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ABSTRACT

T h e r eldegtgenerdiion @ptical high speed netwérksc onsi d eligms new pat
for optical access and lofitaul (1000 km and above) communications, to satisfy the
increasing demand for capacity, spectral efficiency and quality of service in telecom
networks. In longhaul transmissions, digital signal processing (DSP), with-bidler
modulation and cohen¢ detection, hasevolutionized optical systems, thanksit®
effectiveness to digitally mitigate chromatic dispersion and polarization mode
dispersion, with an increase in transmission length. However, the drastic increase in
system complexity creates a severe challenges fotinealimplementation, related

also to limited bandwidth of digital to analog converters (DAC), high power
consumption of electronic devices, massive use of hardware parallelization and
pipeline, makinghe system intolerant to any feedback path. On the other hand, future
access optical passive metrrks (PON) need to increageer-user bandwidth, evolving
towards wavelengtdivision multiplexing (WDM) systems, with colourless
(wavelength independent) leavo s t transmitters at t he wuse
different operators to share the same infrastructure. For both core and access
networks, orthogonal frequency division multiplexing (OFDM) is proposed to
overcome the electronic bottleneck, reduce pow@msumption and increase the
spectral efficiency, satisfying current large bandwidth requests.

During the thregyear research work, within the EU ASTRON and the Italian ROAD
NGN projects, new optical network architectures, systerdssabsystems have been
proposed and their performances have beeanalytically, numerically and
experimentdy evaluated

In particular, new digital OFDM systems for unbundling the local loop (ULL) in

access networks have been investigated for -blgh speed PONSs, along with



discrete multitoned (DMT) approaches, based on reflective semiconductor optical
amplifier (RSOA).

All optical OFDM (AO-OFDM) systems have been experimentally tested during a 6
month staying at the National Institute of Information and Communications
Techndogy (NICT) in Japanusing both coherent and direct detection receivers. The
performance of twdlifferent optical devices, able to demultiplex the AW-DM

signal, have been experimentally compared, without optical dispersion compensation
or time gating.

For long haul transmissions, AOFDM can also reduce the power consumption in
case of superchannels, with a high numbesu#channels Analytically formula

have been found for performance evaluation, in terms of maximum number of spans,
frequency offsetphase noise and equalization enhancement phase noise (EEPN),
supported and validated by numerical simulation.

Finally, a novel transmission system is proposed, based on the digital fractional
Fourier transform, to generagncshaped time domain pulse @e receiver side,
reducing the DSP complexity for real time implementation at high data rates.



SOMARIO

! t e ma ckii ottiche dieuocaagenérdione ad alta vel@ai@nsidera nuovi
paradigmisiaper I'accesso otticche per le trasissioni alungo raggio it di 1000 km),
persoddisfare la crescente richiesta di capacficienza spettrale e qualita del servizio
nelle reti di telecomunicazione. Nelle trasmissioni a lungo ragigmpcessamento del
segnalenel dominiodigitale,| 6 ut i | i nodutazioni empdlessee la rivelazione
coerente, hanno rivoluzionaiosistemi otticigrazie alla loro efficaciali compensare
digitalmente la dispersione cromatica da polarizzazione, con un aumento della
lunghezza di trasmissione. Tamta, il drastico aumento della complessita cdedle
difficolta per| idplementazior in tempo realeQuesto edovutoalla banda limitata di
convertitori digitale analogico (DACRad unelevato consumo energetico dei dispositivi
elettronici, a un uso massiccio di parallelizzaziondardware, rendendo il sistema
intollerante a qualsiasi percorsoadintroreazione

D'altra partele futurer e t agcessdottite passivedevono aumentare ieelocita di cifra

per utente, evolvelo verso sistemidi multiplazone adi vi sone di ] unghe:

utilizzando trasmettitori economicie indi pendent i dadlllamm | ungl

dell'utente, consenten@mcheai diversi operatori di condividere la stessa infrastruttura.
Per entrambe le redli trasportoe di acceso, lamultiplazioneortogonalea divisione di
frequenza ortogonaldOFDM), permette disuperare il&ollo di bottigliad dovuto
al | 6el,ertddrre d nconsumo energetico e aumentare ['efficienza spettrale,
saddisfacendo le richieste di banda

Duranteil lavoro di ricerca di tre anni, nell'ambitoidaogetti ROABDNGN e ASTRON
sono state proposte nuove architetture, sistemi e sottosistemarete ottica, valutando
le loro prestazioni, analiticamente, numericamente e asmdramentalmente

In paricolare, i nuovi sistemi OFDM digitalper la disaggregazione dell'ultintcatto
nelle reti di accesso sono stati accuratamente stadiatia velocitadi cifra utilizzando
la tecnica DMTe unamplificatore ottico a semiconduttore riflettente (RSOA).

| sistemi tutto-otticic OFDM (AO-OFDM) sono stativalutati sperimentalmente presso

National Institute of Information and Communications Technology (NI@TGiappone
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utilizzando ricevitori coerenti e direttiSono statevalutati sperimentalmentele
prestazionidi due dispositivi dici in grado di demultiplare il segnale AOFDM senza
compensazione della dispersione otticampionando otticamente.

AO-OFDM puo ridurre il consumo di energiaelle reti di trasporto utilizzando dei
O0Super canal i ®&levatomumdarotdusottopmrtantiaSono state trovate formule
analitiche pela valutazione delle prestazioni, in termini di numero massiimgpan (1
span e lungo 80km di fibradffset di frequenza, rumore di fase e rumore di faggnato
dalla dispergine cromatica neequalizzata. | risultatottenuti sono stati validai da
simulazion numerite

Infine, € stato proposto un nuovo sistema di trasmissione -patainte basato sulla
trasformata frazionaria di Fourier digitale in grado di generare dw@glulsi sinc nel
tempoa | | ato ricevent e dispérsione ctomatichoLa tohgesditee t t o

degli algoritmi al lato ricevente e stato ridotto drasticamertiendo cosi possibile

| 6i mpl ement azi one i n tempcifaeevmfa.e del si st e
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CHAPTER 1

EVOLUTION OF OPTICAL F IBER COMMUNICATION

1.1  Motivations

Global IP trafficwill reach 168Exabyteper monthby 2019 with an increase of fivefold
over the past five yeafd]. Figure 1 show the rate of grow per month from 2014 to
2019. This huge grow is due @olarge bandwidth request coming fralifferentservices
like high-definition interactive video, high resolutioediting video anddistributel
system New terms like big datar deluge of datare used to denote large volume and
variety of data ovevhelming thephysical irrastructure evolutionthe capacity to

manage and to process it.
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Figure 1-1: Cisco Global IP Traffic Forecast, 2012D19([1].

Unlike radiofrequency communicatiotisat havea very limit bandwidth from 300kHz
300GHz, lightwave technology use the infrared region from 363B0THz with
capability ofsupporting Th/s data over thousands of kilometer. Optical silica fiber is the
medium used for such system with a very low cost production, 0.2dB/km loss and small

probability of biterror.



1.2  Evolution of optical transport networks

High speed serial interfadboth client andine) and WDM capabilities are required to
cope with such amount of datrom 2005 to 2010 the intedarate perchannelhas
remaired nearly constant to 100Gb/s biltereis transtions to high order modulation
using coherent detectidgreen linejas shown irFigure3-43. Using polarization division
multiplexing (PDM), advanced coding and of superchannels it is expecteddioTh/s
per line interfaceln Figure 3-43 white dots shows commercially available interface like
Synchronous Digital Hierarch@ptical Transport NetworkSDH/OTN); black are for
routers interface and grdgr EthernetstandardThis technology development is due to
the upgrade of network operation from circudwitched serial interface to packet
switchedparallel interface.

As shown inFigure 3-43, WDM played a very important role for cost effectiveatd
networking able to support very highata rates. Combination with PDM has further
increase the data rates to approximately 100Po/&urtherincreases very challenging
because of thelectrical bandwidth bottleneck limitatioNor+linear effects are viewed

as the fundamental limits for tM¢DM systems whiclimpose a smaller slope in scaling
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Figure 1-2: Evolution ofelectronically multiplexederial interface rates and WDN
capacitieg2]-[3].



the capacities for both research (red triangle) and commercially products (white triangle).
Spatial division multiplexing (SDM) and wideband signal is the ultimate physical frontier
to overcome 100Th/s shown with blue rectangular. Integrationuaadof multimode

will contribute for a low cost and energy per bit. SDM solution will require, as for WDM
system, an wgrade of all networks element, like reconfigurable add/drop multiplexer
(ROADM), amplifier and transponderndowever the cost of SDMmployment seems
very high for a mieterm solution.

As another alternative, opticglacketburst switching does not seems to be mature in
order to cope with such amount of dftheven though it has a low cost and energy per
bit.

Networks operators are requiring a new generation of optical transport network to
efficiently serve thdnigh amount of volume data in a cost effective and scalable manner.
Flexible optical network ardtectures have been proposed in response of figis h
capacitiesand disparate traffic granularity needs of the future Internet. Such networks
rely on the capability to assign a spectrum portion, data rate and modulation format to
bandwidth adaptable connections, with the aim of optimizing the use afetinork
resources and reducing the ecological impact of the network operation.

In the EU ASTRON project[5], a softwaredefined transceiver with improved and
heterogeneous transmission characteristics based on OFDM thatsetiebMide and
costefficient deployment of flexible core networls proposedThis is achieved by the
design and development of cagitimised, compact and scalable photonic integrated
components as well as alktimecessary electronic circuits.

The keyfeatures of the ASTRON transceiver are the ergffigiency and bifate
flexibility to support rates from 10Gb/s to beyond 1Tb/s, for use in both access and core
networks. To achieve energy efficiency, the ASTRON transceiver does not implement
the discrée Fourier transform (DFT) in the electric domain, using pevegrIsuming DSP

and ADCs, but uses a specially designed AWG to multiplex amdulgplex AO-OFDM

and NyquistWDM signals directly in the optical domdé].

Flexible optical networks with the new concept ofliceable bandwidtvariable
transponder and flexible optical cressnnect present the benefit of providing

customized spectral grids whenever new lightpaths are established. The allocation of



several channelsotform superchannel configurations is performed according to user
requests in a highly spectreefficient and scalable manngf]. Modulation formats and
center frequency are no more fixed and to establish an optical chanoptieal cross
connect with variable bandwidth will be able to allocate the desired spectrum requested.
According to ITUT ongoing standardizatiorthe minimum frequency slot unit thatrca
be currently assigned is 12.5GHz and in the future will be dchle/n to 6.25GH%8].
Figure3-43 show the ITUT fixed grid comparison with the optical flexi grid. As can be
observed from the figure with fixed grid transmission data rate are kamit00Gb/s
because it can be fit inside a frequency fixed slot of 50GH&.100®/simplementation

in long-haul WDM transmission was couplatsowith the availability of 10GbE client
physical interface standardized by IEEE 802.3 in 20MéXkt step for hgher bit rate in
WDM transmissionis the use of 400&/s which interfacesis far from industrial
availability. 400GbE task force haveen launched by IEEE 802.3 in March 2014 for a
standard approval expected by 2017.

If we considerthe 400Gb/s imlgmentaion in a fixed 50GHz grid it will probably

overlap with other frequency slot. If higher order modulation is considered the required
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OSNR is very high due to laser phase noise and tight filtering in cascaded RCZDM.

the need for flexi grid in case of 400Gb/s data ratesucial[9].

1.3  Evolution of optical access networks

Legacy accessetworks consist of pairs of copper peiotpoint (P2P) links between the
local exchange and customers; these systems can support digital subscriber lirne (DSL)
based services and Internet Protocol Television (IPTV), but are inadequate for future
broadbandnultimedia applications. Hence, the last mile has become a critical bottleneck,
limiting the profitability of network operators, who are experiencing a substantial
reduction in revenues, due in part to the telecom competition, and in part to an increasing
use of mobile phones.

Fiberbased systems are an effective solution for nlegtgeneration access networks
(NGAN), as they can provide a large bandwidth to residential and businesgl@ers
PON architecture is the mostpeyed fiber to the x (FTTx) system, where x depends on
where the optical link terminatg$1]. The pointto-multipoint (P2MP) topology uses a
passive optical splitter in the remote node (RN) to connect 32, 64 or even 12® ukers
optical line termination (OLT) in the central office (CO). Users shiageoptical media

with a timedivision multiplexing (TDM) approach, and the downstream signal is
broadcasted to all the optical network units (ONU), that select only the data
coresponding to their own destination addresses. In thstrepm link, each ONU
transmits only at timalots assigned by the OLT, using a time division multiple access
(TDMA) protocol to avoid collisions. Statistical multiplexing and media access control
layer allow dynamic bandwidth assignment (DBA), to efficiently exploit the optical
resources.

To further expand the bandwidth capacity, current FTTx systems should evolve toward
WDM-based PONSs, where the passive splitter in the RN is replaced by a arrayed
waveguide grating (AWGkased multiplexer. In this case, each ONU is assigned one or
two wavelengths, and it is equipped with a tunable laser or a reflective semiconductor
optical amplifier, which renodulates an djal carrier sent from the OLTn 2012 the

full service access network (FSAN) consortium has selected the time and wavelength
division multiplexing (TWDM}based PON approach as a solution to upgrade optical

access systems, with a smooth upgrade for deployed netfd@tks



In a way similar to the WDM approach, @FDM-based system uses orthogonal narrow
bandwidth subcarriers to transmit/receive to/from different ON1B. The system
flexibility and bandwidth granularity is higher, coamed to the WDM technology,
because the OLT can manage the number of the subcarriers assigned to each ONU and no
guardband is required. In addition, adaptable modulation format and power scheme are
possible, and the neéar problem of TDM/TDMA systems igvercame, because there is

no synchronization requirement for the ONUSs, that are placed at different distances from
the CO. This becomes of critical importance, when the users are assigned to different
operators that do not share the same equipment i€@heln addition, OFDMbased
systems have colorless (raeer specific) ONUs, without expensive tunable lasers or
large band amplifiers. Using a cyclcefix (CP), it is possible to perform circular
convolution, to equalize chromatic dispersion in theuency domain, with a reduced
digital signal processing (DSP) complexity. In addition, OFDM systems can be integrated
with both TDM and WDM technologies, to further increase the flexibility and the
capacity of optical access systemd OFDM configurationallows unbundling of the

local loop (ULL), so that different operators can share the same infrastructure. The
implementation of ULL in the NGAN is a strategic requiremfentthe European Union
policy on competition an liberalization in the telecommunaaimarketOpen access is
extremely beneficial for NGANS, since it is associated with an increased competition,
that drives higher levels of broadlagpenetration at lower prices.

1.4  High-speed sgle carrier and multicarrier transmission

In asingle carrie transmissiononly one wavelength carry the data informatidn.ideal
pulse shapingsinc(t) pulse in time domainis usually used to avoid intersymbol
interference (ISI) and to occupy the smallest possible bandwaditfying the Nyquist
principle. In frequency domain thas approximately a rectangular spectreant(f).

In a multicarrier trasmission the infortran is carried by multiple lowate subcarriers
which are overlapped in order to maximize the spectral efficiancgne wavelength.
OFDM is one of the approachsad by multicarrier trasmission with overlapped

subcarriers.



1.4.1 Single carrier trasmission

Sincshaped time domain wavefosrdo not have a match filter to maximize the sigial

noise ratio (SNR) at the receiver. To maximize the SNRuarsg root raised cosine filter
(RRC) is used both in the transmitter and receiver. The RRC pulses which cover 64
symbols with a roloff factor ofa = 0.4 as a compromise between system complexity and

system performance is shown in Figurel 1a) & (b) in time and spectrum domain

respectively.
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Figure 1-4: Time (a) and frequency (b) behaviour of a RRC pulse witkhafbfiactor
a=0.4

Design of a single carrier transceiver is shokigure 15 based on a A0Gb/s OIF

implementation agreements for integrated polarization multiplexed quadrature modulated
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Figure 1-5: (a) A polarization multiplexed quadrature modulated integrated
transmitter, and (b) a dual pwization coherent receiver for single carfiet]-[15].



transmitter and intradyne coherent receivers. The optical pbwer a CW laser is
divided intwo parts anaach part is independently modulated by a quadrature modulator,
as shown irFigure 15(a).

The quadrature modulators typically comprise two nested Matimder modulators
with bias control and a 90° phase shifter in the outer modulators with phase [atjtrol
[15]. The output modulated signal are then combined in two orthogonal polarization
states to obtain the signal transmitted on the optical fiber.

The coherent receiver required eight photodjddur set of balanced detectors and linear
amplifier, two ninety degree hybrid and two polarization splitting one for the received
signal and the other for the local oscillator as shéwgare3-43(b).

Singlecariier transceiver implementations are the preferred solutions for-Istiiriand
metro applications, with baud rates ranging between 42.7 and 64 GBaud athelviaigh
modulation formats, with 50 to 75 GHz channel spacing, achieving spectral efficiencies
aboveb.3 bit/s/HZ[9].

Compare tomulti-carrier solutios, a single carrier useadaptive algorithm for channel
estimation, like constant modulus algorithm (CMA) and his variant for higher order
modulation, like radius direct edimer (RDE). Design of optical modulators is complex
for higher order modulation which will increase the system cost.

In general it is easy to implement and require low cost, lower size and a low power
dissipation. Compare to multicarrier it provide lowsgectral efficiency but has the
benefit of easy bandwidth allocation and network management.

ADC requirements regarding bandwidth and number of bits resolution for-lewsti
modulation is very challenging. At OFC 20MTT announced industsrst 16nmultra-

low power DSP for both 100@PSK longhaul and 200G 16QAMnetro optical links

[16].

1.4.2 Multicarrier transmission

Targeting igh speed channel generation tioé¢ order of Th/s, has meet with challenging
limitation due primaty to limit sampling rate of ADC/DAC. To overcome this
limitation, one of the approached proposed is to split the transmitted bandwsdtialier
subchannels (subcarriers) in parallel which has led to creation of superchannels. The

subchannels are no rded to be overlapped as in OFDM. Nyquist optical/electrical
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filters can be used to achieve same spectral efficiasc@FDM, known as Nyquist
WDM (NWDM). Figure 16 show some of the most investigated multiplexing technique
for creating superchanndls7] using more than one wavelength. Strictly speaking dense
WDM (DWDM) is a multicarrier transmission. The main difference is the spacing
between the subcarriers. At the transmitter side an optical comb generation is usually
used to ensure that no crdaatk happen in frequency domain between the subcarriers.
Multicarrier trasmssion based on coherent WDM (CoWDM) use rectangular time
domain pulse and was proposed first[118] with a spectral efficiency achieved of 1
b/s/Hz and 3 dB of penalty. [dA7], as shown irFigure 16, an offset QAM is proposed

with a T/2 delay on one of the modulator arms.-&#f QAM shows less penalty because
ISI and crosgalk is properly eliminated by using practical component. The main
drawback of this setup ithe phase control stabilization on each subcarrier because
otherwise the croswlk is very high. If offseQAM is not used it require a high over
sampling rate. For a realistic implementation it requires a photonic integration, which is
mandatory in almulticarrier systems.

Multicarrier trasmission based on -gaardinterval optical OFDM (NGIOFDM) has
beenproposed and experimentally investigated1i8]-[20]. Similar to Co-WDM, NGI-
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OFDM use redangular time domain pulse shape but with no phase control or-offset
QAM modulation. To obtain good results an oversampling rate of a factor of 4 is used
together with electrical prélter to eliminate aliasing effect. Electrical pfier are used

for subcarrier separation at the receiver side. For both, CoWDM andONfGM the
subcarrier spacing is equal to the data rate of each modulated subcarrier.

Multicarrier trasmission based on Nygu®DM (NWDM) is proposed in[21] to
improve the receiver sensitivity and to relax the requirements of the received filters by
using an extra optical filter at the transmitter with a rectangular spectrum profile. Non
ideal rectangular profile filter is very difficult to realize consequerdgbidual crossalk

exits between the channels. Guard interval can relax the spectrum profile but in that case
the system will achieve same spectral efficiency as in DWDM. Otherwise, electrical FIR
filters can be used as [22] with many number of taps at the transmitter side to keep
crosstalk level low.

Multicarrier trasmission based on coherent OFDM is another optooncreate
superchannels with IFFT/FHarocessingn the electrical domain. The highest capacity
obtained usig digital IFFT is 101.7Tb/s presented [@3]. The main drawback is the
high peak to average power ratio (PAPR) which requirelmear mitigation. Phase
noise mitigation technique are complex requiring a riidiquency pilotone which lie at

the centres of the OFDM band to track the phase ri@#e Cyclic prefix introduce
overhead and reduce the spectral efficiency.

For next generation 400G transmission systems foaitier modulation formatsill

most likely to be used. Figure7lshow several 400G transceiver implementations for
shorthaul (SH), metro, longpaul (LH) and ultrdong-haul (ULH) applications according

to OIFTechOptions400G01.0[9]. The 400G apptiation is suldivided into shorhaul

(SH), Metropolitan (Metro), Londdaul (LH) and Ultra LonegHaul (ULH). SH
applications target very high spectral efficiency. Metro applications target at least 1000
km with the presence of ROADMwith fixed grid (100 GH) or newly designed
flexgrids (75 GHz). For LH application, the presence of ROADMSs is optional but with
distances close to 2000 km. ULH applications should be compatible with distances

beyond 2000 km. Moving to 400G solutions faces a tadtlbetween speral efficiency



and reach flexibility. If higher modulation levels are employed, reduced transmission
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Figure 1-7: Potential 400G architectures in the state of the @AC and ADC
characteristis taken either from Section 6 or from the state of théRigtances
reported either in the state of the art or from OIF contributit:2014.030.00,
*0IF2015.030.01301F2015.100.00°0IF2015.037.01/01F2014.031.009].

unavoidable because these haglder QAMs require higher OSNR, and are more
sensitive to laser phase nomed to fibre nodinear effectsThe higher the QAM order,

the lower the tolerance to narrow optical filtering due to ROADM casgadi

According to the IEEE 802.3bs 400GbE Task Force timeline adopted in September 2015,
the standard is expected in December J@5F.
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From the analysis done in the previous section both sicad transport networks are

Thesis outline and contributions

bottleneck when considering the future demand of bandwidth, low cost solution and low

power consumption.
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The research objective of this thesis is to employ optical communications technology to
provide a high speed novel transsion data to overcome the traditional time division
multiplexing technique used commonly in access and transport layer.

In this thesis the goal is to provide a design and analysis of cost effective fiber optic
access network for unbundling the localpgaamploying analytical and simulations tools.
Propose, design and analyze high speed all optical OFDM trasmission. Establish an
experimental tedbed to experimentally verify the analyzed high speed real time
trasmission.

Propose, design and analyze aelanulticarrier trasmission for optical communications
systems and identify the limitations of the proposed trasmission.

The following present a pre chapter overview of the thesis and the main contributions.

In chapter 1, motivation and state of the drtorrent research topic are described for
both access and transport layers.

In chapter 2 OFDM is proposed for optical access network with direct detection for a low
cost solution. OFDM offers colorless ONUSs, reduced DSP complexity and compatibility
with TDM/WDM technology. It also allows unbundling the local loops if reflective
semiconductor optical amplifier (RSOA) are used at the ONU side. RSOA
characterization is performed analytically and by simulation commercial software.
Adaptive OFDM is used to oveome the RSOA bandwidth limitations and evaluation of
the access networks based on RSOA and OFDM is performed for system design
parameters.

In chapter 3 all optical OFDM (A@FDM) is proposed witha very high spectral
efficiency and aggregated data rat@irect detection DPSK/DQPSK AQFDM
trasmission is investigated with and without cyclic prefix. Polarization multiplexing AO
OFDM with coherent detection is evaluated by analytically formula and simulations
result. Experimentally AGOFDM system is demornstted at National Institute of
Communications and Information Technology (NICT), Japan, with no optical gating and
chromatic dispersion for both direct and coherent detection by using a wavelength
selective switch (WSS) at the transmitter side and an AAtBe receiver. Optical comb

generation for AGOFDM is evaluated both analytically and by experimental result.
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Finally, an experimental comparison is performed between a fiber Bragg grating (FBG)
and AWG for AGOFDM demupltiplexing.

In chapter 4 a multicaer trasmission based on electrical fractional Fourier transform
(FrFT) is theoretically investigated and proposed for high speed optical communications
networks.Theoretical time lens effect is derived based on FrFT and chromatic dispersion
effect suppded by simulation results. A fundamental study to explore the limits of the
proposed system igerformed anddetailed results have been presented. It is
demonstrated that the proposed optical transmission can encode data on both polarization
and no dispeion compensation is needed at the receiver side. Further more, it is shown

that the effect of phase noise is relaxed if compare to electrical OFDM transmission.
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CHAPTER 2

OPTICAL ACCESS NETWORKS BASED ON ELECTRICAL OFDM

2.1 Introduction

Optical access networlkmprise the link betwee@NU (customers) and OLT (service
provider) as shown irrigure 2-1. This is wusually <called o6l
provider propective. The OLT is then connected to the core network, which provides

very high speed transmission from Gb/s up to Th/s using either SONET/SDH technology.
This high speed transmission is not available at the ONU because of installed copper
infrastructurewhich cannot provide this high amount of dafée solution on the so

cal | edi I6d alsdtt |l eneckd is using the optical
In the PON architecture a single fiber originates from the Caldd power splitter are
usuallyused to deliver the signal to ONU

Different multiple access techniques are used to avoid collisions in thEagm traffic
originated from the ONUswhich include TDMA, WDMA, optical codelivision
multiplexing access (OCDMA)

Downstream

Metro/Core
Network

Central Office : . /ﬁ\

OLT

Upstream

Figure 2-1: Schematic of the access netwofkk
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OFDMA is an alternative solutiowhich provides a continues transmission (not a burst
one), enable dynamic bandwidth allocation which provide a high flexibility in both time
and frequeay domain and make use of DSP for channel equalization.

In order to increase the data rate andrihmber ofONU subscriber WDM is one the
solution to be used together with OFDMA.

211 Electrical OFDM with optical modulation

Optical field of a continues wavéCW) laser offers at least five degree of freedom for
information modulationfield amplitude, intensity, phase, frequency and polarization. In
practice frequency modulatias not used

In general, the optical OFDM solution can be divided into two maugs: 1)Coherdn
detection (CO)with field modulation2)Direct detectiorwith intensity/field modulation
IM/DD shown inFigure2-2(a) and (b), respectively. COFDM present a better receiver
sensitivity and a higér spectral efficiency if compare to BOFDM [3].

Figure 2-2: (a) Block diagram of IM/DD and (b) COFDM using optical modulatio
[2].

21.1.1 IM/DD

The OFDM multicarrier signal is generated in the electrical domain, as shofigune
2-2(a), wherean analog front end is used for radio frequency (RF) up converter after the
DAC. An optical modulator (OM) is usewy convert the RFOFDM signal in the optical



































































































































































































































































































































































































