured by the oscilloscope arfegared with the Medida
Osciloscopi® text box. The measurements obtained correspotidahiannel two.

The obtained measurements are displayed inltkettira Osciloscopibtext boxes.
The one on the left is used when the amplitudeésemented while the one on the
right shows the measurements when the amplitudptaszeescendent.

The “OK” button is pressed in order to start the swepenlhhe green light switch to
red until the measurement process is ended.
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Appendix C

Software for the Simulation

of Micro Ring-Resonators

In this appendix, a brief introduction and some guidelines for using the
software, Fullwave from RSoft, are given. This software is used in the
simulations of the Ring Resonators of Chapter V.

Fullwave is a software based on the Finite Differences Time Domain method,
which consists in calculating the Maxwell’s equations in the nodes of a mesh at
time intervals. In this way, light propagation in a waveguide is simulated. This
method is used in those simulations where the beam propagation method is not
possible, such as circular structures.
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C.1.-Introduction

Fullwave is a general simulation package for conmguthe propagation of light
waves in waveguides. The simulation is based onFRimge Differences Time
Domain (FDTD) method. FDTD applies the solutionMdixwell’'s equations in the
nodes of a mesh at time intervals. With this metlaogropagation solution technique
in integrated optics is used. It can be used wimenBeam Propagation Method
(BPM) is not adequate due to the structure geom€E&my D is a direct solution of
Maxwell’s curl equations and therefore includes ynaffects than a solution of the
monochromatic wave equation.

Physical and numerical parameters are requiregddorming the simulation. Apart
from the physical parameters such as the refradinkex distribution or the
electromagnetic field excitation, other numericargmeters are required. For
example, the computational domain that is the porof structure simulated, the
boundary conditions, or the spatial and temporialsgnas to be observed in order to
obtain a proper convergent solution.

C.2.-Starting with the Simulation Software

Once the CAD Layout tool is opened, the start-updeiwv, shown in Figure C-1, is
displayed when a new simulation is selected.

I 'Startup Window %)

GLOBAL SETTINGS
Waveguids Mocel Dimension: & 20D O 30  BPM Oplions:

Radial Calculaticry: I Vector Mode: & Nena ¢ Semi ¢ Full
E flective Index Calculation: r Bidirectional Calculation:
Pelarzation: o "t FDTD Dptions
Simulation T ook Disparsion/Monineanty: [
" BeanrPROP/BPM [ FullwW/AVE/FDTD
" GratingWOD " BandSOLVE

Frea Spacs wavelsngth [ 30 Stucture Typs: ~]
Background Indas: 1 Cover Index

Indesz Difference: 0.01 Slab Indes:
W aveguide Width: 5 Slab Height
wimveguide Height T

Profile Type: [Stepindex =]  Anisaliopic: [~

INITIAL VIEWING DIMENSIDNS
XM [0 ZMm [0
* Mae |50 Z Max 1000

Save New Statup Setings: |

Cancel

Figure C-1: Start-up Window Displays the Global Parameters of the Simulation
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Global parameters of the simulations are selectdtie Startup menu: the program
used for the simulations, the number of dimensidhs, refraction index of the

waveguide or the background, the waveguide widthtis parameters configure

the simulation of the software. The same windowsed for BPM or other software
used for simulating integrated optics.

The structure is depicted in the program windowffddent utilities are available for
accomplishing the design.

e
Figure C-2: Program Window with a Structure Drawn

The parameters of the segment depicted can beagespby pressing with the right
button of the mouse in the desired segment. Theawnwith the parameters of the
waveguide is shown in Figure C-3.

| Properties for Segment #5
Structure Type: | Default ~ | Position Taper:| Mone Symbols ... |
Profile Type: Index Taper:

Hp Default P |N0ne Lepes . Cancel
Combine Mode: | Digfayl Width Taper | None

width Measure: | Default Height Taper:| None IR e ..

Seg Onentation: |z smis ' Pos Taper:| None Profiles .. Mare ..

Starting Vertex Ending Wertex
Index Difference: delta Index Difference: delta
Indesx [imag part]: alpha Index [imag part]: alpha
Waveguide Width:  |width Wwaveguide \Width: | width
‘wiaveguide Height: aght ‘waveguide Height: aght
' Position: ' Position:
H 2 s Z
| | | |
Reference Tupe: Reference Type: Reference Type: Reference Type:
" None " Naone " Naone " None
(* DOffset {* Difset {* Difset (* Dffset
" Angle " Angle " Angle " Angle
Parameter Value: Parameter Yalue: Parameter Yalue: Parameter Value:
|-[Gap+width] |Ha+[Lcoup+foset |D |-[2*Ha+Lcoup+fo
Reference To: Reference To: Reference To: Reference Tao:

Component; [{ Component; |1 Component; |5 Component; |5
Wertex: i} Wertex: ] Wertex: ] Wertex: i}

Figure C-3: Parameters of the Selected Waveguide
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Different parameters of the waveguide are availéikkethe start point and the end

point, refraction index...

The use of variables makes easy the definitionhefwaveguide properties. Each
label stores a value that can be applied to th@eptes of a waveguide. Then,
changing the refraction index of all scheme candbee; by changing the value

applied to the variable.

Some of the variables are created and used byrtigggm; and others are created by
the user. Figure C-4 shows the list of the varisaleailable for the structure depicted

in Figure C-2.

“ZISymbol Table Editor

Hame: Expression:

Current Value:

[Gap [0

Gap

H_diff

Leoup

Lmed

Of f=st

Ra

alpha
background_index
boundary_maz
boundary_min
cad_aspectratio
color outline
delta

domain max
Armain min

<

Wodow W@ momnwmowowwwmomA

| O | OO R G

|

||

Accept Symbol !

Reject Symbol I

Hew Symbol I

Delete Symbol I

Cancel |

Figure C-4: List of the Variables of a Schematic.

Other things that have to be taken into accountlaepathway that configures the
waveguide where the input light is applied, as ghown in Figure C-5.

| :?#i'RSoﬂ CAD Layout - FullWAVE - [C:\Rsoft\examples\Pedro\RRSIO2\RRS102 ind]

[Z Fle Edit Wiew Options Run Graph Uity Window Help

BEIX]

[

ST

Mew

Delete

Moriors. |

ol=Te] = el 2] [olelp]

Pathway Edit Mode

— |8 X

 lolel

Figure C-5: Configuration of the Pathway

It is also important to place monitors in orderget the results. Different type of
monitors are available, and different configurasi@an be applied to them in order
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to obtain the desired result. Figure C-6 displalys tnenu for configuring the
monitors.

— | Monitors .
MoriorNumber: [T |

i‘ iJ Delete

Slab Mode Powar L]

Morator Options:

Type: W Pathway: i— ilﬂ
Tilk Mo ~|  BackgroundMN: [defaul
Component [Maiar—-a Delta N; [defaul
Mode: 0 Widh [defaul

Mode Radiat [ Height [ || |Gaussian Power
DstafleEMaor [ | Posfon: [T Gaussian Phase
DataFleEMinak [ | Neff | |Launch Eﬂ'"“"f
Nomalzation: Input Pawer »|  Lapers | m;q ::ﬂ 8
Shape: | efa - I I'ﬂd Pﬂwﬂ!

Effective Indax
e vsots | | | Fiedd 1/e \Width
ok | ceneel | I ek it

Figure C-6: Window for Configuring Parameters of Monitors

Once the structure is created, it is time of sirgdgit, in order to check it behavior.

C.3.-Performing a Simulation

The light that is applied to the depicted structsrdifferent, depending on the type
of simulation required. The properties can be medifin the window of launch
parameters (see Figure C-7).

Il B L aunch Parameters ﬂl
ich Fi | Pawer: |1 Diafault Launch——————
Launch Field: |1 M

Mtroller Ef : Eiéf:bf oan iJ i‘ l Delete Phase: IU G : lm
= : = /. Ramp/Fulse Time: [lambda
T — Launch Field Ophions - — —FOTD Ophons - s l
Tupe: n ) Pathueaz: r1_ .ﬁl.ﬁl Temporal Excitation:
] Tilk: Backaround N: W Tupe: I'EWI‘
Angle: l‘n— Made: Dielta M: W’ Wavelength: W
Aot l['— Mode Fia_dia'l: |1— Phi: W Fiamp/Pulze Time: W
Eliticity I['— Fandom Set: IU— Theta; W Delay Time: Ic_le_fT.
e Input File (E Mok [ __| idth; [defau Shutoff Time: [defaul
' ' Input Fle (Edtinor}| [ | Helght [osfauc | | ChipCosfficient  [defaulls
Fie: |1 Fie: |0 Zlign File: No w1 Length: Eault— 5 patial E xcitation:
I |D Iz [0 Marmalization: m Pozition #: W Tupe: m R
Puosition v W Current Directior: [ Auta
Feelo - File i Fasition Z: [defaul Directionvector: [0 [i [0
fro: |0 Iee: |0 Neft: [t
iSlab kode
Gaussian
e I Eiﬁ:ﬂzﬂ: Cancel | Symbaols ... I

Figure C-7: Launch Parameters used in the Simulation.
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Different types of excitations, both in the fieldptmns and in the temporal

configuration can be applied to the scheme thasinsulated. CW excitation is

applied for watching the temporal behavior of theucure. On contrast, Pulse
excitation is applied for obtaining the spectrapense of the structure. In this case,
posterior calculations are done for obtaining gmutts.

Once the excitation is configured, the window wiltb parameters of the simulations
is displayed (see Figure C-8).

B Fulivave Simulation Parameters x|

% s =
Cument  Drefault Use|| Cument:  Drefault Use || Cument  Default Use
Wale Walue Defs|| Value Walue Defs! Yalue Walig  Defs
Domain in: | [31 EN o ¥ |5 5 T2
Domain Max | [15 EEN [ [0 = [a e B
Giid Size: Jo5 nos | |(]F I7 7 |Joms 005
PRL ‘fidth: !D 1 lu.b !D.1
PRL Refl: 1e-008 I 1e-008 1e-008
TimeGid——— - Defauk Lavnch———————————

, Estimated Tirme:
Time Step: !U.DSS Excitation: Pulsed A
Stahiity Limit:  [7 05535520000 Ramp/Pulse Time: Ilambda

Estimated Men:
Stop Time:  [2715d_tme_s | | D0uree Offset [ izzmE |

Sice Time:  [fdid_stop_time |
. Launch . Output Prefis:
Update Time:  [10%dtd_time_ste
. . - Symbols .. | iF!F!_3_DN w‘
I anitar Time; !fdld_tlme_step

ddvanced ... | Output ... o

&l times are T in Uniks of um] ‘Cluster Settings | Display ... | Cancel |

Figure C-8: Window with the Simulation Parameters

The program records different kinds of informataepending on the configuration
parameters and the excitation type. In a simulatoth pulsed excitation the
program saves the information in the -.tmn file aadculates the FFT at the end

generating the other files

The FDTD Output Options dialogue box (see Figur®)Gppears by pressing the
Output button. You can use it for setting the datt you want the program saves.
Depending on the selection, the program createdittezent files.

x
Slice Output: Mo - Tirne: Maritor. Yot
Field Output: Mo - Frequency aonitor: “fas -
BPM Field Output Mo - Wavelength Monitor: — [vzg -
BPM Field Offset:  [defaut | FFT MasPow2Factor [defauk ]
Far Field Output Mo - FFT MinPowz Factar: W ]
0K I Cancel |
|

Figure C-9: Dialogue Box with the FDTD Output Options'

Finally, when the simulation is running it appegrshe window shown in Figure C-
10.
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Figure C-10: Simulation Window

C.4.-Simulation Results

The obtained results can be plotted in the Winploigram that is also included in
the software. The window of Winplot is shown in g C-11.
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Figure C-11: Results Obtained for Simulation Displayed in Winplot Window

The files obtained for the simulations have differextensions, and their name is set
using “Output Prefix” box, included in FullWave Sihation Parameters dialogue
box. If any name is written in this box, the pragreonly shows temporal
information.
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Appendix C: Software for the Simulation of Micrm@RResonators

The extension of each file is added to the texhaf box to get the final file name.
The files obtained after the simulation have tHe¥ang extensions:

o .fmn: contains spectral information of the monitors. Thest column
corresponds to the frequency and the others aatecelvith the monitors, one
column for each monitor.

* .smn: contains spectral information of the source usedhe simulation. The
first column corresponds to the frequency and #u®id to the values of the
source for each frequency.

e .tmn: contains temporal information of the monitors. Tfiest column
corresponds to the time and the others are retatdte monitors, one column
for each monitor.

e .wmn: contains spectral information of the monitors. Thrst column
corresponds to the wavelength and the others tatedewith the monitors,
one column for each monitor.

The program generates other files for making ptessib representation of the
information using Winplot:

e .pfm: shows the power spectrum of the source and theitonenin the
frequency domain.

* .ptm: shows the temporal representation of the sourddgremonitors.

* .pwm: shows the power spectrum of the monitors in theeleangth domain.

A program developed in Matlab capable of importadabm a Fullwave file -.tmn

(which contains temporal information about the datian) is available. This

program is used for importing data from a simulatwith a pulsed excitation type,
because in this way it is possible to make a spkatralysis of the simulation, as
Fullwave does.

Matlab can calculate a FFT with more points thafiwaye do. Using the function
FFT more points than the original signal can bewied, by adding zeros at the end
of the obtained results.

Respue‘sta en frem:enma 1.2 Monitor Type,
i . . Location:
osl | \ ( \f \/ H ‘\/\\“A\ | 1 10 : ﬂ”\ f\/\ Cwerlap,
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I | . S 08 d A L —
. ’/’\) f \‘ \ ‘ \ \ V U \\( ‘\\" % 1 fi ; Source
- /‘/‘\{ /{ / ] A % 05
205 | \ | ] W\ =
g Al ] LA 5 ]
< - 4 \( ‘ xﬁ\\ =
"/\/\ “ ¥ S 04
03f /’\\/ H ‘ % i
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oz—\‘\ i ’ l 0.2
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(@) (b)

Figure C-12: Simulations Results Obtained for Simulation Displayed Using Matlab (a) and Winplot (b)

The program loads the file -.tmn in memory and @ets arrays uni-dimensional (if
only one monitor is used). One of this arrays spoads to the time and the other to
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the signal values in the monitor. Then, the FFThilite desired samples is calculated
and a plot is shown in a window. A comparison betweesults obtained with
Matlab and Winplot is shown in Figure C-12.
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