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ABSTRACT

The everincreasingdemand for higltapaity necessitates investigations on higheed optal
transmission systems tahaeve improvegerformare.

My investigationdocusony b eptic communtationswherethey b énk is consideredneof
the main segments of thgp-to-datetelecommuncation systems lekbone. Developing loveost,
extremely reliable systems with very Idatercy for themassive mehine to mahine and enhaced
broadband mobile networks is a hot reskdopic. | investigated the apktions ofthe POL-MUX
(Polarization Multiplexing) techniquein y b eptic links which can be usedfor increasingthe
trangnissioncapaity. POL-MUX can be wuti |l i zed t o ciehay atldO&Hk/s he |
QPSK (quadrature phasghift keying systems whih are beoming widely deployedor optical
transport networks as thedihone of the mobilaetworks.

| also consider how Ican use the linear dispersive problem taréase thecapaity? At high
speedthe PMD (Polarization Mode Dispersiofeco me s acans issgerdueyto limitinthe bit
rate. ThePOL-MUX method can mainly suffer fromcrosstalk betweenthe two waves with
perpendtular polarizations bmuse as a result, the two bearans disturbeeh ot h ecantlys i g n i
Crosstalkcan appear due to any impegtien in thefiber and the optal circuitry of the transmitter
andreceiver.

We propose a nevappro&h to mitigate the effe of crosstalkevenin the case of higkspeed
long-distarce transmission. Thisnegonce pt i s veriyed and valA dat e
BER (bit error rate)oetter than 18 has beenchievedu si ng a 10 ikhrh2 GbitVsabif v b e
rate modulation. The 5G mobile network targets wiresmection capaity up to 10 Gld/s. |
proposed a method tmnsiderably ioreasecapaity. | illustrate how tocompensatéor the effects
of PMD in systems with doublgolarization. PMD in sth systemsouldca u s etuations in optial
transmission due tarosstalkand crossphase modulationl illustrate how to enhame system
capaity by taking advantage of theOL-MUX technique whch can provide double bandwidth
e fcigncy. Based on the simulation resultiaveachieved optimum system perforn@nand | was
able to redoe the PMD effet using preand posttcompensation. | alsbaveimproved thePOL-

MUX technique usingcoherent deteion in the case of 16QAM and 64QAM (Quadrature
Amplitude Modulation). The results were chieved by implementing polarizatiocontrollers,
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combinersand splitters, as well as polarization phase shiftetsadaterize the measurement result
by BER and eye diagrams. The huge apdedechnological developments in the network like 5G
and 6G require a higher sper a tiencg dsifiga differenttechniquewhich realizesthe maximum
needfor capaity tothey n eustomemusingFTTH ( y bte@the-home)networks.

In this dissertation| propose the measurements on single sidelP&ddMUX techniquesfor
radio overfiber systens achieving this way inreaseccapaity by doubling the bandwidth.dould
generatamillimeter wavedor a frequerty equal to 60 GHz. Moreover, | instgated the demand
for highercapaity in thecase ofRoF Radio overFiber) systems. | propose the apaliion of single
sidebanebasedPOL-MUX radio over y b esystemto achieve increagd capaity as well. The
performarce of the QAM signaltransmissions studiedusingnumercal simulation.| alsodiscuss
theeffects of polarization &ttering where the proposed apptoea ' p | a ycant@rolesnfutgre iy
5G integrated transport system designs. The perfarenahthe orthogonatoherentPOL-MUX
signaltransmissiorin radioovery b systenmfor multiuserMIMO (Multiple-input multipleoutput)
using linear polarized antennashrique is improved by using polarization beam splittenbiner
andpolarizationconto | | er wi th di fferent pol ari zdifteremdbn pt
bit rate.

The RoF concept can be appliedto differentconnectionsin a mobile network. Oneexampleis
whena centralstationis connectedto aradiobasestationby anoptical link. In thatcasetheaimisto
performmostof thesignal processingin the centralstationandto obtaina very simple radio base
station[1] [2]. That arrangement is egjly important in thamillimeter wavesand beause then
we havesmallercells andthereforemoreradio basestations[3]. In this application the radio over
y ber | i nkhoitebeatsh esidetarsmitting informationtialsoprodiwcesthe millimeter
wavescarrier modulatedby the information[4] [5] [6] [7] [8]. Only amplificationandfiltering are
needed to radiate the sign@e propose to apply also tHROL-MUX method tancreasecapaity
becausethe world needsmore and more all typesof information (video, voice, data, at..). That
meansa high data rate pathannel (10@bit/sor more) must beesigned in 4G, 5G, 6&/stems.

That inspires the reseduers and@entists b thinkof a different way to ehieve this requirement.
| also study the apmation of soliton pulses in wavelengthultiplexed opttal communtation
systems WDMWavelengthDivision Multiplexing). WDM ca n s darghnincrgase transmission
capaity. But one of thekey questions is how to rede the pulse widening and the intetran

betweenchannels due toonlinear effets. The optal solitoncomes to think agai about this
9



guestion, this impulsean keepts shapeduringthepropagationit restsonaperfect balarce between
thechromatt dispersionChp) andthe seond-order nonlinearity oKerr effect, a prircipal physcal
effect intervening in thepropagation otheimpulsesin optical y b e In the solitontechnique,the
pulseis strongenougho maintainthe Kerr effect, but it is also weak enough to avoid the generation
of higheror der sol it ons. T h e yconaists opsdmalatiag the fimpetoth i s
optical soliton on WDM systems, whewee havenumercally co n y r tmeghdoretcal hypotheses

onthedesignprinciplesof WDM transmission byoliton
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Investigation sur les liaisons de
communication optique pour des haut débit
dans les system 5G

RESUME

L 6 a n2020D a de nombreuxobijectifs et des réalisationsprometteuseslansle domainede la
communicatiorsang/| etdesréseauxnobilessGenparticulier.Fourniral 6 u t i ynalumnsignat u r
sansyl d o6 el®¥Ghriotn/ s est | 6un des principauldn obj e
autre aspect est la demartdajours croissante de capacité élevée qui nécessite des études sur les
systemes de transmission optique a haute vitesse pour obtenir de meilleures performances a haute
vitesse. La dispersion en mode de pstdion PMD devient un probléme important ersoade la
limitation au niveau du délbitinaire.

Nosrechercheseconcentrensurla communicatiorparfiber optiqueoulaliaisonparfiber est
consi d®r ®e comme | 6un des pr i ncit@déaanmunEcaigime nt
les plus récents. Le développement de systemes a faible colt et extrémahiesavecune
latence tres faible pour des réseaux massifs de machine & machine et des réseaux mobiles a largs
bande améliorés est un sujet de recherche briNanis avons également étudié les applications de
la technique de multiplexage de patation (POLMUX) dans les liaisons a fibers optiquesi
peuvengétreutiliséespouraugmentela capacitéetransmissionEn conséquencée multiplexage
depolarlat i on peut °tr e vyedciié delsbandeppassante d 0QA/BP@Lr | 6 e
MUX), les systemes de verrouillage de phase en quadrature (QPSK) qui sont largement déployés
pour les réseaux de transport optiqgue en tant que colonne vertdbsaléseaux mobiles. Nous
considérongommentutiliser le problemedela dispersioriinéairepouraugmentefa capacité Ce
probleme est la dispersion du mode de psdati i o n , nous | 6®t ud-M@Xhs su
pourdoublerla bandepassantda mesureétaittrespréciseenraisondela sensibilitédesdispositifs
depolarisationcommele contrdleurdepolarisation (PC),le combineuretle séparateudefaisceau
de polarsation (PBC / PBS), phase de pdation etyltres etc.
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A condition que la rdthode de multiplexage de pokation puisse principalement résiste de
diaphonie entre les deux ondes a ps#dions perpendiculaires. Sinon, les deux faisceaux peuvent
se perturber de maniére significative. La diaphonie peut apparaitre en ratsatedeperfection
dans | a fiber et dans Il es circuits optiques
Nous proposons une nouvelle approche pour att
transmission longue distance a grande vitesse. Ce nouveau tceatepryé et validé par des
rsul tats exp®ri mentaux, pour l0i%étateihtenutilisanta u x
une fiber de 10 km de long avec une modulation de débit de 12 Gbit/s.
Alors quelesréseauxmobiles5G visentunecapa@é deconnexionsansyl j u s qGhit/s, nous
proposons une méthode pour augmenter considérablement la capacitélusivass com ment
compensetes effets de la dispersionen mode de polarisation PMD dansles systemesa double
polarisation ou les PMD dans ces systemes pourraient provoquudegationsde transnission
optiqueenraisonde la diaphonieet de la modulationde phase.Ensuite,nousillustronscomment
améliorerle débitdu systemeen tirant parti de la techniquede multiplexagede polarisation qui
peutfournir uneefycacitéa doublebandepassanteSurla basedesrésultatdela simulation,nous
avonsatteintdesperformance®ptimalesdu systemeet nousavonspu réduire| 6 e PMDedn
utilisant une pré et une postcompensationNous avonségalemenameélioréla techniquePOL-
MUX enutilisantunedétectioncohérentedansle casde modulationsl6/64QAM.
Les résultatsont été obtenusen mettanten 7 u v des contrbleurs de polarisation, des
combinateurs et séparateurs de faisceaux de gadlari, ainsi que des déphasalepolarisation.
Les mesures basées sur trois étapes principales, nous caractérisons la qualité de la liaison par |
mesure de BER (bit er or Leadéwlpppeenéntddchmolodiquasg r a m
énormeset rapidesdansle réseau de type 5G et 6G nécessitent upeaefté spectrale plus élevée
en utilisant une techniquedifférente qui permet de répondre au besoin maximum pour le client
final utilisantdesréseauxiefiberj u s gdoniale{FTTH).Danscettedissertationpousproposons
| 6 ap p ldemesure des techniques PMUX a bande latérale unique pour le systeme radio sur
fiber, atteignantinsi une capacitéaccrueen doublantla bandepassantenousgénéronsiesondes
millimétriques a une fréquence porteuse égale a 60 GHz.
De plus, nous avons étudié la forte demande de capacité dans le cas des systemes RoF (radio su
fiber) et nous proposons | 6 aplpMUKX & hande tatéralel 6 u n
uniquepouraugmenteégalementa capacitéLesperformancedelatransmissiomu signalQAM
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sont étudiées par simulation numérique. Nous discutons également des effets de la défusion
polarisat i on 0% | 6 a peptijonec umedle mpartanbdar® ées futures conceptions de
systéemes de transport intégs&s.

Les performancesiu systémede multiplexagea polarisation orthogonalecohérente(POL-
MUX) dans un systéme radio sur fiber pour MIMO multilisateurs utilisanla technique des
antennes polarisées linéaires sont ameéliorées en utilisant un séparateur / combinateur de faisceat
de polarisation et un controleur de poladtion avec difféerents déphasages de pddation,
différentes longueurs de fibers pour diffésedébits binaires.
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CHAPTER 1
INTRODU CTION

1.1 Introdu ction

Due to the high expenses of the ogkica b | de@ayment in terms of budgetise, thehigh-
efficiency utilization offiber links becomes a primary demand to befl@eved. On the other side for
short hauls in the netwaorlsmall capaity links are also required where usually omwiye optical
wavelengthis deployedin swch links. Therefore, for capaity enhamement, the polarization
multiplexing appro&h offers a p e x isbldti@n to overcome swch d i dules. In that case, the
capaity simplycan be doubl ed. Pol ari zat i onlinkydlarizators ar e
beamsplitters (combiners),by this way a new connection is establishedising two optical beams
orthogonallypolarized.Generally the modulationtechniqueon the two optical beamss differentso
astheirwavelength.Thatmethodhasanadditionaladvantageoncerningthedistortion problems. In
the case of ireased linkcapaity by an additional beam with a different wavelength inghme
polarization state, the third-order intermodulationdistortion deteriorateghe performame due to
system nodinearity. That effet can be negleted inthe case of theeOL-MUX method Moreover,
the POL-MUX technique is very pretical for brarthing applcatiors. Using thearrangement ahe
block diagramchannelsanbeinsertednto existingoptical links for aspeci ¢/section of thelink. That
architectureis suitableespeially for connectionsbetweera centralstationandtheradiobase stations
i n a mobile networ k. Tdamauilizestre kexistingptical netwerk witkouty p e
disturbing it. The polarization beam splitteroombiner has the same stture beause it is a passive
reciprocal component. Thereforéhe concept of the blok diagramcanalsobe applied in thease of
duplexcommuntation on the sani@er. A wirelessconnection is usuallyestablishedThatsolution
can be easilyappliedthrough the radio ovediber (RoF) tehnique, extending theptical section. In
this case several radio base statiomsan be connected via an optical link carrying several
radiofrequeny sulcarriers,andit can be applied for differembnnections in a mobile network. One
example is when eentral must beonnectedto aradiobasestationby anoptical link. In thatcasethe
aimis to performmaostof thesignal pr@essingn the centralstationandto obtainavery simpleradio

basestation.Thatarrangemens espeially important in thanillimeter wavedand beause then we
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havesmallercells andherefore more radio base statioimsthis applcation, the radio ovefiber links

is the bestchoice beause besidetransmitting infornation it alsoprodices the millimeter-wave
carrier modulated by the informatioBesides amplification, filtering is also needed to radiate the
signalas digussed e.qg. ifb][6][7][8]. Wepropose to apply also the polarization multiplexing method
to increasecapaity. Enabled bycoherent detgtion techniques, advamed modulation formats
improve spet r a tiencg tbsyupport the growing demaihar capaity in fiber transmission systems.
Coherent dettion retains botlthe amplitude and phase information of theereed signal, allowing
DSP (digital signal processingto compensatdor linear optical channelimpairmentssuch asCD
(chromatt dispersiopandPMD. PMD is a phystal phenomenon ianoptical fiber thatcauses light
pulses to spread in time. If the amount of spread (dispersiongassxe, adjeent light pulses will
overlap and interfere with elaother.This interferene will manifesttself asanincreasedBER asthe
receiver may be unableto discern adjecentbits fromeach other. As the bit spating decreasesasin
high data rate transmissionsuch as 10 Gbit/s or 40 Gbit/s excessive PMD will severely afe
network operation. Itan cause serious problems in high t#te transmissions. The work presented
in this chapteris the polarizatiorcrosstalkfocuses on the study of the PMD eftg in optcal fibers
standards and tHeOL-MUX technique, whehis not affeted by PMD andtan enhace the system
capaity. The major transmission impairment ROL-MUX based system. The basnstallation
expense of an ol link is the deploymertost of optcal calde. Therefore, the utilization ofaable

wi t h ciengylis a primary goal. lanetworkbesidehighcapaity backboneconnestions,small
capaity links arealsorequiredfor short hauls. Usually, in these links, only one acgdtivavelength is
employed. Therefore, famapaity enhawementthePOL-MUX approah offersap e x isdiutioa.In
that case the capaity can be doubled in a simpleay. At both ends of the link polarization beam
splitterco mbi ner s) and pol ari zat i onawcgnhetion s estalblished i n s
using two opttal beams with orthogonal polarization. In a geneaake the modulation on th&vo
optical beams is different and their wavelength is differentt Wethod has an additional advantage
concerning the distortion problems. thecase of itreased linkcapaity by an additional beamith

a different wavelengthin the samepolarization state, the third-order intermodulationdistortion
deteriorates the plrmarce due to system neimearity. That effet can be negleted inthe case of
thePOL-MUX method. Thé>OL-MUX technique is very pretical for brarching applicatiors. Using
the arrangement of the ldodiagramchannelscan be inserted intexisting optcal links for a spe ¢
section of the link. That ahitecture is suitable esprlly for connections beweena centralstation

andtheradiobasestationsn amobilenetwork.Thatsolutionisveryp e x iarddareutilize the existing
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optical network without disturbing it. Theolarization beam splittesr combiner has the same
structure beause it is a passiveadiprocal component. Therefore, thencept of the blak diagram
can also be applied in trease of dplex communcation on thesamefiber. In somecasesa radio
base station of the mobile network is at a remotelgtied plae, far from the existing oal network.
For that setion, a wirelesgonnection is usually establishg@]. That solutiorcan be easily applied
through theRoF technique, extending the opél section. In this case severaradiobasestationscan
beconnectedvia anoptical link carryingseveral radiofrequeey sulxarriers. The Roleonceptcan be
applied very well also at millimetavavefrequerties.

There is an iareasing demand for improvedpaity in mobile networks. That means faster signal
transmissiorandhigh capaity tof u Ithgdubsr i b eequisetmentsTo achievethatgoalthe used
radio frequerty bandshouldbe pushedo higherfrequerties, mainly into the millimeter bande.g.,
into the60 GHz band.However,in thisband,newchallengesppearThepropagatiorof radiowaves
is more sophistcated comparedto the microwave band due to atmospheredisturbare, high
attenuation, multipath propagationc.eOn the other hand, there as i gcant advantagethe
available bandsimuch largercompared to the mrowave bandvhich can be used in the mobile
network. The requiremento use millimeter wavesis mainly importantin urbanareaswherethe
density of subgibers is high. There are two reasons for high density: there aretlaaeare highly
populated and there are evetitatarecrowded. In theseases, theell sizemust beeduwed i.e.
picocells mustbe created. That means miumore pcocells are to b connected to thanetworks.For
interconnectionsin the network,microwavelines areapplied.However,the microwave band for the
communcations is limited and already vexrowded forconnecting thes i gcantlyyincreased
number of radio base station in the mobile networknustusea much highercarrier frequeny, e.g.
in the 60 GHz band. There is another requirement in future systems likeG@Gycreasing the
capai t y aanthg The ljnkshaveto providemuch highercapacity orin other words, wéaveto
usemuch higherbit rates for thatpurposewe needavery broadtransmissiorband.That is possible
in the millimeter band lm@use keeping the same relative bandwidth at 60 Gldz@&Hz, we wil
have 10 times wider absolute bandwidth. The ogitifiber is more and more frequently used for
connecting the radio base stations into the networks. Theaptiansmissiorof a digital bitstream
has several advantageschese thefiber has extremelylow attenuationyvery wideband, small
r e dtian, and no interferere. After all, wavepropagationi€o ny n e d fibenie.omo radraton

intotheconveni ent . Ho we vaertdrawbdk Hileerdmspernsisns.a si gni y
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1.2 State ofart

I amoneamongnilli onsof internetusersinternetbecomessomethingessentialYes! Essential like
going to the supermarket to buy someagrees, you go to TC stores to buy some Gbit/s. Or you
canbuy it directly from your phone.Yes,thisis oneof thenetworkfacilities. Whenl wakeu p y r st
check my phone, Oh | get a new email about the job offers, the Amazorcatppiinforms me that
my favorite smartwat is now available with a disunt6 i €aéysto upload all mgacial media
acoounts Faebook,Twitter,] nst agr amé.l | My mmwmshe wants to kn
every day despite the miWebrelcky : the drdefkwidhdveGhigst e r s
we needit moreandmoreall of use.Forthat,beinganengineerijt givesmeandall the reseathersa
big challengeto think with differentmannereverytime to facilitate andprovideall the requirement
with useful design and eassay.In these four yearsve investigated polarization in oggiand radio
over fiber domain usingmillimeter wavesand MIMO antennaWe realized manyimulationsand
measuremendiagramswhich helpto answer How canwe usepolarization to solve this equation
[increase thecapaity network with a lowcost] or inanother way [ircreasing the bit rate using a
simple design] due to the high and growing demandcémeity related tothe transmission of
multimedia information (vaie, video, data, ef). Figure 11 shows the aim of our aspiration the six
Key Enablers for Meahine Type Communcation innetwork and theirrespetive solution
components.

In our domain we are interestedR®L-MUX technique in opttal andradio overfiber domain
we investigatedhe MachZehnder modulation types as w¢dFDM, n-QAM, QPSK) also we
investigate polarization in a Soliton propagation usic@gherent and noeooherent optal
transmission, sth asa way tocreate acommuntation system transmitting high datates(100
Gbit/s) based on DWDMdense wavelength division multgding). Each design requires detailed
knowledge on performarm  eidngy of modulationformats,aswell asthe clear speci gation of
shortomings that needto be solved while proposing new solutions. The upgradibef optic
telecommuncation systems from transmission rate@0it/s up to 40Gbit/s 100Gbit/sand above,
in many cases, requiresonvergingoptical systems, sih that their frequety channelsdo not
interfere or limit eah other, wheh often requires the use of soptaated modulation formats and
system transparep. Some modulationsannot operate at higher bit ratescdngse of hardware
limitations, a lower amount of information bitscinded in a symbol or because of their lower

immunity to dispersion and other physical properties that degrade signal quality.
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Figure 1.1: Six Key Enablers for Maine TypeCommuntation innetwork and their respgve

solutioncomponents.

The development of 3G and 4G networks within the gasade$asincreasedhetransmission
ratesupportingadditionalapplications.At thetip of 2015,international mobilénformationt r away
reportedto be about4 EBytesper month,which reached7.2 EBytes per month at the tip of 2016,
posting an annuabmpound growth rateJAGR) by47 %(Figurel.2).Asseen,® al | mo bi | e
in 2016, 4Gwas6% o f  t. Mhe fyguantity ought to omease to49 EBytesper month by 2021,
whos e <£@il inareask yp to 75% B e s i dcethetspeedtof aaskation to the mobile
network will increaseassaiation speed is predied to triple from 6.8 Mit/s (in 2016) to 20.4 Mb's
by 2021additionally, to 4G, 5Gonnections will increase and will generade’t i mes addc t i on
than a median 4G assation. Consequentgeneration of 5G needs higheapability, higher

information turnout (in manghit/s), andlessdelayto f u Ithgdtandardf service necessitieq10].
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A 5G assaiation oughtto meet the subsequentcassities in terms of information rafehe book on

5G networks:Poweringdigitization, written by Lars Frid et aJ11] selfaddressedhe variations
between thesG systeméore network and former incarnationsof the network conjointly central
However the spei gationsrelateto leadingedgevirtualizationideasandtechnologies10 Gbit/sin a
very dense indoor andutdoot 100Mbit/s of speed in urban ancbmmunity environmenisa
minimum of 10 Mbit/s in rural areas 5G networksin notce applcations invehicle property, road
safety,infrastricture for sensiblecities, industrial automation and several other 10T (Internet of
Things) applcations. For sch applcations,i tnécassary to own high reliable and etegend latey

of but one msOn top of the discussion,i t ob\gous that the transition from 4G to S@Gobile
information services would require a substantialincreasewithin the transmissionrate with low
latercy. Optical fiber area unit eknowledged tamwn an enormous potentiaformation measure of
50THz, immunity to interference, low transmission loss (less than 1 dB/km). These are

characteristics of opticéibers.

47% CAGR 2016-2021
60

50
40
30
20

Exabytes per month

10

0

2016 2017 2018 2019 2020 2021

Figure 1.2: Mobile data trafyc t

Make them useful fothe assa@iation between thee n t r ael (COp dng mobile sitesThe
necessity for asystem that meets theagassities of high speed, low latgnand high bandwidth drives
themotivationto usethepotentialof optical networks Integrationof mobilebackhaulwith thealready
existingoptical distribution networksnot also servet® givebirth to new optal fiber networks, but also

can help on thesenomt level Nowadays, theommon opital transmission ratesan vary from100
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Mbit/s to 100 Ghit/s peroptical channel.This hasbeenachievedby designingtranseivers fromthe
simplestintensitymodulatedto thosevery complex ones,which combine simultaneously several
techniques, in order to fully utilize the transmission meztipabilities. WDMcan greatly igrease
the transmissionapaity. However,one of thekey issues is how to reda the pulse broadeniragnd
theinteraction amongthe channelsdueto the nonlineareffects. The optical soliton cameto answer
this question this pulsecan keepits shapeduring propagationandit is basedon a perfet balarce
between the send-order dispersion and the nonlindéerr effect main phystal effects accurring
during the pulse propagation in agtifibers. Inthe soliton®h ni qu e s, t hientlyptrorigs e
to maintain the&err effect but is also low enough to avoid the generation of the higidar soliton.
The selet i o n ccibnt rmodulagoh fprmat is ey step in the desigof optical systems and their
future upgrades, wbh affects not only the transmission rate but afseoverall implementatiogost
and system output. The design requires detailed knowletigheoperformame  eiéngy of
modulation formats, as well asclear spei gation of shotomings,which need to be solvkwhile
proposing new solutions. The upgraddibér optic telecommuntation systems from transmission
rate 10 Glii/s to 40 GhHi/s, 100 Gli/s and above, in margasesrequiresconvergingoptical systems,
such thattheir frequercy channeldo notinterfereor limit each other, wheh often requires the use of
sophistcated modulation formats and system transpgreS8omemodulationscannot operate at
higher bit rates lmuse of hardware limitationthe lower amount of information bits @duded in a
symbol or because of their lower immunity to dispersion and other playgiroperties that degrade
signal quality. Transition to higher bit rates very often requires solving the probl@&lDfand
nonlinear effets, skch asFWM (FourWaveMixing), which can strongly affet system funtionality

at 10Gbit/sandabove andauseanincrease in (BER). For transmission rates higher tha@li0's
per optcal channel, the use of mocemplex formats isiecessaryand the design of new modulations
is expeted, which effectively utilize the availablebandwidth,redwce the symbol rate, are more
immune to dispersion, and solve at the same time the problem of FWM. The craajed a few
years ago for sgalled futureuse,inmanga s e S a p p e aciert at prssenh lo petics, thdrey
is a will to maximize the use of existing infrastiwre, installedfibers; mostly SMFexhibiting
undesiredlispersioror DispersiorShiftedfibers (DSF)causingheoriginationof FWM attheC band.
Theupgradecanalsorequirerunninganewsystemoveranexistingfrequerty grid by using another
modulation format. Transmissioclemes for higkdensity opttal systems operating at 40 and 100
Gbit/s wavelengthchannelscan use phase modulaticombined withPDM (Pdarization Division

Multiplexing), coherent detetion, and Digital Signal Preessing (DSP). PDM halves the symbol rate,
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introdwing higher bit ratessheapercomponentsa nd y t t i n gchanmelriol atthecgstofo p e r
anincreasedranseivercomplexity. Thereseath onmodulation formatabovel00Gbit/sis usually

more importantfor backbone networks. While moving closerto subgr i b equipnsent,lower
transmissiomatesperoptical channelcanbes u diefitandthefocusis multiplexing tehniques that
accommodate more users within the same shaaadwidth.Dueto the high expenses of the apali

ca b | peepabation in terms of budgeise, the higke fcigncy utilization of thefiber links becomes

a primary demand to beclaeved. On the opposite agpdor brief hauls within the network tiny
capability links are needed wherever sometimes only oneabptavelength is deployed in cu

links. Therefore, focapability improvement, theOL-MUX appro&h offers a versatile resolution to
beat sgch  dcultiesy Thereincase,thecapabi | ity simply is doubl ed.
inserted at ezn end ofthe link polarizationbeamsplitters(combiners) py this mannera brandnew
assaiation is established mistreatment two aati beams orthogonally polarized. Generally, the
modulation tehnique on the two optal beams is totally differetiherefore as their wavelength. That
technique has a further advantage regarding the distortion isdustsin case of enhaed link
capability by a further beamvith a special wavelengthwithin the samepolarizationstate the third-
orderintermodulationdistortion deteriorates the perforntarbecause of system neimearity. That

impact is negleted just inthe case of thd?OL-MUX technique.
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CHAPTER 2
POLARIZATION MODE DISPERSION

2.1 Introdu ction

Thefuturevision of integratingback- andfront-haulin 5G mobile networksrequireshedesign of
high-capacity transport network a&hitect ur e, enabl ica gnandggement lwithegh s er v
reliability. The bandwidth of optal fibers theoretally allows the establishment of transmission
systems at very high ratdsowever the el&tronic processing of data, on transmission ancepion,
imposes limitations in terms of bit rate, due tagtic components whose bandwidth remains well
below hat acessible by the opts. The irtrease in the number of users and the amount of information
exchanged ircommuncation networks has led to the developmergodiitions to irease network
capaity, and totake advantage of the available bandwidth efiidry fiber optics.

In optical fibers, there is usually some slight diffecenin the propagatiocharacteristics of light
waveswith different polarization states. A differential group detay acur evenfor fibers which
according to the design shoufverotational symmetry and thus exhibit no birefringenT his effet
can result from random imperdigons or bending of thébers, or other kindef mechanial stress,
and is also affged by temperaturehanges. Mainly due o t h ece af befpdings the PMD of a
cabledfiber can becompletely different from that of the sarfieer on a spool. Moderfiber cables
as used irfiber-optic links havebeen optimized for low PMD, but the handling otlswablescan
still havesomei n p ae [E.3].

The term$?MD andDGD (differential group delayare often used intehangeably, but sometimes
with slightly different meanings. Some authoadl the phenomenaMD andconsiderDGD to beits
magnitude.Othersd e y PMD asthe statistcal standard deviation of DGD in some wavelength
intervak. Note that for optal fibers the DGDcanhavea substantial ancbmplicated dependee on
the optcal wavelength13]. Some authorase thetermsecondorderPMD for the derivative of the
differential group delay with respeto an angular frequey although theresino second-order

derivative involved.
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2.2 Dispersionphenomena

Inthischapt er we s hcalfiberygispesrsion tygeg them psmedos onPMD type and
we analyzeour simulation results, we study itsehaviorin the optcal mediumfor different
parameterandwe showhow to compensatehe effects of PMD in systems, where PMD in cu
systemzouldca u s etuations in optial transmission due wosstalkandcrossphasemodulation
[14].

2.2.1 Chromatic dispersion

The optcal properties of a transparent digttec material sch as silca are dependent dimeoptical
frequerty of the radiation passing through @hromatc disperson or group veloity dispersionis
the pulsation dependes of the linear refraive indexn?, r e diireg the presere of resonace bands
of silica in the ultraviolet andar-infrared Group velocity dispersioncauses a phase diffei@n
beweendifferent spetral components. Thus, during the propagation of short pulseslisparsive
medium sgh as silca fibers, the group veldty dispersion indoes a temporal enlargement of the
pulse(y g u r e[15P Fadfrfom the resonaas of the material, the refitive indexcan be expressed
from theSellmeierEquationwherea i s t h e w aand Caeegperimentatly eterniBned
Sellmeier coefficients.

1 p B— (2.1)

According to the equatigihe refractive index is a function of the wavelengtin ds).
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Figure 2.1: Evolution of the pulse during jiopagation in the ol fiber.

33



The kind of dispersion appears in the Taylor series development of the propagasitamb around

thecentraly pulsation of the pulse is:
by T+ b " v ¥ -bry¥ ¥ -b ¥ S8 (2.2)
The propagatioronstanis expressed as:
r _ and r — — [s/m| (2.3)
The coefficient of order 2p 2, charaterizes thalispersion of the group vediby.

[ o= r —  [m] (2.4)

¥

For the propagation of pulses in the fibers, the dispersion paradéier is used more

frequently

#E) -— —§

= (2.5)

The group delay, that is the time taken by a signal to traverse the unit of length, depends on the
wavel engt fltasesof a dignatomitgefrom a sowe emitting on a linewidthps these
propagation times will spread out ovetaatain duration. Thehromatt dispersion parametéChp)
isdeyned as the derivat i o®thewavetemgth faafibeolengthad e | ay
km. It is generally given in ps/(nm.km), theepsecondscorresponding to theemporal broadening,
thenanometers to the sgeal width, and thekilometersto thefiber length.Chromatt dispersion is
the sum of a term of pure material (material dispersion) and a term due to waveguiding (modal

dispersion)[16].

2.2.2 Material dispersion

Enlargement iscaused by the ta that the refretive index of glass is not the same for all
wavelengths. This dispersion exists in@tical fibers whether singlenode or multimode, and it is

very small at the wavelength of about 1300 nm.

2.2.3 Waveguide dispersion

Enlargement iaused by the & that the propagationonstant of the guide depends on the

wavelengthln the caseof digital transmissionthis enlargemenmustnot exceeda fraction of thebit
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time to guaranteea low error rate. This implies a distarce limitation for propagationwithout
compensationThis distame iscalled the dispersion limit or trehromatc dispersion lengthClo. It
represents the transmission dise@mat the end of whh a pulse will widen by the orgt interval.

Theestimated dispersion limit fa signal withaspge r a |  wiigigivénbyo f @

b — and Dt = 1/(2G) (2.6)

WhereGis thebit rateand0 & is thechromatt dispersion This also means that for a given
transmission length, thechromatt dispersion also limits the bit rate then be transmitted. This

limitation ismoredrastt as the transmission rate is high.
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Figure 2.2:Chromatc dispersion in a standard SMF.

Figure (2.2) shows that there are two zoneshadmatt dispersion: a zone wheba.<0, the
so-called finormab dispersion regimeand a zone wher®. > 0, the secalled "abnormal”
dispersiomegime.Inthey r casethespectralcomponentsorrespond.

ding to the low frequerties (atthe long wavelengthshavehigher phas&3 velocities and
thereforanovetowardghefrontofthe impulsevhereas thesecondcasetheyarethehigherones.
Frequegies(shortwavelengthsarethefastest.In bothcasesthechromatt dispersiorgenerates
atemporalenlargementf the pulsebecausdat propelssomespectral componentstthefront of
thepulseandothersattherear[17] [c7].
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2.2.4 Polarization modedispersion

PMD is the mostomplex. In digital multimodéber systems, a light pulse separates into multiple
spatial paths or modes. ¢tecomponent reches thereceiverat a slightly different tim¢y g u2.3g
broadening the ceived pulse. Th&MD is aphysical phenomenonn an opical fiber that causes
light pulses to spread in time. If the amount of spread (dispelisierjessiveadjecentlight pulses
will overlapandinterferewith each other PMD is a property of ainglemodefiber or an opttal
component in whah signal energy at a given wavelength is resolved into two orthogonal polarization
modes with different propagation veites. Polarization alsoaours when lights scattered while
traveling through a mediun®MD in long-haul optca | | y a ligipt ivavesgstéms is a subje
thathas reently been reeiving increasing attention. Due to smdilber-core anisotropies and residual
stresses in singlmodefibers, light in orthogonal polarizatistatesca n s e ecanty idifferent y
group delays assmted with the lgal fiber birefringerce. Thedifferential delay due to thedal
birefringerce is ovecome somewhat by randocoupling oflight between polarization states as the
light propagates down thigber. The effet is explained irterms of a randm walk in the DGD
between polarization states and @D builds up with the square root of the propagation degtan
[18]. In dispersiorshifted singlemodefibers,wherethechromatt dispersiorcanbemadeverysmall
atthe 1.55Inm operatingwavelength, the PMD of theable can be the major soce of ISI (Inter-
Symbol interferece) inoptical | y ampl i yed s ywtsatcenmates avereghe evhole h e
system length. As PMD is a random effeunlike chromatt dispersion,it cannotbe externally
equalizedandthusthereis a strongmativation to minimize its magnitude in loAtaul submarine
cables. The impa of PMD onIM/DD data transmission is toduce inter-symbol interferece (1%)
at thereceiver. The dependae of the PMD-inducedISI penaltyonthe PMD of thecablecanalsobe
investigatedusingMonte-Carlo techniques.Two simulation tehniquesweredeveloped to desibe
the statistal and wavelengtbharacteristics of PMD in submarin&ber optic cables and ISinduced
optical power penalty du PMD in longhaulsystems.
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Figure 2.3: Therosspolarization phenomena.

When light strikes the atoms of a material it will often #et eletrons of those atomiito
vibration. The vibrating efgrons then prodee their eletromagneitt wavewhich is radiated outward
in all directions. This newly generataslave strikesneighboringatoms, focing their eletronsinto
vibrationsatthesameoriginal frequerty. Thesevibratingelectronsprodice another eletromagnett
wavethat is orce more radiated outward in all diteons. This absorption and remission of liglatves
causethe light to be sattered about the medium. Theatered light is partially polarized9]. We
present the PMD eftg on the quality of the network parameters (distaBER, bit ratequality factor
Q) to well know thebehaviorandthe effect of PMD in the optcal fiber network[c13].

2.2.4.1 PMD induced pulse broadeningfiber length =200km)

That demonstrates the broadening of a very short¢Distaped) pulseaused byPMD which is
simulatedusing 6 OP T Y S E S BditwhEedAppendix B]. It also shows that the probability
distribution furction of the differential group delays between the @pal states of polarization
generated by theomponent agrees well with the Maxwelliprobability distribution The coarse
step method wittiiber segments with variable length is us&tis example is an illustration of the
low coheremre mo d e | ( s ee oPMP. thatnbgbxts dhecyghereme of tght). Let I(t,
z) be the timedependenintensity at position z alonwith a fiber with high polarization mode
coupling when a short (with resgigo the polarization moddelay) pulse is lawhed. The following

expression for the RMS width of the pulse exists:

V2 I— — p A~ 2.7)

WhereY isonehalfofthediffererceofthegroupdelaygerunitlengthbetweenhefastandslowaxes

of thefiberandhisthemearcouplinglengthinthelimit. After many mathematal manipulations,
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the RMS widthcan be expressed:as

¢
=

zZ (2.8)

¢

for z>>h(highpolarizatiormodecoupling)I(t,z) is closeto Gaussian( aigitsfull widthand

equation2.7)becomes:
( &% ah (2.9)
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Figure 2.4: Blak diagram of PMD simulation.
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Figure 2.5: Input of themission pulséred: frequeny domain, blue: time domain).
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Figure 2.6:0utput ofthe received pulsdred: frequeny domain, blue: time domain)

The PMDcoefficient parameter in the opél fiber component (DPMD) is DPMBE 2 pa h. Th
parameters of the pulse generator and theadiber componets arethe length of the fiber is 200
km, bit rate 40 Gli/s, sequemre length 4bits, samples/bit is 204&he number of samples is 8192
frequemy is 193.1 THzandPMD coefficient is 0.5 ps/ki?,

2.2.4.2 Cross polarization effects for variable length

PMD can causeseriousproblemsin high bit-rate transmissions. In our simulationghich are
released byhe OptiSystendsimulator the PMD emulator is used to demonstrate the distortions in
thetransmitted signaJ20] ca u s e d b geopdrosldrPM® affdcts.The syst em s hown
2.7 is utilized in the simulations. It has bemmposed to determinedHink quality fator varying
thefiber length, bit rateand PMD. The simulations are based onthelblodi agr am s hown
2.7). The following elements are taken intmaunt: a generator providing Psed@andom Binary
Sequene (PRBS) signal witta bit rate of G, a generator proding a Non-Returnto Zero (NRZ)
coded signal, a generator deliveringantinuous waveQW) optical signal at 1550nm wavelength,
a Mach-Zehnder modulator desbed by an analytal model, an optal fiberwith length L = 100
km. The PMDco e diept is 0.5 ps/kit?. The polarization analyzer allows the usecatculate and

display different properties of signal polarization.
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Figure 2.7: Blak diagram forcalculating the PMD effets [c14]

A polarization meter allows the user talculate the average polarization state of thecapsiignal,
including the degree of polarization (DOHp show the PMD effet on the transmitted signdlis
necessaryto applyaPIN photodioddo convertthe optical signalinto anelectric signalwhere the red

curve represeslQ factor.
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Figure 2.8: Simulation results without PMD e dient (A) and with PMDco e diefit (B)

The photodiodehasa bandwidthof 50 GHz, a sensitivity of 0.55A/W, a dark currentof 5 nA.
Figure (2.8) representshe eye diagramsobtainedat the output of the receptiony | tfoe the case
whenthe PMD is consideredr not. The outputof the PIN photodiodds connectedto aBessetype
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low passy | fender5, andacut-off frequerty of 0.8timesthe bit rate. An electrical power meter
allows the user tgalculate and display the average power otteieal signals. The k®ived signal
is characterized by the BER angle diagram. The main obpive of this investigation is tehow the

crosspolarization effets of different types of optial fibers.
2.2.4.3 Impact of fiber length on the qualityfactor

Simulation is used with the following parametdiber length (variable), bit rat& = 40Gbit/s.
PMD co e diefnt 0.5 ps/kn¥?. There is a relation betweegnality factor and BERthe BER is half of
the cerfcofunction of the Q factor overlig (seeEq. 8.33),Q factor is dimensionleg&1]). The CD
(chromatic dispersignis 16.75ps/nm/km The results providing the Qdar with variablefiber
| engt h ar e pr es ecantnetod, the moreythte lengéeh ofzhe Bnicneaddés the more
the quality fator decreases at a bit rate of 40 Gbit/s. The length of adarkhot exeed100km to
have a good quality system. It means that the uddiglelength is dependent on the PMIDd CD

When thefiber length ircreases th®GD also ircreases.
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Figure 2.9: Impet of fiber length on the quality faor [c14]
2.2.4.4 Impact of bit rate on the quality factor

Thesimulationis usedwith thefollowing parametershit rate(G) variable fiberlengthL = 20km,
PMD 0.5 ps/kn¥2. The results of this simulation are showrfying u2:16).
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Figure 2.10: The impz of bit rate on quality fetor (Q)[c14]

Wecan see that there is aadease in the quality &or (Q) when the bit rate isecreasingWealso
notice thatfor abit rateof 40 Gbit/sagoodquality factor Q = 6 is obtainedputwith higher values of

bit rate the quality fetor degrades. That means thierate is a fator that limitstheperformare.
2.2.4.5 Impact of PMD co e diefit on the quality factor

The simulation is used with the following parameters: bit rate = 40 Giiis Jength =200km,
PMD co e diefit= 0.5 ps/krH?. The chromatt dispersionis 16.75ps/nm/km the simulation results
are shown infy g u r e AQwetah hotce, only the PMDco e di ye nt  vO® lpaiket'$givedn
good qualityfat or Q O 6. c0 b @eptodlurseMD >B.Md3/knY? degrade the quality.
When theco e diefit PMD ircreases, the differential group delay alsoéases. That means tA®D

co e diepth a s  acard effgtrom thie quality fator [22].
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2.2.4.6 PMD impact on the eletri cal power

te2that asvtee PMBa & dient increases the etirical power

2.
decreasesndthe Q factor decreasesThis relationis becausef the dispersionfahe PMD. A linear

Acoordingto(y gur e

effect of the dispersiocompensates theonlinear effets of the PMD of théiber [23].
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2.2.4.7 Polarization state

We note that at the end of tfieer the received signal has an elligl polarization statéazimuth
75.04 1 &g elliptcity,¥ -E5 . 2)0 The tetal power of the polarized ligbtsoa b o u0t2dBml
and remains lowetompared to the input laser diode power equalGd dBm. Figure 2.13 shows
the state of polarizatiomhe four Stokes parameters &g=-0.52994, $=-0.74756, 5=0.43014, -
0.5061) the frequency is 193THz [c6] [c14].

-£9.87

Figure 2.13: Poicare spheliel14]

2.2.4.8 Polarization by scattering

The light bakscattered by an optal fiber segmen{y g u r e withautlady)defets or abnormal
charatteristics is spetrally decomposed into three distthpeakscorresponding téhreeoutstanding
phenomen§23].

Z  Rayleighscattaing: theelectromagnett wavepropagatingn thefiber coreinteracts with the

scatteringcenters whth are due to sita impurities and enhamg additives.

E  Ramanscattering: the Ramaeffect is an interation between light and thermal vibration of
silica molecules. As sah, this phenomenors highly dependent on the temperatur¢hatspectral

level.
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Figure 2.14: Polarization byattering in optal fiber [c6]

£ Brillouin scattering (SBS) is frequently eountered when narrodvand opttal signalge.g.
fromasinglefrequerty | as er ) a rfilreraamppl liiyyeerd, iomr g ust propag
fiber. While the material nofinearity is not very high (e.g. in sif), thetypically smalleffective
modeareaandlong propagatiorengthstronglyfavornonlinear effets[25]. (Figure 2.15) shows what
happens when a mocimromatt light waveis injected into a 10nlongfiber. Thecounterpropagating
Brillouin-shifted wave startsfrom quantump watuationswith a verylow optical power but grows
rapidly. Still, it is far smallerthantheinput powerof 1 W.

T T T T T T T T T
1w
forward wave

@ 10 mw backward wawve
O
=
o
B joopw b
m
[}
=
o
@ 1w

10 nW

0 1 2 3 4 5 6 7 g 9 10

Z position in fiber {m)

Figure 2.15: Pump power (propagating from left to right,aede) and resultinggéon Brillouin
signal power (right to left, orang®irve) in a 10 m lon@iber. The pump input power iSAL [c6].
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2249 PMDinduced penal ties f orcattgringéedgthand vari abl e s

Figure 2.16 shows the simulated ef'eof PMD bysat t er i ng wi t hscatetrimgd anc
section lengths. ltcontains the following element€W laser with 195 THz ofrequerty and power
equal to 5dBm; PseueRandom Bit Sequee Generator using NRZ pulse generator,dwt@ehnder
Modulator with 30dB extirction ratio; PIN detet o r ; | ow pas segeBeratog anda y | t ¢
200km long SMF with PMDco e diefit of 0.5pskm'/?considering nonlinearitgffects, dispersion;
andmearscatteringsectionlength.Weillustratethereceiversignal usinghe BER analyzer. The result
is shown in(y g ur e7a an@ b)lusingan eye diagram of PMD inde d penal ti es f
scattering(a) and variableattering(b) lengthc6].

H H H jmmmmsmmmsmseean -
5t H: | —~ . ‘
: i Optical Time Domain Visualzer_
| ————— = i
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NRZ Pulse Generator Optical Time Domain Yisualzer
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Figure 2.16: PMDindece d pen al t cadesinglengtic6ly x ed s
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Figure 2.17: Eye diagram of PMD incid p e n a | t radesing&) and vayiable d s
scattering(b)length[c6].

Simulations arearried out for two different polarizations of the @ptiinput signalFigure2.17a
showsthe outputsignalfor aninput stateof polarization(SOP)alignedwith oneof the two prirtipal
states of polarizatioand shows the threshold of the @téa of the signal (red graphazimuth = @ ,
and elliptcity = Oe In (figure 2.Tb), the output signal is the same, but the input SOP is aligned with
the other axis, azimuth = 88nd elliptcity = Og and the sattering setion length isvariable[26].

The thermal noise parameter of tAeDet photodetetor) is set to 3.0 >W/Hz. In the optcal
fiber component, all the eftiés except PMD are disabled, and the refaemvavelength is set to
1550nm. Note: in order to study the PMD statss{jprobability distribution fuctions) thereference
wavelengthmust be y x e('tserd e y rrefederte wavelengthparameter'in the Optical fiber
component must be set to TRURY]. Otherwise, the PMEBnduced system penalties witiot show
any dependece on the carrier wavelengthof the signalon the equivalere betweenaveraging and
spectral averaging[28]. The results for the @actor of the system, as a fcion of thecarrier
wavelengtttalculatedwith bothy x emblvariablescatteringsection length,is shownin figure2.18a
and figure 2.18b.

Intheca s e w h eaattenng setobn length isused, theQ-factor is a periods function of the
wavelength. No sth periodcity appears in thease of variablecattering setion lengthcalculation.
The observed periodi t y i n cageliseelated te the syl periodcity of DGD betweenthe
PSPsof the fiber [29]. Theperiodof the latter is the inverse DGD indad by a single attering
set i on and its value agrees 28dain dwi2gdb[Agpéndix r e s u
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Bl. When wor k icattgringveetiontenggh xthee dpatral intervalcovered by theimulation
must be smaller than the spal period of the DGDs lie inverse of the DGD indad by asingle

scattering setion) to ensure the statiséil independete of thecollecteddata.

f=(DGDene ekmem)J=(D(Lsean)°‘5).1=0 .63THZ
v D=0.5ps/(km)”* LS D=0.5ps/(km)°**
- L __=10km
L =10km e
2 variable
8.6 o :=0 30 0, a=2km >
L=500km L=200km

8.4 -

Q factor

8.0

7.6

MR V\\

7.0

. y y y Y T Y T )
1032 103.6 196.0 1944 1932 1936 1940 1964 164 0 1952

Frequency (THz) Frequency (THz)

(a) (b)
Figure 2.18: Gfactor as a funtionofcar r i er wa v el eaatgrind setion léngth[cE]. ¥y X e d

2.2.4.10 Crossphase the Sensitivity to PMD by usingVDM.

Another strateggan be to limit theapatity of each transmissioihannel but usingrany different
channels in a singligber, e.g.,with the tehnigue of wavelength division multiplexing. Themrealso
advancedmodulationschemeswith reduwcedsymbolrate(for agivenbit rate),which arelesssensitive
to PMD enablingp e x isdriceamanagemenwith high reliability to achievethis progress we will
understand well the neimear effects related to polarizatiorihe modulationof crosspolarization
will be presentin detailthenit's analyzel the variability of performarme dueto nonlineareffects in
WDM transmissiorsystemsat 112 Gbit/s perchannelandusingPDM-QPSK toestablish rules design
toredee t hi s v aitis@dsentedhd generatiom of QPSK and PDRPSK modulation
formats.We study this variability due to the main néinear effects (XPM and XPoIM) in these
systems by varying the initigdolarization states of the signals ahd time shift of the two
polarizationcomponentsof the different transmissionchannelsat the sametime. We analyzethe
I n pae efRMD andchromatc dispersion as well as the ingtaf the type of data sequess ued
on the transmission for the generation of different WDM signals on the transmission pec®rman

variability [30].
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2.2.4.10.1 Numerical Evaluation of the Performance Variability of transmission

The diagram desibesthemodeledoptical transmissiorsystenin my numercal simulations. This
simulationis showniny gur e 2. 19) t h e l6modalatechmenrnels ia PMPRESKe r at e
with amodulationspeecequalto 28 GBaud(or Gsymbol/ s), the space betweerthedifferent PMD
QPSKchannels i200GHz (1915 THz to 194,5THz). Each of the polarizatiocomponents of WDM
signals is generatdtbm differentQuaternarngsequenesof "De Bruijn" (Thesequenresof De Bruijn
aresequepes of length L= gm containing eah sequeoe of m symbols[31] ). However,their
autacorrelation fumtion is maximala t  Olbut is notmi n i malil 0 (theoermay e ctpations)

[32].

Thenthechannelsarey | t asingatbw passBessebpticaly | tWevary the polarization state
of the WDMchannels irfiberinput, as well as the time lag of the different component®larization
for each WDM channel by randomly dr awifmsg/ttsh &i
angd, UQ ctivelsiptiee intervalg-~ [/ 2; -"+ /" 4/; 2+, [I 4] and [ 0;

After that, the channelsare multiplexed after 50km of singlemode fiber whose attenuation
co e diept,thenonlinearco e dieptr , andthechromatc dispersiorco e diept Cho are respetively
equal t00.18 dB/km, 17 psnm’ km' 1 and 10 km of DCFThe power loss of the signal isjed into
the optcal fiber is compensated for el setion, usingEDFA (erbiumdopedfibera mp | iwigheut )
noise in thdine it is gain equal to 10B.

Vector propagation of optal signals in théiberis modeled using the Fourier metheith separate
steps o(NLSE) [33].
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2.2.4.10.2 | n p weeofthromatic dispersion and polarization mode dispersion on quality

factor distribution

To realistically quantifythe performace variability in the nonlinear regime, we made more
random dras for the distribution of théactor Q? considering a mean power 2 dB above K€l
(nonlinear transmission) I n ygure 2.20a, we Qfattanlsyperfarimy t he
500 random drawsf the set in the twehromatt dispersion managemect ny gur at i ons.
was tostudyt h e icenopthedMDWehaves hown in ygure 2. 2@factor he d
for an averageDGD of 0 psin the "with DCF" (Dispersioncompensating fiberfo ny g u foat i o n
only 200random draws of the set simulated the DGD at the outgdiiesfat different timesWesee
thatit varies @oording to a Maxwelliadaw. Since the value of the PMD is the average value of the
DGD, the factor Q? is averagedover its valuesobtainedby considering40 different realizations
of the fiber. We vary the draft of the slow and fast axesof the birefringentelements,from one
embodiment to another. Ideally, we shoetthsider moreachievements tacorrectly explore the
probability distribution of the DGD and get a good estimate of the avé€pdgeor, but we have
limited ourselves to 10. A mathenwti study of distribution laws has not been made boh ea
distributioncurve obtained has been superimposedheclosest Gaussian form.

From(ygure 2.20a) we have a width at coabreropse r 1C
& @5% of 2.2dB and1.5dB respetively for the"with DCF" and"withoutDCF'cony gur Byt i ons
analyzingly ger 2. 20 b)) , thev@ facomsdimptoved in the presem of PMD Moreover,
we notethatthe width ae 5% is greaterin the case'with DCF" andwithout PMD ( a8 = 2dB)
whereas it is small er wh e*% =ne5dBy. ifhislsymests tha thi® MD
variability may be due to XPM and XPOLM (Cross PhaseModulation and Cross Polarization
Modulation)indeed,in the absewe of online DCF, the differentchannelssliderelativeto each other
and their nodinear interations are averaged. In the presenof PMD, thetwo-polarization
components do not propagate at the same groupityeénd their nonlinear intections are redeed
[33] [34].
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Figure 2.201(2.20 a)distribution of the Q? fetor at a Pin.avg power, with 2 dB above the NLT, in
the twochromatc dispersion managemecdses, without PMD ancbnsidering 500 random draws
of the $at/ {iUagH Ut
(2.20 b) dstribution of the Q2 fetor to a Pin.avg power, with 2 dBbave the NLT in the "with
DCF'conf i guration for 2000 iriainA h,ma @ dcerdidedngadnean h e
DGD =0 or 30 ps

2.2.4.11 Compensation of polarization mode dispersion

The PMD has a dict impact on signal qualityf35]. Therefore, all the parameters relatitoghe
system performase can be used for the estimation of PNIE®]. In thisdissertationthe following
parameterfiavebeen used: bite error rate (BER), eye diagram,oprfaand optcal signal to noise
ratio OSNR.However,because polarization multiplexing dees are verysensitive to linear and
nonlineareffects,anym o ddatipnto polarizationcontrollerwill affect all systemparameters, wbh
require measuring all evaluation parameteos only a subset of them. Themee four ways to
compensate f or tehisheBlétdnic compgemsatignrusing eitben lineamonlinear
y | toeusirgsomecomplextechniquesof signalprocessing.Theadvantagef thismethodsthelow
costof electronictechnology. Thesecondmethods theoptical compensation of PMD that is based on
polarizationcontrollers. This method is applied in thdsssertation The third one is based on the
analysis otheelectrical spetrum. In thatcase, thespestrum analysis method is used to evaluate the

DGD by measurig PMD linear and nofinear spetral characteristics indwed by signadlistortion.
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Finally, the | ast met hod ciensyoftthisenetinod @epeads enme n t
the ratio between thBGD and the bit time. If the DGD is higher than the bit time @sdary
maximum for the DOP is obtained. The advantages of the third and fourth methods are that they

are analogfast,and asyohronouq37].
2.2.4.12 Pre- and postcompensation

The simulation diagram i 4modg gpital knk cdntrdldd byae pr e s
polarizationcontroller (PC) we showthe main usedboxesandparametersin the emissionpart CW
laser, random signal generatbtach-Zehndermodulator, an optal fiber with length equal to 100

km andPMD = 0.5ps/km? havebeen used.
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Figure 2.21: Block diagram alouble polarization link (prand postcompensation

simulation)[j1]
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The power is 13 dBm. Then in the receiver parEBRAhasbeeraddedo amplify thetransmitted
signalwhichcompensatetheattenuationFur t her bandpas sphabdesestggand o pt i
| ow pass Bessel yl t er aa%dBautddf drequepcy of D.€5Hit.rateT h e
Finally, the result has been presented using
is carried out without a polarizatieontroller. That means no compensation has been foatee
PMD effects. In the second simulation, the PC was inserted before the optical fiber (OF). Finally, in
the third one, the P®asinsertedafteropticalfiber with azimuthequalto 90E’andellipticity 457 In this
simulation, aPMD emulatorwasappliedto showits effecton the quality factor withvariablefiber
lengthwith they r antlsecondordercomponenbf PMD. Theresultshowsthat the quality factor
diminishes by% for each 100 km dfansmissionl n t he yr st propose, with
controller we get very noisy signal transmission when the Q factor is equal to 3 and BER i53.3510
A bad signal transmission sidbeen detected due to PMD effects. The result is shown by the eye

diagrami n y2pRdar e
2.2.4.12.1 Pre-compensation

The prirciple of this method is to adapt the parameters ottmroller to transform the state of
polarization fromsp%tate tcs $kate whoh is parallel with the PSP (puipal state of polarization) at
the input of the fiber wich isq@%s shown in Fig. 21.

In the first part of the simulation, a polarizatimntroller was inserted before the OF, the azimuth
equal t090° and ellipttity equal to 0°. We obtained just half of the optisignal and \de versa with
the ellipticity when it is equal to 45°. The result is shown in the eye diagram when ticeoQefguals
6 after inserting the @

In Fig. 2.24.b the eye diagm shows improvement in the quality of the signal. BER is equal to

10 %ecause in thizase the polarization for the first order veampensate{B8].
2.2.4.12.2 Postcompensation

This techniqueis basedon avoiding the total PMD. This technique requiresa polarization

controller to adjustthe PMD orientationof the compensatoforientedsignal %) andthe delay of
the PC element (time delayp) to adapt theamplitude of PMD in the optal fiber and M is the
rotation matrix{39]. This method is expressed by the followingtee eq. (2.10):

OfTza - 2 (2.10)
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Figure 2.22: Diagram of the PMD peempensation.

Ty 2 2

SO W

Figure 2.23: Diagram of PMD pesbmpensation Method.

In this simulation, a € after OF witha polarization delay of 1 s ovéne X-axis is used as skvn in
(ygure 2.28yvedTbkeéegmal s ar ebyphe eesdagrane The énlmamgng u r e
of the Q factor which is equalto 7 is remarkable.To obtain good signal transmissiorwith PM
compensation,both pre-and postpolarization compensationsare used by inserting polarization
controllers before andfter thefiber [40] [j1]

\5 «© ]
B £ £}
E =) | &
s‘? H 3 o
//
7
Time(bit period) Time(bit period) Time(bit period)
(A) (B) ©)

Figure 2.24: Eye diagram without polarizatimmpensation (a), with preompensation (b) and
postcompensationd) of PMD.
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2.3 Conclusion

PMDcan be deyned atgauded by the impedesymmetryy andonstantly
b atuating stresses théiber can experiece andcan be measured as an average valuetiover
This randomness malkt@ecompensatéa, arild onich resesah s stitl taking
placeint hi s ar ea. PMD dard sffetratahe bittrates ump toal0 Ghit/g deplogped
the moment, but with the tight (25 ps) bit period ofGlfit/s systems, it is exped to beome an

issue in the neduture.

Di spersion i s d ewytafégttpusss intimeandshpsrmzsageyoriasgsth
aschromatc andPMD. Chromatt dispersion isaused byifferentwavelengths of light traveling
at different speeds and iscambination of material angdaveguide dispersiogndit can cause
adjacent bits to spreadinto each otherin a signal becausethe signal containsa small rangeof
wavelengthsTocompensatéor thechromatc dispersioradvartedfiber typescan be used for sh
purpose.

On the other hand?MD is caused by the lightvavesof different principal statedravelingat
differentspeedsForoptical links with 100km length,thequalityfactor can derease by more than
10%. To maintain a good quality of an ogdl signal, the maximum bit rataustbe lessthan
40 Gbit/s, thefiber lengthshouldnot exceed130 km andthe PMD co e diept shouldbe lessthan
0.5pskm'’2. We noticed that the wavelengthincreaseshe scatteringdecreasesand theBER is
better than 10°in thecase of variableatteringlength.

Also, wenoticedthat in theca s e  ocatterimgxlength, the sptal intervalcovered by the
simulation is smaller than the sl period of the DGDs and factor. The Qfactor is a period:
function of the wavelengthandthis relationshipis the oppositecomparedo the caseof variable

scatteringlength[j1].
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CHAPTER 3

OPTICAL POLARIZATION
MULTIPLEXING

3.1 Introdu ction

Thefiber optic link is oneof theimportantsegment®f up-to-dateteleccommuncation systems.
Developinglow cost, extremelyreliable optical systemswith very low latercy for the massive
machine to ma&hine and enhaed broadband mobi®nnections is a hot reseetr topic. Motivated
by this weinvestigatedthe polarizationmultiplexing technique applicable in fiber optic links
because itcan be used to anease the transmissi@apaity. The deployment of an optl cable
containing severdibers is a very expensive investmé#t ].

Therefore, igreasing thecapaity of existing optcal links is an important issue. For that
purpose, polarization multiplexing iscasteffective approah [42][43]. Polarization multiplexing
meanghattherearetwo optical beamswith perpendiular polarizationsonthesamefiber. Thetwo
wavescan carry two different information. The polarization multiplexingheique has already
been investigated in some pualiions[44] and [45]. However,most of them were theoredl
studies or simulations. Many paperscdissed the garization problems iriibers [46] and[47].
Some of them proposed an algorithm to perform R@L-MUX technique [48]. However,an
important issuegrosstalkbetween orthogonally polarizegaveshas not been stlied indetail.

In this chapter we presenexperimentaproceduredo validatesomechallengingissues Oneof
them is thecrosstalk For redwaing thecrosstalk a new apprazh is suggested. By applying that
method in theexperimentsthe results prove the apgdbility of thePOL-MUX technique inlinks

for high-speed longlistarce transmission.
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3.2 Principle of investigation

The deployment of an optl cable containing severalibers is a very expensive investment.
Therefore, igreasing theapaity of existing opteal links is an important issue. For that purpose,
polarization multiplexing is @&osteffective approah. Polarization multiplexing means that there
are two opttal beams with perpendilar polarizations simultaneously on the sdiber. The two
wavescancarry two independent higepeedcchannels. There are two different methodscfeating
the POL-MUX appro&h. In the iroherent system, there are two independent lagsts
s i gcantlyydifferent wavelengths. Therefore, by enoughoapti  y | t e r dt of grgsstalkh e e f
can be substantially reded or almoseliminated.

That pre@edurecannot be applied in thease when wéaveonly a single laser socg which
means acoherent systeni9]. In this case the two beams with perpemdiar polarization are
prodwced from the beam of a single laser usif@Bs polarization beam splitterin this system
optica | y | dcarsat iber gpplied for reding the effet of crosstalk In the polarization
multiplexing method, therosstalkbetween the twavaveswith perpendiular polarizations is a
d i dulgproblem. As @onsequece ofcrosstalk the two beamean disturbeeh ot h ecantlys i gni vy
Crosstalkcan appear due to any impatien in thefiber and the optal circuitry of the transmitter
andreceiver. Toredwe theeffect of crosstalkthe generation of individuatavesshould be perfet
which means ez of themto haveonly a single polarizationDespitethe preautions during
propagation alongith thefiber, the PMD causesrosstalkimpairing signal transmission thigy.

In this chapter, we present a new apmiodor redwcing the effet of crosstalkevenin the caseof
high-speed long-distarce transmission. As a countermeasurdo the crosstalk problem, we
introduce 900phaseshift betweerthetwo optical waveswith perpendiular polarization. That way
we haveorthogonalcoherent beams in the time or freqaglomain. If that orthogonality is kept
alongwith thefiber, then the effet of crosstalki s  scantlyredwged. During our experimental
investigationswe utilized theorthogonalityof the optical waveswith success. Th@ewconcepthas
beeninvestigatedy anexperimentasetup. Thecoherenbptical polarization multiplexindink is
presentedby theblock diagramofy g u3:leThebeamof asinglelaserdiodeis transferred into a
beam with perfet singlepolarization applying &C. Thatwaveis ledto aPBSwhich prodiwcestwo
beamseach of themwith singlepolarizationandtheir polarizationsareperpendtular. Theseoptical
wavesare modulatedby different information in Mah-Zehnder modulators (MZM). Then the

modulated beams aoembinedPBC (polarization beancombiner)andputon singlemodefiber.
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At thereceptionside,the two channelswith orthogonal polarization are separated P&Sgected,
and praessed. This way waan determine the quality of signal transmission. The experimental set

up is used for performing sevenaéasurements.

Data | MZM 1 PCl O Ph.diode | H DSP1 H BERI
[ I

Laser — Pol. beam Pol.beam | —— | Pol. beam
splitter cambiner Optical fiber SMF spltter
| I
Data 2 MZIM2 — PC2 Ph.diode2 H DSP2 H BER?

Figure 3.1: Blak diagram of an optal fiber link using polarization multiplexing.
3.3 Properties of thecomponents

Polarization is a property of eleomagnett wavesthat desribes the orientation of their
ogcillations at a given point in spa [42] [43]. Understanding the physi of certain optcal
components f(bers, polarizers, polarizatiomontrollers, beam splitter, bearcombiner, et.)
requires a good knowledge of the leagincepts related to polarization.

3.3.1 Polarization controller

Starting with the experimentatudy,we investigated théehaviorof PC type FC-HP 8169A
which is needed fgpolarizationsensitive dewes likeMach-Zehndemodulator, laser soces, et.
Moreover, the polarizatiorwontroller is a perfet device to create allthe possible states of
polarizationeasily and speedilyThe laser beam hadliptical polarization. Thesfore, its beam is
passed through a linear polarizer plate in the polarizatoonroller to createa perfect linear
polarization wave from the laser beam. Then by the quasdee( o /ard halfwave( o /platgs
the SOP is adjustgd19].
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Figure 3.2: Poioare spher@3]

The hafwave ( &/ 2) plate with its axis oriented
horizontal polarization and the quarterave ( &/ 4) pl ate oriented at
polarizationtovertal pol ari zati on. Wh2 (W vied etnhget ho riise met=
w is the rotation for the angle) as illustrated(figure 11.2). That figure shows how theCFHP
8169A type polarizatiomontroller creates the relative states of polariaatpoints acording to a
speified path.(Figure3.2) also shows the orthogonal greatcles onthe Pokar ® s pher e a°
and &/HR 8169 ensures higRER (polarization extition ratio) for both orthogonal
polarizations PER is the ratio obptical powers of perpendilar polarizations, usuallgalled TE
(transverse etirical) and TM (transverse magr®tusually the PER is used tharaterize the
degree of polarization in a polarizatiomaintaining dewe or fiber. Forcoherent transmitteand
receiver, the PER is a kegarameter sinc& polarization and Y polarization amoded with
different signals

The RC connected to the laser output is used to rotate the polarization angle of the laser beam.
This angle influepes the operation of tHeBS whch isconnected to the output of the polarization
controller. The rotation angle was varied to get maximum power tbraennel as it is shown in
(figure 11.3). The maximum power of 2.56 dBm has beemiaeved wi th O-gavp hase
plateam d 90 e p h a svave pldte. Tdhe ppwealoss drie 6 Was around 2.5 dB.
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Figure 3.3: Output power of tleaannels versus the phase shift of linear plate of polarization
controller([j3].

3.3.2 Polarization beamsplitters

ThePBShas many advantages besi é¢penerhantlisgagakilityi bl e ¢
with high PER and it is highly modular. Itontains two inputs (R and T) and two outputs (1 and
2). The T is used as input and both 1 and 2 as outputh vehshownm y gur e 3. 4.

A B

Figure 3.4: Standard orientation of polarizatroaintainingfibers on polarizing beam splitter or
combinerfj3].

61



We measured the

maximumandtheminimumoutputpoweraswell astheadjustmentvhenthetwo outputsareequal
and of highpower. These adjustments are dependent on three parameters: the linear piblatrizer
is used to adjust the polarizatignl t e r ,-wawg( & fplétgandhalf-wave( o /platg. Figure
3.5illustrates the relation between the output power otltamnels and the polarization phases.
The measurements were performed in different ranges of phase %himqﬂ). Wenoticedthat
the best isolation between the taltannels was obtained when the linear polarizatidn prase
was50"andthepolarizatiorphasavas103’ Themaximumandminimumpowervaluesarel 0 . 6
and T 34. 36 SdoBtpat ahdotme " butpet, rekpetively. The isolation was 33.76 dB

providing proper separation between thannels.
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Figure 3.5: Power output of tlannels: red and yelloeurves. As a parametghe blak curve
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3.3.3 Polarization modedispersion

Oneimportanttaskis to managehePMD effect. Whenwe haveawavewith the polarization that
polarization is acompanied by a perperalilar polarization. The phasedocities of these two
wavesare different which results inthe impaired signal at eeption. That effet is called PMD.
That is dependent on the ratio of the intensibfedsvo orthogonalpolarizedwaveswhich is called
PER.Theeffect of PMD has been investigated by simulatjp@][51]. Good performare has ben
achieved if PER was kept above 22dB. In P@L-MUX approa&h, each polarizationmustmeet
that requirement. The high polarizatiertinction ratiois necessary to recie the effet of PMD
[52]. When PER is not high enough then besitie useful polarization the opéil wavehas a
spurious perpendilar polarization with some intensity. The phase sitks of the two
pdarizationcomponents are differente.,PMD causes pulse broadening. Due to pulse broadening
we get ISI(inter symbolinterfererte) which deteriorates the BERVe investigated the eft of
PER on th8ER by simulation. The simulation results show BteR,andthepolarizationcrosstalk
are inversely proportional to éa other[47][48]. That means as theER increaseshe BER

improvesresultingin betterperformare. In our experiment, the PER was kept atBb

3.3.4 Mach-Zehnder modulator

The Mach-Zehnder modulator is widely used for aali intensity modulatiofi2] [53] [54]. Its
most frequently applied version is the single drivecMZehnder modulator. That is relatively
simple andcan work at high modulation frequeas up to thamillimeterrwaveband. It is weH
known that theMach-Zehndemodulatorexhibitshighermodulationnonlinearitywith increasing
driving voltage. However,another propertys not dealt with in detail yet: the MiaZehnder
modulator has a parasitphase modulation beside the useful intensity modulation paresitc
phase modulationan cause different disturbing effes during the propagation ¢iie modulated
signal. In thischapte, we investigate the sote of phase modulation and its effeon the
modulationcharacteristics [j5]

3.3.4.1 Single drive Mach-Zehnder modulator

The operation of the M&-Zehnder optial modulator is investigated using the layout shown in

ygur e 3 colingwdveisdivided into two equal parts by the beaimg (point "A"). In one
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arm of the modulatothere is asoltagecontrolledphase shifter. The phase shifdisnotedoy 3.

The relation between the applied voltayg)(and the prodeed phase shift is assumed to be linear:

Theinterferometeis adjustedn such away thatthe electrical lengthof botharmsis the same.
Thereforethe signals arriving at the output are in phase mrioduaconstricting interferere. That
meansconstricting interfereme i s o bt ai ned when t hermadulaten no plt
arm (Vm = 0).

Figure 3.6: The priciple of single drive Mah-Zehnder modulatdc10].

An electrical modelis usedto desribe the operationof theMach-Zehndemodulator. The
wavepropagation icharaterized bycurrent vetors. At the input (point "A") the oming

current vetor lin is divided into two equadarts[c10].

lin=l1+ I (3.2)

At point "A" the currents in the arms are equal and real. We use normalized quantities. This
way the magnitudes of tleairrent vetors are taken to be unity (in arbitrary unit) in the arms:

l1=1 and 4=1 and =2 (3.3)

Thecharatteristicimpedame of the arm&; andZ; are related to theharacteristicimpedance.

Zn of the input line as follows:
Z1=2,=212Zn (34)

This way the input power is divided into two equal parts. Jfagacteristic impedares are
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real quantitiesWeuseagainnormalizedjuantities.Thecharacteristicimpedarmesaretakento be

unity (in arbitrary unit) in the arm&£onsequently:

Z1=1 and Z>=1 and Zin = 2, (3.5)

This way the normalized input powsr

Pn=4 (3.6)
IOU
t L
6 /Y.
I

Figure 3.7: Vetor representation for thaterfererte of the signals in the ariyts.

Both armshave thesame eletrical length. Incase wherg (the current vetors arrive at
the output (point "B") in phase wthi meansonstrictive interferee. In the diret armof the
interferometer the currently is represented by a eer in the positive real axis. In the arm
containing the phase shiftahe currentl is represented by a eter thatis in the plane of the

real and imaginary axe$hus,thecoordinates of the two wirsare:

li=21;lc=cos ( Gg9i m( G) (3.7)

Whenaphaseshift 3 is appliedin thelowerarm,thecurrentvector I 1is rotatedby theangle3

as shownn (y g u3c7e Thentheresultanturrentvector, i.e. theoutputcurrentvector lout is

givenas:
l=p AT ©& EOEI (3.8)
The outputturrent vetor has a magnitude:
$0s p AT OEB W p ATD (3.9)

The outputcurrent vetor has a phase:

o —— (3.10)
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The power of theutput signal is:
Pout = 2(1 +cos(()) (3.11)

The Mach-Zehnder (MZ) interferometer is used fgptical modulation[c10][2][53]. The phase
d is varied by th&hersfarawe lara interested irs thegdeperideof the
amplitude and phase of the output si gnval on
interferometer.

The magnitude of the output signal is related to the input signal providing this way the transfer
function of the modulatorNow we takethe ratio of the power of the output signal to the input

signal. This way the power transfer @ion is:

The transferfuad i on H( G) f orcalinténsityip.ower or opt.
(3 -p Al ® (3.12)

This relation is presented by Fig. 3. That is the \ketwn relationship for intensity

modulation.
o
Figure 3.8 The weltknown intensity modulationharacteristic.
The inflection pointisay - 1 @ ™ where the power transfer is 0.5. Wgn Ttthe

power transferis1,andgt A I @ p Y 1the power transfer is 0. The other imfien
pointis at3 -A where thecharater is rising.

The phase of the transfer fition is givenas:

[ AOAGC— (3.13)
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3.3.4.2 Intensity modulation characteristics

Changing the phasgin arm 2 we gt intensity modulation. The modulation sensitivity is

obt ai ne d dewtive dithe transfer fution:
_— -OE} (3.14)
At the first inflection point of the modulatiogharacteristic where 3 w 11, the modulation
sensitivity is: —— -, which has a negative sign. Therefore, in this operation pthiatsign

of modulation ischanged. This way with areasing modulation voltage the intensity of the agbti
signal is dereasing.

However, athe seond inflection point of the modulatiosharacteristic where 3 ¢ x 1the
modulation sensitivity is: —— -. Here the sign of modulation is nohanged, i.e. with

increasing modulation voltage the intensity of theagbtsignal is also icreasingj2]. In mostcases

that operation point is usehe modulation phase shift is:
Ye y3 AT1500 (3.15)
Now (i ctisn ofthe fnadnlation voltagen
v3 EY6 (3.16)
Thereforethe intensity of modulation as a ftiron of the modulating signal voltage is:
D BY6 AT1500 (3.17)

3.3.4.3 The nonlinearity of intensity modulation

To discuss the nonlinear behavior of modulation the power seriesiplasn is applied, like:
®eH( g+t aed+ ael+ aed+ sseld+ € . (3.18)

Thehigherderivativesof thetransferfunction arethefollowing:

——  -Aiz0 — -0B] — -Al30 — -OB1 (319

Using the aboveéerivativesthe power series of the transfer dtion is obtained with

degribes the modulation nonlinearity. The operation point B at3o
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aH(i= -OKl ¥3 -Aiz0Y3 —OHl Y3 —Ai®0 V3

— AT Y3 (3.20)
3.3.4.4 Parasitic phasemodulation

During modulationnot only the optal intensity but also its phasedsangedvhich
means parasttiphase modulatiofc10]. The phase of the modulated sighas given by Eq. (13)

as.
] AOAGE (3.21)

The phase of the modulated sigrjalis dependent only on the phase sgiftTherefore, we take

the first derivative of thenodulation phase as a fuion of the phase shift:
—_ —— (3.22)

Performing the neessary trigonometitransformations, we get a very simple expression:
— - (3.23)

Therefore, the phase modulation is a lineaction of the modulating signal. The phase modulation
or change iff is half of the modulatona@h ange i n t hwhichgslpeoosional to thé t
modulatingvb t age :m. G = kV

af =-adi (3.24)
This very simple relationship is valid in tbese when theurrent vetors in the two arms are equal.

In thatcase the current vetors constitute a triangle with two equal sides.
3.3.4.5 The resultant modulation
Modulating the phase shift in one arm of the single dk\aeh-Zehnderoptical modulator

we getsimultaneoushbothintensityand phasemodulationwhich is presentedy the following

expression:
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Figure 3.9:Carrier wave with intensity detectionFigure 3.10Carrier wave with phase detectjohO].

Aout=0.5(1+cos( ¢i+aethoco s b))y (cos( at+0 . Hnaeais (t))) (3.25)

This expression exhibits theombined intensity and phase modulation due to the same
modulating signato n s i d e r o & BVmot Thertotatiins arewo is the angular frequexy of
the optcal carrier,wm is the angular frequey of the modulation signal)j mo is the amplitude of
the modulating signal. The parasiphase modulation influeas the propagation of the signal in
fiber. Now some examples are presented for the relationship of the modulatad sigtial on the
modulding voltage as a result of both intensity and phase modulation. In the example we take the
fol |l owi B=-3p/d2a, tmasdi2, wnF 0.01wo.

The relationship is exhibited for one period of the modulating sigmalase when we have
intensity detetion Fig. 4 presents the shape of the modulededer wave. On the other hand, when
we have phase deten Fig. 5 presents the shape of the moduleseder wave.

In this study the single drive Meh-Zehnder modulator was investigated. If navea double
drive modulatorin pushpull operationthenwe getpureintensitymodulation. Thenin principle,
thereis no parasit phase modulation. Further on in ttese of a double drive modulator in push
push operation we get pure phase modulation in miple without parasit intensity
modulatiorjc10].

3.4 Experimental measurementliink

Theblek di agram of the polarization multiplexi

experiment between theansmitter and iver, the signal propagates through@MF. An optcal
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ampliyer

the eye diagram of the twelhannelsthe measurement resu#tee presented in the followingarts
of thischapte[c13].

Laser

fa—

i s

a kesvar beaysetheitransimittermpower iseleasedby 14B. In the

receiver we have BSto separate the two beams with different polarizatioriesdbthe BER and

DATA1

DATA2

Optical Fiber SMF
Optical
Power Meter
Amplifier
PBC
Real Time .
Oseilloscope 1 Amplifier [~ PhDI
Real Time .
Oseilloscope 2 Amplifier PhD2

Figure 3.11: Blok diagram of the polarization multiplexirgxperiment.

3.5 Bit error rate dependence on optcal wavelength

Thediagraminy g u3r12showsthe measurement resulttberelationshipbetweerthe BER and
thelaserwavelength. The wavelength ranges from 1400 to 158@uinite thesignalpower equals
7 dBm taken intaonsideration thepticala m p ¢atiogtoo. Although the attenuatioco e dieft
of the optcal fibers is low (0.2 dB/km in the tetemmuntation band at 1550 nm), lofdistarce

l i nks

range tohavea good transmissiowith BER equalto 10! is betweenthe wavelengthrangeof

require

1545nmto 1555nm.
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Figure 3.12MeasuredBER as a function of the wavelendiB]

3.6 Dependerte of BER onthe bit rate

Figure 3.13 showthe measurement result of the relation betvief€R on bit rate. The bit rate

range starts from 0.1 Gbit/s and extends to 12 Gbit/s; the wavelength is 1550 nm anddhe opti
power is 7dBm. TheBER is used to evaluate the quality of @ali transmission. Itan be
determined bycomparing the transmitted andceived binary datasequem as it i s de\
the ratio of the number of error bits to the total number of transnbittied
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Figure 3.13Measured bit error rate agunction of bit ratdj3]
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3.7 Measurement of BER depending on the meived power.

We study theBER as a fuition of optcal power reehing the photodettors in thereceiver.
Measuringanoptical fiber with alengthof 25km, bit rateof 12 Gbit/swe receivedBER better than
10w h e n t haatiorawag ih theyrange of linear operatigveget inverse relatiohetween
theopticala mp tatiojandBER. As more weincreaseéhea m p ¢atiogbeyonda limit the more
the signal beomesdistorted due to nonlinearity. When the cptipowerexceedghe average value,
the pulses undergo a smedintraction. On the other hand, if the averggesver is todow, the non
linear effets can be negleted compared tdhe effect of PMD. EDFA was arevolution in opteal
telecommuncations. Indeed, '& a high gain $30 dB), high saturatiopower,wi d e aatop!| iy
band £30 nm) and insensitivity to polarization makes key optical component.Nevertheless,
with the pumpssetat 980nmand/or1480nm, the EDFA is limited to amplifying only in aspesi §
spectral band(the C bandfrom 1530to 1565nm) [j3].

3.8 Measurement of BER depending offiber length.

Thefiber lengthi n p eegthetransmissiomualitys i gcanilyyln the POL-MUX application
usually, the length of thédiber is not too long. The results of measurements are presertedjiu r e
3.14). BER is depending on two parametersfither length (0 km, 5 km, m, 20km) and the
bit rate (1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 8 Gbit/s, 1Bil3). For eah case, we adjusted traock
generatotime delayandthethresholdmarginof thedatadetection to improvethe BER andtheeye
diagram.As anexampley g u3:1Bshowstheeyediagramin thecasewhenthefiberlength is 10

km.
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Figure 3.14: Impact of the fiber length and bit rate on BBR
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3.9 Proposed simulationfor polarization multiplexing
technique (4-QAM /16-QAM)

The proposedPOL-MUX sch e me

i s

shown in ygure 3.

16.

polarizationgo carry differentRF (radio frequeny) signalsn thesameiber simultaneouslyAt the

transmitterside, two orthogonal polarizations are separated and multiplexed uSiagd®BC.

Each polarizationcan carry differently or identally moduated waveforms. Theptical carrier

frequerty can also be the same or differe@n thereceiver side each polarizationcomponenis

separatedoy the PBC sameas in the transmitterbut in oppositedirection. The method of

multiplexing two channelswith two orthogonalpolarizationshasthe major b e n efyatoiding

intermodulatiordistortionbetweerthem.In thePOL-MUX appro&h, thepolaizationcrosstalkcan

causes i gcantingpairment.Howeverwith enoughPER,the polarizatiorcrosstalkcan be redced

substantially. The remainingrosstalk and other impairmentsan also becompensated after

detection in the digital domain by digital signal messing tehniqueg55] [56].

We performedsimulationswith OptiSystemsoftwaresimulatorfor thelink presentedny gur e

3.16. Frequery domain equalization is used for lehgul coherent polarizatiomultiplexed

(POL-MUX) systems using quadrature phasét keying and 1&uadrature amplitude modulation

(16-QAM) [i1].
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Figure 3.16Diagram ofPOL-MUX for QPSK and 18J)AM signals.
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In thetransmitterthecontinuousvaveDFB (distributed feedhbe) lasemprovideslOdBmoutput

powerattheemissionwavelength of 1553 nm. The ogdl beam is divided into two parts lay3

dBm splitter. The orthogongbolarizations X and Y in the two arms are generated byiafead
polarizationcontrollerswith Stokesparameter$S1,S2,S3)equalto (0.9999,1.6134, 5.31¢) and
9.659091 ,1 . B3) 1@ power is 1dBm.

(710.

1071

.

4-QAM —E—
16-QAM ——

SER

"-,irt& -
.

0 20 40

PER(dB)

60 80

Figure 3.17: The performae of QAM signals for different polarization extiton ratios.

Thefiber dispersion i9=18 ps/nm/km and dispersion slopee0.08 ps/nnf/km [c14]. In both
arms OSSB (Optical Single Sideband) signals are generated usingliivalMZM. One of the

driving signaphases ishifted by 9OUcomparedo the other. The modulatordriving signalis a 1

Gbit/sQPSKsignalonthe carrier frequency of 10 GHz ftive X-polarization arm and 1 Gbit/s 16

QAM signal witha carrier frequency of 10 GHz fdhe Y -polarizationarm. (Figure3.17)shows

theeffectof polarizationcrosstalkn thecaseof QP SKand16-QAM modulation in terms of symbol

error rate (SER). As the PER increases polarizatimsstalk reducesresulting in better

performanceTo completelyseparatéwo polarizations PERf 22 dB hasto be achieved.For low
PERthesignalpowercouplingfrom the QPSK/16QAM to 16QAM/QPSK would béhigh [c14].
The power in the two branchesasthe same equal to 3dbm, the laser provides 10 dBm output
power at the emission wavelength of 1553 nm before MZM1 is 2.1dBm and MZM2 is 2.0dBm and
after MZM1 is-2.4dBm and MZ&12=-2.6. Finally, After optical fiber9 dBm
Thesymbolerrorrate(SER)for QPSKis highercomparedo 16-QAM atthelow PERbecause

the QPSKreceiverdetectsmore unwantedconstellationpointsthanthe actualQPSK dueto the

strong coupling of the 1@ A M

The simul ati

are the received constellation diagrams for QPSK arQAR! signals respectively at 5 dB PER.
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Figure 3.18b, 3.18d is the constellation diagrams for the received QPSK ar@QAB! signalsat
25 dB PERWith 25 dB PER the effect of polarizatiocrosstalk is extremely low as seeryig u r e
3.18.
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Figure 3.18: The eivedconstellation diagrams for different PER
(a)and ¢€) are for the PER =5 dBb) and (d) are for the PER = 25 dB
(a) and (b) are for-®AM and ¢€) and (d) ardor 16:QAM [c14].
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Figure 3.19: The link performaa with PER of 25 dB. As thiger length ircrease<D

effect will be stronger leading to poor perforncan

Figure 3.19 shows the SER perforroamwith differentfiber] engt h s . The PER wa
dB; thus, the polarizatioorosstalkis negligible. TheCD was enabled butber attenuation and
otherfiber effects were notonsidered to observe only tkD effect. Due to the single sideband
(SSB) signal transmission, the effef CD is redwce d s darglyn Foy shortefiber lengths, the
CD effect will be very small, so the SER is extremely low for both signals. Adibdes length

increases, the efteof CD is acumulated and m®mes stronger
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3.10 Simulated thePOL-MUX technique (16QAM /64-QAM)

The novelty otthe polarization multiplexing tehnique is to use two orthogonal polarizations to
carry different optial signals in the same ogi fiber simultaneously. In our investigation at the
transmitter side polarizationontrollers have been used after tentinuous wave DFB laser
providing 10dBm output power at an emission wavelength of 1553ee¢ gur e 3. 20 .

The modulator driving signal is a@bit/s 16:QAM signal on thecarrier frequeny of 10 GHz
for X-polarization, and 1Gbit/s 64-QAM signal with acarrier frequeny of 10 GHz for ¥
polarization. Then the two beams amnbined by a PB. The dispersion i®=18 psihhm/kmand
dispersion slopare0.08 ps/nnt/km. In the reeiver, eah polarizationcomponent is separated by
a PBS. The method of multiplexing twehannels wth two orthogonal polarizations has the major
beneyt cing the intexndodulation distortion between them. InRI@&L-MUX appro&h, the
polarizationcrosstalkcanca u s e  @antanmpgirmengs7] [58] [j1].

However,because polarization multiplexing dees are very sensitive to linear and nonlinear
effect s, a ncgtionnoopdlarigatiorrontroller will affect all system parameters, whirequire
measuring all evaluation parameters as a whole not only a subset of them.PERtinereases
polarizationcrosstalkreduwces resulting in better performas As shown with our simulations, a
PER ofa minimum of 22 dB is required to suffiently ssparate the two polarizationd/ith low
PER, the signal powearoupling from the 64-QAM/16-QAM to 16-QAM/64-QAM will be high.

The SER (symbolerror rate) for 18QAM is bettercompared to 64QAM at low PER beausethe
64-QAM receiver detets more unwantedonstellation points than theetual 16QAM due to the
strongcoupling of the 64QAM signal. Simulation with OptiSystem software simulator has been
used for thdinkpr esent ed i n yalsignal is3ace3siully trandntittedvay p50 i
km SMF with a power penalty of 8 dB. Forchanodulationthe resultedonstellation is shown in

y g u32ég.

The bias voltage for the two MZM is 4V and thgtinction ratiois 25 dB. The phases of
polarizatoncont r ol | er s have been mbdorbote hodlatidndypes a n d
and inthereceiver part. Theresultingpp n st el | at i ons 322 andtable 8MWshows n y g
Ber in two caseshithe case of doldPOL-MUX, we can transmit more data with a higher bit rate,

it will be double compared to the signal PMUX case
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Figure 3.20: Diagram d?OL-MUX for QPSK and 16)AM signals[j1]

Based on the sphere eq. (3.27) $tekesparameters have been extel By using them we
cancharaterize the polarization signal standards. Equation (3.28) preseitsitiBtokeserms

of intensity[53] [59].
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Figure 3.21Constellation and eye diagram of-{8AM and 64QAM without polarization
multiplex
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Figure 3.22: | and llconstellation result for polarization multiplexing (16/@AM) [j1]
Signalchannel POEMUX

BER

4QPSK
16QAM
64 QAM

10—12
1011
10t

POL-MUX

10—11
10—10
10°

Table 3.1Bit error ratein the case with POIMUX for two-channel and just one

In the case of 16QAM modulation, a group of 4 bitsgs®, s, %] is mapped into the signal
constellation as shown in figure 3:2A. The signalconstellation in figure 3.221-A shows the
case of a 64QAM modulation. A group of 6 bits is mapped into a sirgestellation symbol with
real and imaginary parts;ifk) and ny (k). Each modulation symbotontains 4 bits, [s 9, s, 9]
where s and § mustcome from the base layer anglamd s mustcome from the enhaement

layer. For the energy ratio r between the base layer and thecenient layer eq. (3.29) wher e

and

b

ar e

the coordinates
U = a&a (r /
b = &a (1/ 2

of
(1

+

2
(1

t he

+ o

r))

axi s

) )

i n

St okes

completely define theonstellation. Figure3.22.11 shows the signatonstellation of the layered
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modulator. Theomplex modulation symbokre:
S = (m, mg) for exh [x, 2, S, %] represents only the real and imaginary parts sy of
the correspondingonstellation symbol. For example, fog s s1 )] = 0000, equation3.30):
m= U cosb (& + 1 [/ 4) (3.30a)
m= U + b &dsin (d + 1 [ 4) (3.30b)
And in figure 8.1 Egh modulation symbatontains 6 bits, s &, &, 9, S1, 9|, Where 8, s, S,
and s shall be from the base layer amsdad s shall be from the enhaement layer. For the energy
ratio r between the base layer and the eadraentiayer, equation3.31):
U=a(r/10(1+r)) (3.31a)
b=a(l1l/2(1+r)) (3.31b)
The complex modulation symbol S = (Mmg) for eah [s3, 2, 1, S] is the real and imaginary
parts respetively of thecorrespondingonstellation symbol. For exple for [s5, &, 8, 9, S, S
= 000000, equatiorB(32:
m= 3Ucots b( A + 1/ 4) (3.32a)
mg= 3U + b &dsin (d + 1/ 4) (3.32b)
In manycaseswe have phase shift as an error in the sigasimission. In this investigatipn
the effet of some spaal phase shifts is presented by ttmastellation diagrams in figuré.22
That shows theonstellation of X polarizationarrying 16QAM signal and Y polarizatiooarrying
64-QAM withap ol ar i zat i on ipthezaseof fgurd 3t28-B andphasé® shift of
9 0 ecasa of figure3.2211-C. It enharmed the transmission of RF sigaalVe can see that the 64
QAM constellationchannel is noisier than the I®AM channel. That is logal becausedensethe
channel is mor@oise,we have due to linear and nonlinear etfdike chromatt dispersionPMD,
crosstalk crossphase modulation (XPM seltphase modulation (SPM), fowave mixing
(FWM), et [j1].

Bit Error Rate (BER)

Q Factor

Figure 3.23: The relation between  Figure 3.24: Simulated the variation
the BER and Q factor of BER and Q factor depending on
fiber length
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Clearly that the polarization phase equal t o
from each other. There is no collision between signal pulses. Each constellation is in its quadrature
which makes the demodulation much easier. Howevehisnchapterwe use coherent detection
because it has a better BER for the same energy per bit to noise power density ratio (EB/NO). The
relation between BER and Q factor is showrEgy(3.33):

BER=-erfc (M_) (3.33)

The Q value represents the system tolerance in dB before the B peifigese3.23 For a smaller
BER, a larger corresponding Q value is noticed, and better transmission is Sesidesthe more
the length of the connection increases more the factor of quality de@rd<¥ER increase For

a bit rate of 40 Gbit/s, the lengths of connections canrmdezk 100 km so that the system has a
good quality. It means that the length of fiber influences the PMD. When the |énigthsmission

fiber increases the DGD also increagp

3.11 Polarization multiplexing with coherent detection.

Weuse a QAM tran=eiver to illustrate the polarization multiplexed treg@isers withcoherent
detect i 0 n, as i n optgalGWe (coBtinu@uS wave TDRR: semcondictor laser is
separated into two orthogonal polarizations by a PB# independent 2D data streams are
multiplexed together by a RBandtransmitted through an opél fiber cable. E&h polarization
brarch contains a single I/Q modator. In PMD applcations, the QAMconstellationcoordinates
in x and y polarizations aresed after the pulse shaping, asphase (Ixomponent and quadrature
(Q) inputs of thecorrespondingl/Q modulator. In I/Q modulator whavetwo Mach-Zehnder
modulators ¢onverts CW light into an optical modulatedbean), each allowing independent
modulationof | andQ component®f theoptical-electrical y el ds f or bot h x and
independent QAM streams are multiplexedether by a P8. In PMD both polarizationgarry
independendata. This ioreases the overall sgeal e fcigncy. In the transmitteco ny gur at i or
shownn ygure 3.25, we are using two i nDdamenden:
streams through 1/Q modulators, we integrated thergklaser t@reate RF signatansmission.

An importantgoal of along-hauloptical fiber systemis to transmitthe highestdatathroughput
over the longest distaa without signal regenerati¢60][61]. Givenconstraints on the bandwidth

imposed by opta | ampl i yer s afibdritsalfl itisiinmpartare tb maximize spedl e
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e fcigncy, measured in bit/s/Hz. But givenonstraints on signal power imposed hper
nonlinearity, it is also important to maximize power (or SNRicigncy, i.e., to minimize the
requiredaveragéransmittecenergyperbit (ortherequiredsignatto-noiseratioperbit). Mostcurrent
systems uskinary modulation formats, sk asOn-Off Keying (OOK) or differential phaseshift
keying, whch ercode one bit per symbol, Sgier a kiencg fimts for various detetion and
modulation methodiavebeen studied in the line§2][63], and nonlinear regimdé4], [65].
Incoherentdetection anddifferentially coherentdetection offer goodpowere fcigncy only atlow
spectral e fcigncy because they limit the degrees of freedom available fooding of information
[66]. TheRF signals are transmitted by polarization multiplexangulttwavelengthsource. By
usingmicrowavesignals at a frequeg of 25 GHz the proposed dhitecture provides ioreased

coverage while maintaining go®ERresults[c11].
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Figure 3.25: Blok diagram presented tfROL-MUX transmissiorchannels in RF[c11]
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3.12 Polarization multiplexing modeling.

Our simulation is based on the agali signal transmission with two orthogorglarizations
using a mirowave subarrier to check the conditions for irtreasing thecapaity of the link
considering thePMD effects. The idea of polarization multiplexing is to use two orthogonal
polarizations tocarry different RF signals in the same ogtifiber, simultaneously. In the
simulation seup at the transmitter sidere used parizationcontrollers after theontinuousvave
DFB laser providing 10 dBm output power at an emission wavelength of 1553 nm. The |lasér opti
beam is divided into two parts by ad® PBS. Eah polarizationcan carry different or idental
modulation wavrms and bit ratedVeused polarizatiogontrollers before and after the MZM to
handle th®PMDeffect as s hown i modylaiondrieng Sgndl is aGbifsi6eQAM
signal on thecarrier frequeny of 10 GHz for Xpolarization and Lbit/s 64-QAM signal witha
carrier frequeny of 10 GHz for ¥polarization. Then the two bearagcombinedby a PBC. On
thereceiverside each polarizationcomponent is separated by a PBS. The method of multiplexing
two channel s wi t h t wo orthogonal pol aingitheat i 0N s
intermodulation distortion between theems s hown i n ygur ecy@th@tdo t he r
output. In thePOL-MUX appro&h, the polarizationcrosstalkcancauseas i gcantingpairment.
However,with enoughPERthepolarizationcrosstalkcanberedwedsubstantially. The remaining
crosstalkand other impairmentsan also beompensate{67] [68] [69].

The parameter of th@omponents is shown in the table below2)3.

EmissionPart Reception Part
Laser DFB:Linewidth = 10nm, PhotoDetetor (PhDet) coherent
Intensity = 10dBm, Wavelength =155@m detector
Polarization Beam Splitter (PBS) tadBm eah sice PolarizationController (FC)
PolarizationBeamController (FC) S Polarization Beam Splitt¢PBS)
Oscilloscope vy Photodiode
Mach-Zehndemodulator (MZM) Microwave detetor
Driver ofAMRmpl i yer F Digital signal preessing
Microwave modulation BER evaluator

Microwave osillator
Digital signal soure
PolarizationBeamCombiner (PE)

Table 32: Components parameters of the simulation
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The obtained result is veigteresting: we had a good bit error rate arounél fbd output one

and 10’ for the seond output as it shown in figure (3.27). W& remark from the eye diagram

that beause of therosstalk, the ? channel isnoisierthan the 1 one isbecause of tk crosstalk
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Figure 3.26: RF spectrum analyzer of theahd 29 output[c11].

Weget someproblens caused by thbehaviorof dispersionPMD, and thenon-linearity effects.

Amplitude (a.u.)
am

am
+

&m
+

2m

0 0.}5 1!
NN/
] A
g e A A‘«M“‘k‘ﬁé” \\ |
1 7 N\ 7
: § 7 N\l
\J
0 0=5 0 05 1I
Time (bit period) Time (bit period)

Figure 3.27: Eye diagram for th& and 29 output[c11].
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3.13 Conclusion

The capaity enharement of existing optal links is an important issue. For that purpose,
polarization multiplexing is @osteffective approah. In aPOL-MUX system the crosstalkis a
substantial problemwhich mustbe redee d s dardly in yhis appach, two wavesmust be
created simultaneously with equal intensity and with a pesiagle polarization.Then theyare
independentlymodulatedand combined on a singlemode fiber with precisely perpendiular
polatization. Despite these mautions during propagation along thieer PMD causescrosstalk
impairing signaltransmissionAs a countermeasure to that problem, a new apgrdzas been
applied. We introdeed a 90" phase shift between the two agatiwaves. That way there are two
orthogonalincoherentoeams irthe time or frequety domain. By keeping this orthogonality, the
effect of crosstalkhas been redie d s darglyn A BER better than 10%has beenchieved using
a 10km long fiber with 12 Gbit/s modulatiors. The &hieved measurement results prove the
applicability of the POL- MUX techniquein links for high-speedlong-distarce transmission
increasinghis way thespectral density oinformation.

Using the polarizationontrol tocompensate the PMBy preand posttcompensatiotechniques
provides better transmission quality. Furthermore, usingtité®OL-MUX tech ni qu ecans i gni y
improvementhas been achieved. Besides integratingthe beam splitters and beam combiners
improves the POL-MUX structure, which improvesthe BER to 10' for less tharl00km. The
impact of data sequare on the transmission perforntarhas been investigated in terms daqor
and BERconsidering different modulation formats like-fAM and 64QAM and polarization
phase shift of polarizatiocontroller. In the example of modulation in-{FAM our results show
that its sequeases give lower variability. A differere in variability between these two types of
sequene modulation has been observed. By thigdgtof the variability of performae as a
function of data sequee type, thechoice of polarization phase of polarizati@montroller is
extremelyimportant to obtain a good transmissepralityaswe hava4 5e pol ari zat i on
for the local oscillator beam means that beam has two components are: one with asegnee
polarization phase state and one withe90 thesother polarization. This way we can get mixing
producs from both waves with thepolarization.The last deade has seen enormous growth in the
development of large bandwidth mobile data agpibns and the number of mobdestomers. The
increase in the number of users and the bandwidth demand per usecbdséowte providerso

explore higher frequeres that lie in thé®OL-MUX technique.
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CHAPTER 4

POLARIZATION MULTIPLEXING
MEASUREMENT

4.1 Introdu ction

Themillimeter-wavefrequerties, 28 GHz and 60 GHz are the most promising fregjasfor 5G.
The 60 GHz bandan provide an available signal bandwidth of 2 G®1z Every radio base station
is connected to acentral station in the network. Thereadrend to apply a very simple radio base
station and performed the aessary proessing in thecentral station. In this apprda the carrier
frequerty is generated in theentral station it is modulated and the modulat&dier signal is used
to modulatehe optcal bean{5][6]. This method hasia n y cuttiésfinyhe 60 GHz band. E.g. the
recei ved si gcadly redicesl asstivdiper ieygth is ircreased. Therés another way to
overcome the problem. In this appima thecarrier frequeny is muh lower, and themillimeter-
wave carrier is generated in the radio base staj}[8]. Both method$iaves g wantyproblems.
Therefore, wdnavechosen a different ahitecture.We apply two laser beams with 60 GHz separgtian
radiowaveis between them. The opail and wireless links using polarization multiplexing basn
develope@ndtestedn thelaboratory Forperfect isolationbetweertheoutputschannels are essential
for both multistandard and diversity and MIMO apgations[70][71]. The u#g of the Optcal
Frequewy Upconversion tehnique for solving the MIMO problem, it was tested wdtfierentRF,
differentlength,differentwavelengthsThe main investigation was on how to suppressdiosstalk
is thehighly suppressedosstalkbetween RF MIMO signdl72][73]. TheRoF technology plays an
important role due to its advantage of the dows optcal fiber, lightweight, large bandwidttand
low cost in optcal fiber network PON(PassiveOptical Network)can improve wirelessoveragdl].
The major problem in the measurement is theceiePDL (Polarization Dependent Loss)d PMD:
PDL along the link maydegradethe power differeme set at the transmitters and invalidate the
demultiplexing[74]. The effects of PMD are expeted to bdike those of other approhes thahave
been studied in the literatufés] [76]. Optica | s i g n a | ssofferpfior geeerpldegrading
effects in the optical transmission medium. Among them, the most importantteffaich we will

present in thishapteris PMD [77][78], we studythis phenomenofiom many partgs effect depends
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on many optical parametersand its behaviorusing multi-modulationtype. PMD becomes very
problematt in terms of ratdimiting factors. FirstorderPMD appearect 10Gbit/s butwhenthebit
rate continuesto increase for example,above 40Gbit/s [79], then we are faed to consider the
consequeces of PMD on higher order# first and secondorder PMD compensation system is
required[80]. Among the many studies on PMémpensation, the method investighia this
chapteris the POLMUX technique pnotherhand wechoosdhatoneto sedts structureandadvantage
for doubling the bandwidth andareasng the capaity of the system. Th®OL-MUX experiment
based oithreemainstepssillustratediny g udrlerheexperimentmpedimenbrobstale isthatthis
experiments very sensitive to the simplest movement of devior opttal fiber connection between

for that we should alwaysheck the input and outpuytower|[c12].

Polarisation
Controller

Polarisation
Beam Controller

Optical Fiber SMF

Polarisation Beam
Splitter

Polarisation
controller

Additional link

e

Figure 4.1: Blak diagram for the addition of an ogi fiber link via polarization multiplexing

Polarisation filter

Polarisation filter
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Parameters

SMF length 0 km, 5 km, 10, and 20 km

Bit rate 1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 10 Gbit/s,
20 Ghit/s

Optical modulation on-off keying

Laser output power 13 dBm

Laser 1 13 dBm

Laser 2 12 dBm

MZM 1 quadrature -1.8V is the quadrature point

point

MZM 2 quadrature -1.6V is thequadrature point

point

Photo detector current 0.45 mA

Modulation amplitude 1-2 Vpp

Optical wavelength 1350- 1600 nm

Table 4.1: The main parameters used imtleasurement.

4.2 Polarization Division Multiplexing for Optical Data

Communications

Themeasurement diagram in ygur e redlizehePObbUXs t he
technique We seeon the transmission side that we use 2 lasers with power &gl@ldBm for the
15tone and 12 dBm for thé®aser We connect each laserto aPC thenwe modulatethetwo signals
with two MZM ON-OFF keying generatd with two generators for different datafter the Mach-
Zehndemodulatorswe tied the output sigrato polarizationcontrollers because the MK is very
sensitive to the PMD efte after that wecombine the twachannels using PB. We send the signal
through opttal fiber with varyingfiber lengths from Okm to 25km to see therosstalkeffect. In the
receiver part we separate between the twobannels using PBSThe power afterPBS is
around-5 dBm for e@h channelthen both signals are amplifiebhe implemerdtiono f t he a mp |
is optional When we use jtwe should well adjust the powerdagise as is seen ihé previous
chapter the nonlinearity is sensitive to the highewltage There is acomplicated relationship
betweerthenonlinear effet and the PMD as seenchapter oneWe use it here to anease the power
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because all the optal connectors andfibers attenuate thpower Todetect the output signals, we use
a photadetector y ally. We characterize thetwo outpus for all the systens usingeyediagramand
BER.And nowwe measuraisingdifferent power and with different bit rate aachplitude acording
to the followingparametergc16:

Polarisation
controller 3

Optical
Power Meter

P B Combiner

Optical Fiber SMF

Polarisation Polansation | =
MZM 2
1 | Laser2 controller 2 controller 4

R
— 1 PBSpltter T

lifier I 1| Amplifier

:Il
lifier |« | Amplifier [*
|

Figure 4.2: The bick diagram of the?OL-MUX measurement.

Our measurement based on three main steps are the following:

421 The

Inth e

yr st

yrst

s t e ppolavieatioacdntraller foreirgputli, leeturn on the laserl and we

s AMEM1-QUTRUP )T 1

turn off the lase and MaV12, thenw e

measur e

t he

y r s talfibeuléngthuQ
km, 5 km, 10, and 20 km) and with varying bit rate values (1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 10 Gbit/s, 20
Gbit/s) the results shown in tables ((4.5) and (4®Q0]. We take the value BER andthe eye
diagram. We vary the timelock generator delay to eahce theBER. The tables below show the

W i

results of the three steps for just 10 Rivie see in the table that we have a good signal with BER
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equal to 10! &nd we have no signal in thecsad output. The parameters used in step 1 are the
following and the rsult is showrnin table (4.2)s19]:

E laserl=on

E laser2=off

E Optical fiber length is 1tkm

E Withouta mp | i yer

E The tical power atombiner output-7.7dBm

£ Bit rate:2.4Gbit/s

-8.29 1010

N P s AN M".qa#:;ﬂ'—n\'ﬂﬁ\'ﬁ.""‘.4~3‘M>‘.”'-i \"’m.
-~ v . - o -

.,

-19.46 0

Table 42: BER and eye diagram for th& and 29 output for the 1 step

4.2.2 The seond step (INPUT2MZ2-OUTPUT 2)

Thesecondstepistheinverseofthey r stepit meansveturnonthesecondlaserwith MZ2 and we
adjust the polarizatiocontroller for the seond inputWemu s t  k e eoptput as iway adjssted
i n the yr st s tcalpberleigihtard Bitrager we itakegloatpyp 2 resultsing BER
and eye diagram. Table (4.3) shows the result measurement féf e It shows thatwe a v e n 0 t
signed i n théieverseofstep oneuahdpve have a good transmissioBERIF 10 1.
The parameters used in tH¥ &teparethefollowing:
£ laserl —off
E laser2 =on

E The qotical fiber length is 1Gkm.
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E Withouta mp lIri y e
£ Optical power at PB output =-4.6dBm
E Bit rate:2.4Gbit/s

Power (dBm BER
Output -17.03 0
one

e o
O e iarar o duke a5 TN oLy e -u—., w
e A AT N S At e SRR R o e RSN A o, w o

Output =555 10-10
two

Table 43: BER and eye diagram for th& and 29 output for the 2 step
4.2.3 The third step (INPUT 1/2-MZM1/2 -OUTPUT 1/2)

In the third step, we turn on both laser one and two with keeping all the adjustments for MZM 1
and 2 in step one and step 2 then we will measure the output one and two with varyingdength
and bit rate. The result for 10 kisisshown in table (4.4).

The parameters used in thHé &eparethe following:
E laserl =on

£ laser2 =on

£ Optical fiber length is Zkm

E Withouta mp |l i yer

E The qotical power atombiner output-3.6dBm

E Bit rate:2.4Gbit/s

91



-8.27 10-10

Table 4.4: BER and eye diagram for tlieahd 2° output for the 3 step

Table(4.4) for the 8 step show the two output 1 and 2 with good quality and BER émiéll * ©
for bothsignals.Ilt meansverealizethe POL-MUX techniqueandwe attendto theadvantage of this
technique that we double thmndwidth it means we érease theapaity. Wecan use just one laser
anditseonomy as it is shown in the previous worl
show all t he measur ement ®nd pdanzatiorcoatiolers, which areh ey r
before theMach-Zehnderone and twas to control the M2Vl and tocontrolthepower before th@BC.
The third and the fourth polarizatieontroller tocontrolthepowerbetweerthetwo outputswe must
separatdetweerthe two outputsit meanghe power betweethe first and the send outputshould
be more than 16B.

E  Wemeasure the two outmvith differentoptical SMFs(0 km, 5 km, 10, and 2am).

E  The bit rate (1 Gbit/s, 2 Gbit/s, 4 Gbit/s, 10 Ghit/sG2it/s).

After that,we turn on bothlases andwe measurahe two outputchannels.Table(4.5) showsthe
eye diagram and BER for thé'and 2st eps depend on the 2 stepri at.i
whenthelaseroneisonandthelasentwo is off, alwayswehavebetweergoodto excellenttransmission
signal with BER between 10to 10 1.!And wehaveno signal in output twoVice versa for stepwvo
whenwe havethe 1% laseroff andthesecondlaseron. Themainparametersisedin themeasurement:
E Withoutusinga mp | i yer
£ Laser1=12Bm
E Laser2 =13IBm
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£ MZ1=-1.8V
E MZ2=1.6V
STEP ONE (laser 1 = ON) STEP TWO (laser 2 = ON)
O.F |Bitrate Output Output Output Output
length |(Ghit/s) 1 2 1 2
(km) (BER) (BER) (BER) (BER)
Power -35.78 -9.06 -6.88 -31.56
(dBm)
1 NO 10° 10° NO
0
2 NO 1010 1010 NO
4 NO 1010 1010 NO
8 NO 1010 1010 NO
12 NO 10° 10 NO
Power -26.51 -8.12 -6.43 -17.40
(dBm)
1 NO 10° 10° NO
1km 2 NO
Attenu
ation =
0.15dB
4 NO
8 NO
12 NO .
Power -28.20 -10.30 -8.36 -22.56
(dBm)
1 NO NO
2km 2 NO NO
Attenu
ation
0.3dB
4 NO 1010 1010 NO
8 NO 1010 1010 NO
12 NO 7.7.10° 9.1.10° NO
Power -29.05 -10.20 -8.49 -32.47
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(dBm)

1 NO
7.045
km
Attenu 2 NO
ation
2.9dB
4 NO
8 NO 1010 1010 NO
12 NO 3.2.10° 3.4. 1C8 NO
Power -34.50 -15.91 -14.25 -35.94
(dBm)
1 NO 3.5. 1 10° NO
25.283
km
Attenu
ation
- 2 NO
5.3dB
4 NO
8 NO
12 NO

Table 4.5: BER and some eye diagrams for tharl 2¢ output for the 1 and 29 stgo[j4].

STEP three (laser 1 = ON and laser 2 = ON)

Optical fiber Bit rate Output Output
length (Ghit/s) 1 2
(km) (BER) (BER)
Power -7.10 -9.35
(dBm)
1 10° 10°




10-10

2 1010
0 km
4 10-10 1010
8 10-10 1010
12 1011 1010
Power -6.41 -7.79
(dBm)
1 10-9 109
1km
Attenuation 5
0.15dB
4
8
12
Power
(dBm)
1
2km
Attenuation >
0.3dB
4 109 5.5. 108
) 109 1.2. 108
12 5.4.108 1.2.108
Power -8.30 -10
(dBm)
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1 10° 8.9.10°
7.045 km
Attenuation
2.9dB
2 5.6. 10° 9.10°
4 8.5. 1C° 6.5. 10°
8 9.8.10° 3.8. 10°
12 2.1. 10° 9.1.108
Power -13.94 -15.54
(dBm)
1 10° 108
25.283 km
Attenuation 2
5.3dB
4 9.01.1¢° 8.9.10°
8 7.6.108 9.7.10°
12 3.4. 107 1.2.108

Table4.6: BER and some eye diagrams for tfi@dd 29 output of the '8 step[j4].
4.3 Numerical analysis

Based on the result present ediannelsoné adlmge( 4. 5)
the optcal fiber is, the more the eye diagram is distodad to the attenuation, forthatn a mp | i y e
sometimess addedo control this diminution. But thereal problemof this deformationis thehigher
bit rate which causesl i dulty in retrievingthesignalthroughthedemodulatiomprocess. Referring to
a study related to that subjen chapter one where we investigated the iotjgd the PMD on non
linearity, due to sensitivity of the ndimearity in the higher bit ras. For that the demodulation
technique that is used, wdti has a higher probability of signal detten for example (OFDM, QPSK,
n-QAM), which are studied ichaptetwo. ON-OFF keying modulation is used in thekapterfor its
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being the simplest modulationcteique among others and too easy to atdme polarization
multiplexing teehnique. Due tdiber dispersionyeobtainpulsebroadeningwhich deteriora¢ssignal
reception. The pulsebroadening is dependent on the length offther and the bit rate of signal
transmission. This relationship is presented in the obtained results fol filyer.

We notice that we get ecellent isolation between thé'butput and th@" output, ineverycase
for the yrst step wh econdladeroff we get signabjnsein thesencdb n a n
outputandvice versafor they r sutputin the second stepwhenthesecondlaserisonand t he yr
laser is off andompletely wehaveno sign in the other output it means no power going through the
other diretion. The power in dBm before @aoutput, we realize that due ttee adjustment of the
quadratt point ofMach-Zehndemodulabr one and twoTogeta good point we should wetbntrol
the polarizatiorcontroller and polarizatiop | t e r .

In thetable(4.6) we showthe outputoneandtwo for thethird step,we canremarkthe samepoints
as the Tand 29 step, more of that weavesometimes variase in BER between the’'utputand
thesecondone Dueto thesensitivityof thesystemthe measurement is sometinobsngingwith the
surroundingchangeswhich yields to readjusthe polarizationequipmen{l usedmanualpolarization
as well) Thecurvature of optial fiber under some degree ranges at as polarizationontroller or
that we shoul@onsider thebending radius of théber as when of the imma factor on thevariarce
power oftheoutputs[j4].

4.4 The MIMO wireless system

The antennaechnology developedrom the classt antennasystem which usesan antennan the
emissionpartandonein the receptionpartis called SISO(Single Input Single Output)[3][81][82].
Thenwe hadSIMO (Single Input Multi-Output)andMISO (Multi -Input Single Output),based on all
these techniquesur system still suffers from the lower bit rate for that we use MIMO (Muittut
Multiple-Output)(y g udt3eThe future wireless mobidmmuntations serwes require more data
transmission§B82][83], for this reason, we use multi antennas in emission as well indeigagepart
to increase the bandwidth it means the bit rate or ttapaity of the systeni84][85][86]. MIMO
consistsof the use of a series of antennasheamitting a distint waveform and another ceiving
antennarray.The ehoes of all transmitting antennean becaptured by the eeiving antennas, but
the indcation of thewavemakes it possible to identify it at its initsbuice.
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Theradiofrequerty signaltransmittecbetweerthetransmitterandreceiverantennas n p aeck by
attenuation espally if we send it through a lorngdjstarce in spae, this power attenuation is due to
several phenomena among, the fast fadinghvig an attenuation varying betwegmaximum and
a minimum value in an unusual transmissi@y, the natural obstde like shadow décts depend on
the size of the obstke like mountains anthe strength of the propagating signal depends also on the
distarce, and Rayleigh fading is more ncgable in urbamreas.The signal transmitted by ea
antenna is different. As a result, theheescan be asswated witheach of the sourcesindividually,
which givestheequivalenof avirtually much largerantenna.

@
&),

Y.

aYa)

Receiver
N antennas

Transmitter
M antennas

Radio channel
(MIMO)

o ol S

N

M\

C "D

Figure 4.3: Priniple of the MIMOradiochannein the MIMO system.

Y

We have three maicategory MIMO system are:

U Diversity MIMO: there are many types of diversity (Spatisersity, polarizationdiversity,
diagramdiversity, angulardiversity, frequerty diversity), The diversity canbe combinedwith many
techniques as well for exampbembination with seletion (SC). Combination versus maximum ratio
(CRM) or Comparison otombinationtechniques.

0  Multiplexing speial MIMO: The signals reeived at the reeiving antennas are reassembled
toreconstitutetheoriginalmessagehichis splitinto submessagandeach onesimultaneouslgends
to a reeivedantenna.

i MIMO - Beamforming: The obptive of beamforming is to use multiple antennas to form
beams, ioreasing the BNR, the Signatto-Interfererce and Noise Ratits a quantity used to give
theoretcal upper bounds owrhannel capaity (or the rate of information transfer) in wireless
communcation systems sh as networksThat is amalogous to the signéb-noise ratig and thereby

the throughput, to a ceiver.
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Figure 4.4: MIMO experimerdgomposed of two emission antennas

versustwo receiver antennaf4].

4.5 The measurementteps

45.1 STEP1

Weadjustthe PC1 to getmaximumpowerattheoutputX andminimum power at the output Y of
thePBS

PC1
X
Polarization Power Meter 1
Laser —®— Beam
Splitter 4@ Power Meter 2
Y

Figure 4.5: The step one measuremeidagram.
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452 STEP2

Tocombinethebeamf laserl1 andlaser.2 we usea3dBdirectionalcoupler. Thenweadjust the
PC1 and 22 to get maximum power at the output X and minimum p@itteoutputY of thePBS
Thisarrangemengetupistobey x ¢ ¢ ml y beach. t h e

PC 1

X
Directional |__] Polarisation (2 ) Power Meter |

Coupler Beam

3dB 1 Splitter Y—@ Power Meter 2

[z (X

PC2
Figure 4.6: The snd step measurements diagram.

453 STEP3

We keep the arrangement of STEP 8hanged.

0 Wed o rcdnnet thefiber with polarization X to thé?BC. Weconnett it with polarization Y
to thePBC. We adjust thé>C3 to get maximum power at the output Y and minimum patehe
output X of thePBS

0 Wedo the inverse step, that wle notconnect thefiber with polarization Y to thé®BC. We
connect thefiber with polarizationX to the PBC. And we adjust the &4 to get maximum power at
the output X and minimum power at the output Y of BfgS

U  Finally, we connect bothfibers to thePBC. Check the polarization state at both outputs of the

PBC. This arrangement seteghp is to be yxed yr ml
OF PC3
PC1
' Power Meter 1
Laser 1
= - X
Directional | Polarisation | | Polarisati
Coupler Beam M on Beam
3dB — Combiner Splitter _@
Y

"" ® Power Meter 2
PC2
PC4

Figure 4.7: The third step measurements diagram.
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454 STEP4

We insert theMach-Zehndermodulator andconnect the DATA to it. Then wecheck the
polarization state and adjust it by th€® acoording to STEP 2 if it is reessary. This arrangement

setup is to becdyxed yrmly at the ben

Figure 4.8: The fourth step measurements diagram.

455 STEPS

The last step is that wentinue the experiment in theceiver properly as is shown in thecead

part of thischapter

4.6 The polarization multiplexed improvement in Radioover

fiber network transmission

Polarization multiplexing is the way to solve the problems of multiplexing, modujaahsignal
processng, at the same timedreasing theapaity to 60 GHz and using radiover fiber technique.
The PC offers the manipulationfreedomat any position of the state of polarization by quarter
wave(a- /) plate half-wave(a- /) plateas showriny g u r dn tle mB8asurememie use both

PC types manual and numesi.
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