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Executive Summary

This ALPHA Deliverable (D2.2.p) is a summary of tkey messages of the Deliverable D2.2, which
performed a preliminary techno-economic analysithefsolutions proposed in ALPHA Workpackage
2 “Access Networks”.

For the access architectures, the following teciniesearch directions are considered in ALPHA:

» An optical access network, typically Fibre-to-therae (FTTH), capable to interconnect a
large number of subscribers, optimised in termSafEx and OpEx, and adapted to the future
bit-rate needs. Two technical alternatives are gsed to meet this goal:

o A WDM extension of the next generation of GPON (WDQMG GPON), with special
attention for dynamic capacity allocation.

0 An Ethernet-based active optical network (AON).

* A Radio-over-Fibre (RoF) solution put on the top @fPON to eliminate the need for
deployment and associated costs for a dedicatedriR@structure.

This deliverable describes the first steps towarttxhno-economic analysis of the above concepts:
» State-of-the-art study for the techno-economic etspaf FTTH, consisting of two main parts:

o Examples of existing techno-economic studies fofTT that we map on the
architectures proposed in ALPHA to deduce some rgénieends. The costs are
dominated by the civil works (digging), so that tbest of the technical solutions
represents only a fraction of the overall costifglly 50%, in an urban zone).

o Status on the introduction of FTTH in different Bpean countries, with three typical
cases: France, Sweden/Denmark and Poland.

* Preliminary results in terms of techno-economicglie different ALPHA architectures with a
clear indication of their possible techno-econonadvantages compared with other
technologies, either quantitatively (for WDM 10G GIR and RoF over PON) or qualitatively
(for AON).

o0 WDM 10G GPON first results comparing a set of 10G GPON and BMV10G
GPON clearly show cost advantages for the WDM 10R®N solution.

o RoF over PONthe cost of upgrading the RoF equipment for usingver PON
instead of a dedicated infrastructure has beematdd to be in a range of a few
percent of the overall costs of a “classical’ Rofpiementation. The upgrade allows
totally avoiding the dedicated RoF fibre infrasture and eliminating all the costs
associated with it.

o AON different advantages are qualitatively consideréle the addition of
redundancy, better support for local traffic, aliogvan open access network model.

This deliverable gives in general the base to dsame preliminary conclusions and identifies the
scope of the next studies of the project.
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1 Introduction

1.1 Purpose and Scope

The successful deployment of Fibre to the Home ¢fTtEchnology in the Asia and Pacific (APAC)
region with more than 19 Millions of connectiongldy opens new perspectives in terms of broadband
applications and creates a need for a deploymethtiofechnology in Europe and the USA. However
the deployment of this technology is facing consabée problems with respect to the initial
investment. The objective of this ALPHA Deliveralid?.2.p, summarising the content of the D2.2,
will be to identify the factors that are limitingsiintroduction.

The choice of the technical solution is also anésg 0 summarise, we have the choice between three
main categories as described in Figure 1-1 (aralddscribed in ALPHA Deliverable D2.1 [1]). Each
of these solutions has advantages and drawbackb. &ahem is seriously considered by different
operators and their adoption depends on the degolstrategy of each operator.

Central Office Access loop

=) ol — 8<%

POH OLT Optical splitter

Figure 1-1: Three categories of FTTH technologidyg:Home Run Fibre or Point-to-Point (P2P), (2) et
Star or Active Ethernet and (3) xPON architectuiks GPON and EPON

The techno-economic advantages of the differenttispls, mainly AON and PON, and completed
with an analysis of RoF technologies over PON hbgen analysed. After the description of the
methodology (section 2), an overview of the stdtéie-art is given, to analyse existing techno-
economic studies and to deduce some general trésedsion 3). Then, the proposed ALPHA
architectures introduced in ALPHA Deliverable DZ1] for AON (section 4), WDM/TDM PON
(section 5) and RoF over PON (section 6) are aedlym more detail with a clear indication of their
possible techno economic advantages compared \ligr dechnologies, either quantitatively (for
WDM/TDM PON and RoF over PON) or qualitatively (f&ON).

» For AON, an approach where the access network e integrated in the rest of the network
is proposed. In this way, more meshed topologiesactl redundancy to the network and can
lead to better utilisation of resources. Only ariitative evaluation is given in D2.2.

* For PON, a positioning of a WDM 10G GPON with respe a 10G GPON is considered and
supported with quantitative cost results. The dbjecof the WDM 10G GPON is to propose
an access network capable to have an aggregatiehttesimplify the network infrastructure
of this access part. Also special attention isgitcedynamic capacity allocation.

Page 5 of 53



212352 - ICT ALPHA [PUBLIC] 3%
Architectures for fLexible Photonic Home and Acciistworks

» For RoF over PON, a convergent scenario for detigea RoF overlay over a PON is
proposed by adopting the RoF technology for comgt@ms of power losses. In this manner
an existing PON can be reused instead of instadlingw dedicated fibre network.

Performance aspects are not included in this delble, but this will be considered in the next ghas
of the project to really have a more robust pictfrthe cost per user.

1.2 Reference Material

1.2.1 Reference Documents

[1] ALPHA D2.1, “Reference and Emerging Architectuireg\ccess Networks” |

[2] ITU-T Recommendations, “G-series: Transmissioresys and media, digital systems and
networks” (http://www.itu.int/rec/T-REC-G/e)

[3] IEEE 802.3ah Ethernet in the First Mile Task Force
(http://www.ieee802.org/3/ah/).

[4] IEEE 802.3av Task Force, 10Gb/s Ethernet Pasgiied Network,
(http://lwww.ieee802.org/3/av/).

[5] S.-J. Park, C.-H. Lee, K.-T. Jeong, H.-J. ParG.JAhn, K.-H. Song, “Fiber-to-the-home
services based on wavelength-division-multiplexpagsive optical network”, Journal of
Lightwave Technology, vol. 22, no. 11, pp 2582-299av. 2004.

[6] A. Banerjee, Y. Park, F. Clarke, H. Song, S. YaagKramer, K. Kim, B. Mukherjee,
“Wavelength-division-multiplexed passive opticatwerk (WDM-PON) technologies for
broadband access: a review”, Journal of OpticaiMdekting, vol. 4, no. 11, pp. 737-758,
Nov. 2005.

[7] H. Al-Raweshidy and S. Komaki, “Radio over Fibechnologies for Mobile
Communications Networks”, Artech House Inc., NorgipdS, 2002.

[8] A. Banerjee and M. Sirbu, “Towards Technologicalhd Competitively Neutral Fibre to
the Home (FttH) Infrastructure”, The 31st Rese&ohference on Communication,
Information and Internet Policy, Washington DC, US%p. 2003

[9] R. Sananes, C. Bock, J. Prat, “Techno-economigeoison of optical access networks,
Proc. of 7th Int. Conf. Transp. Opt. Netw., volpp, 201-204, Jul. 2005

[10] C. Bock, J. Prat, J. Segarra, G. Junyent, A. Aint&calable Two-stage Multi-FSR
WDM-PON Access Network Offering Centralized DynamB@andwidth Allocation”, Proc
of ECOC 2004 (Tu4.6.6.), Stockholm, Sweden, Sef420

[11] C. Lee, G. Keiser, and S. Lee, “A Comprehensivéhiddology for Comparing Different
FTTP Solutions”, Proc. of National Fibre Optic Emggrs Conference (NFOEC 2008),
OSA Technical Digest (CD) paper NThD3, San Dieg8, Beb. 2008.

[12] BSG Report, “The costs of deploying fibre-basext generation broadband
infrastructure”

(http://www.broadbanduk.org/component/option,contrdan/task,doc_details/gid,1036/I
temid,63/)

[13] ETRI study (http://mmlab.snu.ac.kr/links/hsn/wdrkip/hsn2006/document/2.23.Thu/6-
1.pdf)

[14] S. Kulkarni, M. EI-Sayed, P. Gagen, B. Polonskgl(Babs), “FTTH Network
Economics: Key Parameters Impacting Technology $lets”, Networks 2008, Budapest,
Hungary, Sep. 2008.

[15] R. Medcalf and S. Mitchell (Cisco), “Fiber to tHeme: Technology Wars”, Jan. 2008
(www.cisco.com/web/about/ac79/docs/wp/Tech_Warg Par Ext El 0128.pdf)

[16] Eric Zahnd, Expert and president of the C.R.E.Bir€le, www.cercle-credo.com

[17] www.degroupNews.com

[18] ALPHA D1.1, “Specification of services for accesmbile and in-building networks”

[19] ALPHA D1.2, “End user-requirements and networkc#ipeations”

[20] ARCEP, “Le trés haut debit Points de repére etgmmtives”, Nov. 2006

[21] OECD Broadband Statistiosww.oecd.org
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[22] Svensk Telemarknad forsta halvaret 2007, repo®-BR-2007:27, Dec. 2007, retrieved
from www.pts.se

[23] Claus Popp Larsen, “Broadband and home networ8sveden — commercial
deployments and research status”, Proc. of Broadt@#i8, London, UK, 8-11 Sep. 200

o)

[24] It og telestyrelsen: bredbandsstatistik
http://www.itst.dk/statistik/Telestatistik/Bredbastdtistik/bredbandskortlegning-
1/bredbandskortlegning-2008

[25] Brian Bach Mortensen, “FTTH An Introduction to DGNenergy fibre networks”, guest
lecture at DTU 2008

[26] Dansk Energi : “Fremtiden i ét kabel” from httpaiw.danskenergi.dk/Fibernet.aspx

[27] Przeghd polskiego rynku dogpu szerokopasmowego — Survey of polish broadband
access market, Office of Electronic Communicatieww.uke.gov.pl, Jun. 2008

[28] Report of GbE to end users: http://labs2.com/lsiglkstomers/gigabit-in-lund

[29] IEEE 802.3 Higher Speed Study Group, 802.3ba

[30] P. Rigby, Nortel buys WDM-PON specialist Noveridrsystems Europe, Sep. 2008

[31] Alcatel-Lucent, Strategic white paper, “On WDM-PORchnology and the Projected
Evolution”, 2008

[32] Yang Jing Wen, Xiaofei Cheng, “Light Sources foDW Passive Optical Networks”,
COIN - ACOFT 2007, Melbourne, Australia, Jun. 2007

[33] N. Deng et. Al, “A WDM Passive Optical Network WiCentralized Light Sources and
Multicast Overlay”, IEEE Photonics Technology Lestevol. 20, no. 2, pp. 114-116, 2008

1.2.2 Acronyms and Abbreviations

Most frequently used acronyms in the Deliverable bsted below. Additional acronyms can be
specified and used throughout the text.

2G Second Generation

3G Third Generation

ADSL Asymmetric DSL

AE Active Ethernet

ALF Alcatel Lucent France (project partner)
AN Access Node

AON Active Optical Network

APD Avalanche Photodiode

ARPU Average Revenue Per User

ATFI Andrew Wireless Systems Srl (project partner)
ATM Asynchronous Transfer Mode

AWGR Arrayed Wavelength Grating Router
B&S Broadcast and Select

B3G Beyond third Generation

BMOFA Burst Mode Optical Fibre Amplifier

BMRX Burst Mode Receiver

BMTRX Burst Mode Transceiver

BMTX Burst Mode Transmitter

BPON Broadband Passive Optical Network
BSC Base Station Controller

BTS Base Transceiver Station

CapEx Capital Expenditures

CATV Cable Television

CO Central Office

CPE Customer Premises Equipment
CPON Composite PON

CWDM Coarse WDM

DAS Distributed Antenna System
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DBA Dynamic Bandwidth Allocation
DBR Distributed Bragg Reflector

DCS Digital Cellular System

DEMUX Demultiplexer

DFB Distributed FeedBack

DSL Digital Subscriber Line

DSLAM Digital Subscriber Line Access Multiplexer
DWA Dynamic Wavelength Allocation
DWDM Dense WDM

EAM Electro-Absorption Modulator
ECL External Cavity Laser

EDFA Erbium Doped Fibre Amplifier
EDGE Enhanced Data rates for GSM Evolution
EPON Ethernet Passive Optical Network
FA Fibre-based Amplifier

FBG Fibre Bragg Grating

F-DAS Fibre-DAS

FP Fabry Perrot

FSR Free Spectral Range

FTRD France Telecom R&D (project partner)
FTTB Fibre to the Building

FTTC Fibre to the Curb / Cabinet

FTTH Fibre to the Home

FTTP Fibre to the Premises

FTTx Fibre to the x

GbE Gigabit Ethernet

GEM GPON Encapsulation Method
GMPLS Generalized MultiProtocol Label Switching
GPON Gigabit Passive Optical Network
GW Gateway

HDTV High Definition Television

HFC Hybrid Fibre-Coaxial

ICT Information and Communication Technologies
IP Internet Protocol

IPTV Internet Protocol Television

ISP Internet Service Provider

IT Information Technology

LAN Local Area Network

LARNET |Local Access Router Network

LD Laser Diode

LED Light Emitting Diode

LLU Local Loop Unbundling

MAC Medium Access Control

MDU Multi Dwelling Unit

MMF Multi Mode Fibre

MUX Multiplexer

NG-PON Next-Generation PON

OA Optical Amplifier

OLT Optical Line Termination

ONT Optical Network Termination

ONU Optical Network Unit

OpEXx Operational Expenditures

OSP Outside plant

OTN Optical Transport Network
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P2MP Point-to-MultiPoint

P2P Point-to-Point

PIN Positive-Intrinsic-Negative

PLC Planar Lightwave Circuit

POF Plastic / Polymer Optical Fibre

PON Passive Optical Network

POTS Plain Old Telephone Service

PS-PON Power Splitting — PON

PSTN Public Switched Telephone Network

PTP Point-to-Point

RAU Remote Antenna Unit

REAM Reflective Electro-Absorption Modulator
RF Radio Frequency

RITENET | Remote Interrogation of Terminal Network
RN Remote Node

RNC Radio Network Controller

ROADM Reconfigurable Optical Add/Drop Multiplexers
RoF Radio over Fibre

RSOA Reflective Semiconductor Optical Amplifier
RX Receiver

SDH Synchronous Digital Hierarchy

SFP Small Form-factor Pluggable

SFR Single Family Residential

SFU Single Family Unit

SME Small and Medium Enterprise

SMF Single Mode Fibre

SOA Semiconductor Optical Amplifier

TDM Time Division Multiplexing

TDMA Time Division Multiple Access

TR Take Rate

TRX Transceiver

TV Television

TX Transmitter

UMTS Universal Mobile Telecommunication System
VDSL Very high bit rate Digital Subscriber Line
VLAN Virtual LAN

VoD Video on Demand

VolP Voice over IP

WDM Wavelength Division Multiplexing

WiFi Wireless Fidelity

WIMAX Worldwide Interoperability for Microwave Accs
WP Work Package

1.3 Document History

Version Date Authors Comment

00 2009-03-31 D. Chiaroni First version

02 2009-04-15 D. Chiaroni Second version

03 2009-04-30 D. Chiaroni Third version

04-05 2009-05-06 — B. Lannoo, M. Popov, Final version
2009-05-08 D. Chiaroni
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2 Scope of the techno-economic studies

2.1 General approach

A techno-economic positioning to deploy the FTThigology is fundamental to understand well the
impact of each element in a global cost evaluadiwh derive specifications at the technology level.

All network operators around the world are evahmtihe different FTTH technology options since

the deployment of a FTTH network requires significaipfront capital investments. Building a

detailed economic model that optimises their chgitpenditures (CapEx), operational expenditures
(OpEx) and payback period is fundamental but diffitco establish due to the diversity of topologies

and the specificity of the operator demands. Plamnfor a deployment or upgrading existing networks
is made particularly difficult by rapidly changimgetwork components and a multitude of system
architecture alternatives.

By the above facts several calculations, assumptioid techno-economic models can be built. Such a
model should satisfy some requirements, e.g.:

» Scenarios valuation - the comparison of networkugians

» The cost evolution through years - the evolutiome&tivork (infrastructure, content of service)
is forecast on a “x"- year period

e Simplicity - the models must be easy to handlearclend all parameters must be clearly
identified. Assumption of scenarios valuation

Figure 2-1 represents a general model with its eidignts influencing the network cost and
profitability of the network.

CAPEX
Civil engineering, cable
Interconnection, instaliation
Backhaull, Comtent Final connections
Unbundling puchoscs Electronic equipment

OPEX
Marketing costs

Revenue
Retail number of subscriber x

ARPU) — Amortisation

Wholesale

Network operations
External purchases

Operating profit

Figure 2-1: General model for evaluating the prafitlity of an FTTH deployment

By the mentioned difficulties of building a full @omic model, in this deliverable we will limit the
economic modelling (in this first preliminary stydyo the CapEx evaluation for the proposed
architectures in section 5 of ALPHA Deliverable D21]. The scope is thus related to equipment and
installation costs, and does not cover any OpExedsp(such as maintenance, repair, energy
consumption, pricing & billing, helpdesk...). In atidn, the performance aspects will not be
addressed in this report.
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2.2 Methodology for the CapEx analysis
The costs for the CapEx evaluation can be dividetiiee main categories:
» First category the cost of the civil works (e.g. digging)

» Second categonthe cost of the transmission and interconnecélaments (shared optical
layer): fibre, tubes, connectors, patch panels

» Third category the cost of the network elements, mainly the Ottig ONUs, the optical
couplers and splitters and the regenerative baxegfiired).

The techno-economic analysis will then identify tfilerent cost figures, and their impact on thetco
per user.
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3 State of the art: FTTH architectures & existing te¢no-
economic studies

3.1 Summary of FTTH architectures

As mentioned in ALPHA Deliverable D2.1 [1], to i all future high-bandwidth and interactive
multimedia applications, optical fibre based acaessvorks can be considered as the most future-
proof solution exceeding the current xDSL and Cabbktworks by far. There exist several
implementations of an optical access network, ddipenon the end point of the fibre path and
commonly indicated as Fibre to the x (FTTXx). In tase of Fibre to the Home (FTTH) or Fibre to the
Building (FTTB), the fibre reaches the user’s hoaséuilding. Fibre to the Curb or Cabinet (FTTC)
on the other hand brings the fibre to a serviceen@dg. a street cabinet) near the user. In ther lat
case, the fibre does not reach the user itself,thadremaining gap has to be bridged by another
technology, either wired (e.g. VDSL or HFC) or vass (e.g. WIMAX, WiFi, 3G). In the remainder
of this deliverable, we will mainly use the termT, but this can easily be extended to any other
FTTx implementation.

There are two main categories of FTTH technologmther active or passive. Active Optical
Networks (AONSs) provide a (logical) point-to-poi(fP2P) connection between the Central Office
(CO)* and each user. Commonly used active topologieshamee run fibre (with a dedicated fibre
from the CO to each user, also known as P2P nejwamll active star (with a switch or router
installed between the CO and the user, e.g. Ethesmigch in the street cabinet). More meshed
topologies, however, could also be envisaged foA@MN. Passive Optical Networks (PONs) on the
other hand are point-to-multipoint (P2MP) netwonkbere the access fibre is shared by several users
(e.g. 32, 64...), typically through a branched trepotogy. Nowadays, the most used PON
configuration is a (power splitting) Time Divisiodultiplexing (TDM) PON, with Gigabit PON
(GPON) and Ethernet PON (EPON) as the two most rtapb standards. Wavelength division
multiplexing (WDM) PONs can be considered as amgjregandidate for next-generation PONS.
Additionally, a combined fibre-wireless networkg.eusing radio-over-fibre (RoF) techniques, could
be considered as a cost and energy efficient soltiti provide a high-bandwidth access network.

Regardless of the used architecture, the CO cantain Optical Line Terminal (OLT), which is,
among other things, responsible for packet prongssnedium access control (MAC), etc. In the CO,
the termination and aggregation of the differebtdilines from the users is done and it then casnec
the users to the different Internet Service Pragid¢SPs). The exact OLT functionality however
differs for an AON and a PON, as the former debvardedicated connection and the latter uses a
shared medium. On the user side an Optical Netwhrk / Terminal (ONU / ONT) translates the
optical signal to the in-house equipment signal\énd versa.

3.1.1 Active Optical Networks (AONS)

Common for all AON deployments is that they useeltiet as a service carrier (for e.g. IP packets;
Layer 2) and as transport means between all aetiggoment. However, due to different technical
backgrounds, different practical and geographiocalstraints, AONs differ with respect to the design
and business models. Consequently, there is ntesinght” design as for AON, but a generic design
is depicted in Figure 3-1 comprising access nodisibution nodes and core nodes. The nodes are
either of the Layer 2 (L2, Ethernet switch) or Laye(L3, IP-router) type as discussed in ALPHA
Deliverable D2.1 [1].

The “ideal” AON access network comprise redundamtnections to the core network, a redundant
distribution network built as a ring or a mesh, andumber of access rings connected to different

! The central office (CO) corresponds to the locatibthe DSLAM in a DSL network and the OLT in alRO
but for an AON, the definition is what vague sitke active equipment is spread over the networkeMo
attention will be given to this issue in the nelkape of the ALPHA project by proposing a genemanework
for different network architectures.
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distribution nodes for redundancy. An access rypictlly comprises two — five access nodes. From
the access nodes there are Ethernet connectiotie tbome gateways (which include the ONTS),
either transported over fibre or copper cables

ylomau
2400

| (GIMPLS for traffic B core node (Layer3)
& separation
3 7| Distribution node (L3 or L2 w.
g = 40| limited L3 functionality)
=
i1 i ec |
/) I'. = § . Access node (L2 or L3)
vl :fl-_"J'I .................. | "'ll; ................................. _ MN rﬂf smine md
.' '.I . ". s » traffic separation [T Home gateway (L2 or L3)
[ el
n

Figure 3-1: Generic design of an active opticalwetk (AON)

Section 4 gives a more detailed description of @NAarchitecture, together with some techno-
economic considerations.
3.1.2 Passive Optical Networks (PONS)

A PON is a shared medium where the optical fibredssively (i.e. without the need for external
electric power) split to several end users.

Time Division Multiplexing (TDM) PONs

Nowadays, the most used PON configuration is a @posplitting) Time Division Multiplexing
(TDM) PON, like Gigabit PON (GPON) and Ethernet PE¥ON). A TDM PON is characterized by
the concept of sharing wavelengths. One shared lemyth for all customers in the downstream
direction and another wavelength for the upstrédamious end users in homes or businesses are all
linked to the central node by a single fibre. Tleg lkelement in a TDM-PON network light path is a
splitter, which divides optical power among sevexatl users. Moreover, multiple end users can be
connected to a PON through one or more splittelsctware cascaded - considering optical power
budget. The splitter is a passive element, whichmaehat it does not require any power supplying. |

a TDM PON, the downstream 1490nm and the upstrezi@rin wavelengths are used to transmit
data and voice. The downstream 1550nm wavelengtiveaised for analogue video overlay.

From the CO, the OLT “broadcasts” data packets dangam to all the end users’ ONTSs, using an
addressing scheme. The ONT at the premise thercépts data from the OLT bearing the appropriate
address. The ONTs send data to the central uhitiist, and the OLT controls when the ONTs burst
their data to avoid collisions between upstreanketscform different ONTs. Moreover, each ONT
has a dedicated time slot within each upstreamdram

Table 3-1 summarizes the characteristics of thieréiit TDM-PONs having a standard reference
[2],[3],[4]. Note that GPON can transport Asynchoos Transfer Mode (ATM) frames or Ethernet
frames under a GPON Encapsulation Method (GEM)ogmit Currently, the 10G GPON variant is

also standardized.
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Table 3-1: Characteristics of BPON, GPON, EPON a6 EPON

Relevant values | BPON GPON EPON 10G EPON
Bit rate (Gbps) 0.622/0.155 2.488/1.244 1.25/1.25 10.3/10.3 {1.25
down/up
Max. Total link 25 28 20 29
loss (dB)
Splitting ratio 16(64) 32(128) 16 or 32 32
Distance (km) 20 20 10 or 20 10 or 20
Protocol ATM GEM for Ethernet| Ethernet Ethernet
and TDM, native
ATM
Standards ITU-T G.983 ITU-T G.984 IEEE 802.3ah [3] | IEEE 802.3av [4]
references series [2] series [2]
Video transport RF in WDM RF in WDM RF in WDM RF in WDM
overlay overlay or inband | overlay or inband | overlay or inband
IPTV IPTV IPTV

Reference architecture: GPON

The Gigabit PON (GPON) belongs to the category DMIPONs and is often used as reference
architecture in this deliverable. Figure 3-2 ilhases the GPON network architecture, with the pebdu
line of ALU. The GPON includes an OLT (7342 P-OLT 7342 ISAM FTTU), different ONTs (7342
for the O — | or B series and a 7342/7352 for th&alies). The splitter is a 1:64 device. An opfiom

a CATV box (7340 V-OLT) is available at 1550 nm.eTipstream traffic is at 1.244 Gbps at 1310 nm
whereas the downstream traffic is at 2.488 Gb<l80 nm. The network is controlled with a network
management tool: 5526 AMS including an OSS interfan alarm monitoring compliant with all
ALU access products. The OLT has Gigabit Ether@iH) and 10 GbE bidirectional links to be
interconnected with a metro network.

Internet  IPTY NGN voice

20 km
{max 28 dl_:_i, : Single Family
Class B+) Unit (SFL)

5526 AMS
7342 P-OLT

T34z
- or |-Geries
ONTs

1.244 Ghfs

1310 nm ' B-Series
fas Small { Medium
! 5 488 Gos i — Enterprise (SME)
o+ 1200nm - T o184 2

splitier,”

= 73421 7252

é 1 El

‘E,*’E;’-na'gm i Multi-Dwelling

ko Unit (MDU) with

7340 V-OLT up to 24 LUs

GPON network
Figure 3-2: GPON network architecture

The downstream protocol is composed of contigusamés of 1.25 us. Each frame includes a
Physical Control Bloc downstream (the header offtame) and a payload. The payload can include
two fields: one is the “Pure” ATM cells section, stly unused in reality; and a TDM & Ethernet over

a GPON Encapsulation Method (GEM) section.
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The upstream is built up with bursts. Each burst pgacket sent by an ONT with an adaptation layer.
Typically, each packet includes a guard band, ambde, a header and a payload. At the OLT side a
burst mode receiver is used to demodulate the packeburst mode receiver has a high dynamic
range (close to 20 dB) to be able to detect ankgiazoming from any ONT. At the OLT side, a short
recovery time for the clock (done in less than 85 and can support long sequences of identical bit
(CID >= 72 bits).

Wavelength Division Multiplexing (WDM) PONs

Wavelength division multiplexing (WDM) PONs are exsively researched as a potential technology
for next-generation PONs (NG-PON) [5],[6]. They aomsidered to be an ideal solution for extending
the capacity of PONs without drastically changihg turrently deployed PON structures. Currently,
WDM-PON standard contributions are prepared. A nmecent evolution is the combination of TDM-
PON with WDM-PON, resulting in a — either long-rhaar not — hybrid WDM/TDM PON.

Section 5 gives a more detailed description of ee pWDM- PON architecture and two different
implementations of a hybrid WDM-/TDM PON, both ehiab dynamic capacity allocation. General
techno-economic considerations and some prelimireaylts are provided for these architectures.

3.1.3 Radio-over-fibre networks

A Radio-over-Fibre (RoF) system is a fibre-fed rilistted antenna network [7], and can be considered
as a hybrid fibre/wireless technology. It is fundsrally an analogue optical transmission system
because an optical fibre distributes the radio fawe, directly at the radio carrier, from a mastait

to a remote antenna unit (RAU).

RoF technology can be used for implementing a Digted Antenna System (DAS), resulting in a
Fibre-DAS (F-DAS). DAS extends wireless coverage fioultiple operators from multiple Base
Transceiver Stations (BTS) to multiple locationsl gsrovides high coverage uniformity with low
radiated power. Furthermore, F-DAS enables futuoefing, supports multi-band, multi-operator in-
building coverage, allows flexible cell-splittingorf evolving capacity needs and planning
requirements, and cell shaping with handover mizétidn.

Section 6 gives an indication of the extra equipmnma®ded in a PON architecture to implement RoF
over it for deploying a mobile access network.

3.2 Existing techno-economic studies for comparing FTTHarchitectures

A variety of techno-economic studies for comparidifferent FTTH architectures can be found in
literature. However, based on their origin and tlemsidered scenarios, many differences can be
noticed and they have to be analysed in a criticahner. In this section, we make a distinction
between research-based studies (with no or litternercial involvement) and the more commercial
tinted studies, written by a company. We end taisn with some general conclusions and trends.

3.2.1 Research-based studies

Towards Technologically and Competitively Neutral Fiber to the Home (FTTH) Infrastructure
[Carnegie Mellon University, 2003]

This study is performed by Carnegie Mellon Univigrén 2003, and gives a clear overview of the
differences between a Home Run, Active Star and R@Nitecture [8]. Further this paper mainly
focuses on different competition models for FTTH] ahe viability of each architecture for the
mentioned forms of competition.

In addition, there is also performed a techno envo@nalysis to quantify the obtained results. The
CapEx per home passed for the Home Run, Active &tdrthe PON architecture for each of the
deployment scenarios (urban, suburban, rural),naisgua community being served by one CO, is
shown in Figure 3-3. The necessity of deployingtadl fibre up front, with its attendant construntio
costs makes FTTH a decreasing cost infrastructittepenetration. The PON appears to be the most
economical FTTH architecture. For very low levefspenetration the Home Run architecture is
significantly more expensive as more fibre needsapre-positioned in the Home Run case, while for
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high levels of penetration the cost difference drapabout $ 200 (at 100% penetration) per home in
an urban deployment. The Cost per Home PassedSamned) is sensitive to loop lengths especially
for the Home Run architecture which has much higlosts than PON in rural areas (particularly for

low penetration levels).

Architectures and Deployment Scenarios

O Splicing & Enclosures

B Drop Loop

B CPE

B CO Electronics

O Remote Node

Capital Cost per Home

O Construction

W Fiber

O Central Office

Urban Suburban Rural

Figure 3-3: Breakdown of Capital Cost per Home FarTH architectures [8]

PON advantages are clearly proved in this papet,tla@ largest influence is noticed in a rural area
mainly due to the fibre and construction (i.e. lowiorks) costs. However, as fibre costs are drakyic
reduced during recent years, a similar study todeyld give smaller differences between the
scenarios. But it is certainly true that a rollou{less-populated) rural areas is more expenginvetd
higher fibre and digging distances. Note that fonstruction, a combination of digging and aerial
rollout is considered in this study. For a rollaith 100% digging the construction cost would be
much higher, as will be shown in further studies.

Techno-Economic Comparison of different architectures of Optical Access Networks [UPC, 2005]

In this study, performed at Universitat Politecni& Catalunya (UPC) in 2005, five different FTTH
architectures are analysed [9]:

1. P2P - 2 fibres Networkit has two fibres for every connection, which egvthe complete
bandwidth of the network for every direction.

2. P2P - single fibre Networlt is also a P2P architecture but with only agkerfibre between
the OLT and the ONU. It uses two different waveténtasers for downlink and uplink
directions in order to eliminate the Rayleigh baecktering effect.

3. Single fibre Power Splitting (PS)-PON is a classical PON in which all ONUs receive t
same optical signal, therefore multiplexing usa@sismissions in time.

4. CWDM - PS-PON with reflective ON@ uses M Distributed Feedback (DFB) lasers i@ th
OLT to address through the AWG a specific poweittgp] creating a virtual PS-PON for
every wavelength.

5. Multi-FSR WDM-PON with reflective ONUt uses tuneable lasers in the OLT to select the
output port of the MxM AWG in the OLT as well asetixN AWG output port, which
connects to a single ONU, where data is sent [IBis architecture uses the Latin Routing
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characteristic of the AWG in order to have moreifidity when transmitting information to
different users.

Figure 3-4 shows the total cost of each of theistudetworks with prices from 2005 (referred to as
“current”) and with some prices estimated for ag@05 (that optical components are expected to have
in some years, considering an evolution of thegsriaf optical components as Moore’s Law estimates
the cost of semiconductor prices along time). Withrent prices, PS-PON is the most economic
solution. Considering the expected prices of thiicapcomponents, the three PONs have very similar
costs. If the take rate is high, CapEx per useéhefPONs have a third of the price of a singleefibr
P2P network and a fourth of a two-fibre P2P netwdirithe take rate is low this difference can be
much higher, up to nine times.

Both CWDM-TDM and DWDM, together with the bidirestial reflective transceiver in the ONU
have been demonstrated to dramatically lower theE€aand OpEXx per user of the network. If the
take rate is low, the difference is even greatemmared to the P2P networks, due to the low cost of
the feeder and the sharing of the expensive conmgeradong many users. A study of the market
bandwidth demand has to be done in order to deideis worth implementing P2P or PON
depending on the bitrates required. ComparingwlieWDM-PONs with the PS-PON, some decrease
in the CapEx per user is noticed, with the advantafghaving a network with high privacy that PS-
PON can only achieve using very robust encryptemhmiques.

CAPEX per user with current prices

&

At

CAPEX per user with expected prices

s = —o—100% TH
12,000 € o = 7E% TR 12000 € ", s TR TR
10,600 € \ e =O% TR 10,000 £ \ &— 50 TR
5 G000e | —— 25% TR B ooune N w—25% TR
§B000E 4 e X I L It
4000 € e 4000 E el O
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-€ - —
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FRP 3 F2P1f PS-PON OWDM DWVDR
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Figure 3-4: Current cost of the networks for diffat Take Rates (TR). Right: Expected cost of ttveanks [9]

In conclusion, this study clearly shows some teoltmnomic advantages of PS-PONs and in the near
future (if component prices decrease in some ydard)/DM-PONSs.

A Comprehensive Methodology for Comparing Different FTTP Solutions [National Taiwan
University of Science and Technology, 2008]

Owing to the many operational and cost factors lvea in designing and implementing any type of

PON, it is difficult to make a detailed comparisafrdifferent proposed networks. A study, performed

in 2008, from the National Taiwan University of &uwce and Technology presents a method for

comparing different Fibre to the Premises (FTTR)timns using factors such as information capacity,

subscriber number, network flexibility and growtbhtgntial in order to select an optimum network

design [11].

Five different FTTP architectures were compared:

1. Point-to-point architectureThe simplest FTTP network is based on using idd& point-to-

point fibres to connect subscribers to a CO. Thereeither one bidirectional or two
unidirectional fibres running between the OLT amathe subscriber. This architecture uses a

large quantity of fibres, but is advantageous & trandwidth demands of each subscriber
require use of close to the full capacity of thargecting fibre link.
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2. Regular PON architectureHere a single bidirectional feeder fibre connezt€O with a
passive optical power splitter and combiner, lotatéé a remote node (RN). Individual
distribution fibres run from the RN to subscribecations. The regular PON architecture uses
TDM for downstream (CO to ONU) and upstream (ONUWCD) transmission.

3. Regular WDM-PON architecturdn this architecture, a wavelength router sucta gassive
arrayed-waveguide grating (AWG) replaces the optggitter at the remote node. This
configuration allows each subscriber to use onvor(for up- and downstream) wavelengths
for their transmission.

4. Regular DWA WDM-PON architecturd regular Dynamic Wavelength Allocation (DWA)
WDM-PON is a block-free architecture that uses alnhe lasers. A major advantage of this
architecture is that it allows more network flekilgito assign services to subscribers, since
each subscriber can receive several wavelengthaddition, the bandwidth efficiency is
increased.

5. Cascaded TDM-WDM PON architecturtn this architecture the traffic passes through a
cascade of a wavelength router and an opticaltesplit combines the TDM techniques of a
regular PON with the capacity expansion capakslioea WDM PON. An AWG separates a
multiple-wavelength stream coming from the CO iatcaumber of individual wavelength
channels. Each channel then serves a cluster aftsbbrs using the TDM scheme of a
regular PON. The use of coarse WDM (CWDM) is coesad.

Figure 3-5 shows the maximum span distances fov#nmus FTTP types based on the projected
bandwidth requirement for future years. It is fouhdt using the regular PON or cascaded TDM-

WDM PON architecture with PIN receivers, informaticannot be transmitted within the 12-year

window at the desired 1 Gbps data rate. Howeveayeéfy receiver of the subscribers changes into an
avalanche photodiode (APD), those two PON typesspan almost 20 km.
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Figure 3-5: The maximum span distance with the feid¢ivers [11]

The regular PON is a useful technology currentlgaoise it can serve more subscribers on a fibre and
can provide enough bandwidth for their requirediser However within five or six years, an upgrade
of the equipment has to be done. If TDM technolggtill used in a regular PON, there would be
some problems. First, the optical power budget imesosmaller and we cannot use the original link to
transmit the new higher data rate. On the othedh#nalso means that we cannot transmit our
information over a longer distance. Second, the utaitbn bandwidth of the light-sources located in
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OLT and ONU needs to be externally high. If theadatte of each subscriber is 1.25 Gbps and we
provide 32 subscribers at the same time, the modaoldandwidth of each light-source is equal to
40 Gbps. That is hardly feasible and other archites must be considered.

The regular WDM-PON architecture is a better chai@n the others. There are some advantages in
the regular WDM-PON, for example, it can providenmaifferent applications in one fibre link and
the bit rate is independent of each wavelength.r@hie no need for the ultra-high modulation
bandwidth of each light-source. On the other hawadpeed light-sources can be used to enable our
application. However it potentially is more costlp. the regular WDM-PON architecture we need
more light-sources in the OLT and each light-sousce&avelength specific. More wavelength-stable
equipment is needed, which increases the cost wieedeploy this architecture. Thus, a future task
for engineers to solve is to create inexpensiveuwtess light-sources for this application.

The costs of deploying fibre-based next-generation broadband infrastructure [Broadband
Stakeholder Group, 2008]

This study, made by the Broadband Stakeholder Ghow®D08, provides a detailed analysis of the
deployment costs involved in deploying fixed-limérastructure to provide next-generation broadband
services in the UK [12]. It is based on realisssumptions that are detailed, clear and transpareht
has been modelled on geographical data specifiheéoUK. The research has been informed and
validated by the key commercial players, includingtwork operators, technology vendors,
deployment specialists and other industry experts.

The cost model considers three different technoldgoptions for the provision of next-generation
broadband services:

1. FTTC/VDSL Fibre to the Cabinet (FTTC) using VDSL involvesihg fibre-optic cables to
street cabinets. Such cabinets are typically withifew hundred metres of the customer
premises. Active equipment is then deployed in sheet cabinet that connects to the
customer premises using existing copper cableselBpg upon the length of the final
copper line, download speeds of 30-100 Mbps caxpected.

2. FTTH/GPON FTTH using GPON involves laying fibre-optic cabldirectly to the customer
premises. Each fibre is theoretically capable dbvigling up to 2.5 Gbps of download
bandwidth to the customer premises. However, thisdividth is typically shared between
more than one customer.

3. FTTH/PTRP FTTH can also be deployed using point-to-point P fibre connections. By
using this technology each customer premises hatedicated fibre that using current
technology is capable of supporting symmetric catinas of up to 1 Gbps.

The total costs for connecting 100% of the poparatising each technology are shown in Figure 3-6.
Deployment costs for FTTC/VDSL are dominated bydiland cabinet costs. It can be seen that both
types of FTTH are dominated by the costs of civilrke, which also represent the area of greatest
difference between the two: The key differencesvben the two FTTH technologies are in the costs
of civil works.

This work has shown that the costs of deploying IHTare of the order of five times the costs of
deploying FTTC, and that the costs of deploying AIATP are around 15% higher than for
FTTH/GPON.

In a market where the business case for any diettfeologies is not clear cut, and the availabdity
funds for investment is uncertain, FTTC/VDSL iselik to be the main technology in the medium
term. This is consistent with the strategy annodrmeBritish Telecom (BT) on 15 July 2008.
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Figure 3-6: Costs for nationwide coverage of eaathhology [12]

3.2.2 Commercial driven studies
Comparing EPON with WDM TDM PONs[ETRI, 2006]

In a study from ETRI, dated from 2006, a technorecoic analysis for WDM/TDM PON is given
[13]. ETRI compared a PON with a WDM/TDM PON andwled that the exploitation of the WDM
dimension could be interesting in terms of cost.

Figure 3-7 shows the architecture of the WDM/TDMNP6&tudied by ETRI. At the ONU side each
subscriber is connected to a specific wavelengtie. flineability is blocked by the optical multiplexe
used before the transmission line. Each wavelersghared among a group of 32 users through a
Time Division Multiple Access (TDMA) technique. Theimber of wavelengths is a parameter that
can be changed with respect to the capacity nédus. the optical demultiplexer, all the wavelength
are multiplexed and sent into a transmission spdie- 40 km. At the end, an optical demultiplexer
separates the wavelengths that will be demoduliatéde switch of the CO after an opto-electronic
conversion.

TS: Time Slot
Figure 3-7: Architecture of the WDM/TDM PON studiadETRI [13]

ETRI made a comparison between different soluti&aBON, pure WDM PON, WDM Ethernet PON
(WDM/TDM PON) for 16 and 32 wavelengths. Figure 3Bows the cost per channel of the
considered architectures. The conclusion is tratadkal cost per channel of the WDM Ethernet PON
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with 32 wavelengths solution is very close to theEnet PON solution for the same minimum
guaranteed bandwidth: 31 Mbps indicating that tHeM\imension can be very efficiently provided

if it is combined with a TDMA technology. Otherwjsgithout using TDMA, the cost explodes as can
be seen for the pure WDM solution. In the casena dedicated wavelength per user, the access bit
rate is much higher but because of a poor cosirghahe total cost per channel per user is higher.
The channel cost for a WDM PON is 504 $ with respe@12 $ for the Ethernet PON.

= Deployment cost (based on 1000 channel deployment)

US$ per channel US$ per Mbps
600

l:| Electrical Cost per ch (E)
B Optical Cost per ch (Q)

Il Total Cost per ch (Total)
[ === Tgtal Cost per Mbps (Mb)

500 -

300 6
200 4
100 [ 12
E-PON ETRI WPON WE-PONI16 WE-PON32
Min 31Mbps 1Gbps Min 62Mbps Min 31Mbps
32 ch/Fiber 32 ch/Fiber 256 ch/Fiber 512 ch/Fiber
135 §/E 154 $/E 147 §/E 137 $/E
77 8/0 350 $/0 157 /0 135 $/0
212 $/Total 504 $/Total 304 $/Total 272 $/Total
6.8 §/Mb 0.5 $/Mb 4.86 $/Mb 6.8 3/Mb

Figure 3-8: Cost analysis when comparing E-PON, @NPand WE PONSs [13]

FTTH Network Economics. Key Parameters Impacting Technology Decisions[Bell Labs, 2008]

In a study from Bell Labs presented in 2008, aitbetaanalysis of FTTH economics across a range of
different scenarios and parameters was developagaing P2P, Active Ethernet and GPON [14]. If
we compare a P2P versus an AON versus a PON attingeve can have the following tendencies:

» Point-to-point networks require 1 fibre per sulseri and many transceivers (2n). The
advantage is that there is no active device iridhe.

» AON networks have less fibre, but 2*(n+1) transee$vand active equipment in the field.
* PON networks have less fibre, les transceivers)(antl passive equipment in the field.

A business case has been studied for a GermanP@fy:and Active Ethernet vs. GPON. Results for
some real-world customer modelling case studie® \peesented with sensitivity analyses. They are
summarized as follows

1. GPON vs. P2P network

Over a wide range of take rates and parameters Ng®0vides lower CapEx/subscriber and
OpEx/subscriber compared to P2P. This is primatilg to the significant outside plant (OSP)
fibre investment needed on Day 1 for:

» P2P. Average savings: CapEx = 20% and OpEx = 55-60%

« 2-Tier GPON is more cost effective than 1-Tier (fulti Dwelling Unit (MDU)) by
0-10%.

» The specific results above apply to an example chss overbuilt FTTH network
deployment in MDU, but this study shows GPON sasiagply to an urban/suburban
Single Family Residential (SFR) deployment caseels
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Sensitivity analysis shows that the Top-3 pararsatapacting CapEx are: (1) Fibre cost per
meter, (2) GPON CPE cost and (3) Ethernet switat, @nd that the Top-3 OpEx parameters
are: (1) Right-of-Way, (2) Cost of energy and (8)r& maintenance

2. GPON vs. Active Ethernet network
Here an operator may consider serving FTTH subaxgitirectly from the Digital Subscriber

Line Access Multiplexer (DSLAM) chassis. In suchuations, the economics of Active
Ethernet (AE) and GPON will change considerably.

* An Ethernet card in the DSLAM is expected to preval cost effective solution for
FTTH in low or medium fibre deployment situatiomakie rates ~ 10-20%).

 The CapEx/subscriber difference between GPON andafd small (<5%), but
OpEx/subscriber is a big differentiator. GPON pd®s OpEx savings from 5-58%
with higher savings for increasing take-rates.

In areas where no DSLAMs are deployed, GPON is @rpeto be more cost effective in
general because of the additional cost of buildiregOSP cabinets for AE (Figure 3-9) and
significant OpEx savings from a passive outsidatpla

1200
1-Tier
GPON P2P
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Figure 3-9: CapEx breakdown for GPON vs Active Hike(20% take rate) [14]

Because of a very low power consumption of the PSONtion (since no active elements are in the
field), this technology is positioned as a veryative solution especially at the OpEx level. Feu
3-10 gives different OpEx terms in Euro per sulimarper year for GPON and AE. Right-of-Way and
customer care are two other OpEx terms that ardiomenl in the study from Bell Labs, but which are
not depicted on Figure 3-10 since their value bélivery case specific.
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Figure 3-10: OpEx comparison between GPON (ClasgsCActive Ethernet (used for MDUS) [14]

The conclusion is that the difference in CapEx leeimvthe technologies can be ignored, however the
OpEXx is in the ratio of 1:2 for GPON due to a lowaintenance cost of devices and a global lower

power consumption.

Fiber to the Home: Technology Wars [Cisco, 2008]

In a study from Cisco, performed in 2008, the nseaf the two main technologies competing for
FTTH (GPON and Ethernet point-to-point (PTP)) axareined to determine which solution offers
service providers the best competitive advantagg [1

» Many companies are using GPONSs, such as Verizdn fibre optic service (FiOS) rollout in
the United States. Incumbent service providersurpe, such as France Telecom, are also
considering GPON networks.

* While Ethernet P2P costs more up front (more fibtends deployed, larger points of
presence, and so on), its performance is superithiat of GPON.

While the cost differences between Ethernet PTP @RDN are minor (Table 3-2), they are
overshadowed by PTP’s ability to help service piexs differentiate their offerings. PTP provides
customers with superior peak performance today anmsimpler upgrade to even higher speeds
tomorrow. Ethernet PTP, by virtue of its simplepdtogy, should, therefore, be considered the
technology of choice for service providers in cotiipe market situations.
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Table 3-2: Project Costs of Ethernet PTP versus GRte data represents the net present value (NPZQsts
over 10 years for a large European city) [15]

Variable and
Hypothesis
Being Tested
Degree of civil - Plenty of ducts (littls civil 137 130 +5%
works (when ducts works needed for both)
are limited, GPON | . | imited ducts (mere civil 163 130 +25%
is favored) works needed for PTR)
- No ducts (civil works 210 205 +2%

neaded for both)

Customer density - High-density urban arsas 54 53 +3%
(as density falls, . Low-dsnsity urban areas 84 79 +6%
GPON's advantage

increases)

Bandwidth -+ 10 Mbps upstrsam 137 130 +5%
(increased . 100 Mbps upstream 137 152 -10%
performance

favors PTP)

Seurce: Cisco IBSG Economics Practice, 2007

3.2.3 General conclusions
From the different studies in this section, it isgible to deduce some general trends:

» Although it is only briefly mentioned in this semti (cf. studies from Broadband Stakeholder
Group and Bell Labs), it has to be stressed tleatdtsts for an FTTH rollout are dominated by
the civil works (digging), so that the cost of tieehnical solutions represents only a fraction
of the overall cost (typically 50%, in an urban epnOther examples will be given in
section 3.3 about the introduction of FTTH in diéfiet European countries.

« A PON typically has some cost advantages compaittdAgtive Ethernet or AON, but what
is often not mentioned is that an AON will haveighler service level and more opportunities
for delivering redundancy and allowing competition.

* Introducing a WDM dimension in a PON network seems/ favourable for next generation
PONSs. This is only a very recent trend, five yeags (in 2003) [8], WDM PON was only
briefly mentioned but considered as totally unfelsj while this perception is really changed
over the last years.

We need, however, to be careful when comparingewfft techno-economic studies of access
networks with different technologies. The differpapers show a broad range of absolute cost figures
each within its own restricted application aredugeof the scenarios, input costs, etc.). E.g.him t
study of Bell Labs we find an operational differefmetween PON and P2P, mainly caused by right of
way, power consumption and fibre maintenance. Squestions that arise about this study are:

* Right of way is a dangerous cost to compare saistlzecause it is really depending on the
circumstances. It is difficult to see a differenicea right of way between a PON and a AON
network as the same network topology is used firthtallation.

» Power consumption for AON is generally higher thiwe power consumed for a PON
network, albeit not at the same bandwidth. The tipreshere is how much this power
consumption for one user impacts the final resedpecially, if there is the possibility to
deliver a higher service level.
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3.3 Status on the introduction of FTTH in different European countries

To well understand the specificity of each regiae, need to describe the business model of each
representative country. In this paragraph we wdltidguish three cases: France describing a Western
European case, Sweden/Denmark for two specificscaséorthern Europe and Poland to have a
picture on an East European case.

In each case, we will identify the current markiaiation, the identified FTTH solutions, some cost
studies (if available) and the main tendencies veske

3.3.1 French case

3.3.1.1 Broadband market in France

The market in France for high bit rate or broadb#rtdrnet (defined as everything above a dial-in
connection) is as follows [16]:

» 16,7 M subscribers for broadband Internet accesin{jnADSL technology, next to a limited
number of FTTH and Cable subscribers)

* 8,7 M subscribers from France Telecom and 8 M othdrscribers, including 5,7 M using
local loop unbundling (LLU) of which 4,3 M use fllLU (i.e. where the operator takes over
the line in its entirety, rather than for broadbandy).

We distinguish two areas in France (see Figure)3-11
« Areas managed essentially by France Telecom (zogeey)

» Areas where one competitor has at least an unbdizdiee (zone in blue)

W

Figure 3-11: Picture of the broadband Internet peaton in France
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Most broadband Internet connections in France areiged by ADSL (i.e. ADSL and ADSL2+), and
the French ADSL market is shared between diffesentice providers. The network consists of 13727
NRAs (Nceud de Raccordement Abonné, i.e. Centralc&ffwhere the DSLAM is located) and
35,471 M lines connected [17].

As mentioned in ALPHA Deliverables D1.1 and D1t#re is a diversity of predictable high bit rate
applications leading to the need for a multi-sesvitetwork offering high bit rates [18],[19].
Furthermore, these high bit rates should be offatddw cost for everybody (notion of fairness).eTh
problem of ADSL is its limitation in bit rate (< 28bps) and its incapability to offer the same hbiter
to different subscribers located at different dists from the CO. As mentioned in ALPHA
Deliverable D2.1, FTTH is positioned as a potertgahnology to meet the above requirements.

The increasing importance of broadband Interneessés illustrated in Figure 3-12. For the fixed
lines, the revenues in France are split into tleegegories: Low bit rate access revenues, higratst

or broadband access revenues and other revengese B-12 shows the evolution of these revenues
between 2007 and 2008:

« The low bit rate access revenues include the aointiad communication in the public
switched telephone network (PSTN), and the lowdi# Internet access.

« The high bit rate or broadband access revenuesdadhe contracts and the communications
over IP, plus broadband Internet (ADSL).

e The other revenues include the public Telephong, (irepaid) cards, and other revenues
linked to an Access to the Internet.

Total
Other
High bit rate access

T1 2007 T2 2007 32007 Low bit rate access
T4 2007

T1 2008

Trimestrial

Figure 3-12: Evolution of the revenues between 28y 2008 in France

We observe that the global market is quite stablg.we observe also that the revenues for high bit
rate or broadband Internet are constantly incrgaé®22,5% of increase in one year) whereas the
revenues of the low bit rate access are decreédamease of 8,3%). We can conclude that broadband
access has an increasing demand in France.

3.3.1.2 Chosen FTTH architectures & technologies in France

Both PON and point-to-point architectures are add in France. The incumbent operator France
Telecom has adopted GPON for its FTTH rollout, ehie competitive carrier Free uses a home run
fibre infrastructure for its rollout in Paris. Aitlh important FTTx player in France is Neuf Cegetel
which mainly offers Fibre to the Building (FTTB) kaypoint-to-point architecture. In addition, there
are also a lot of local network initiatives whiatea kind of catalysts to push higher bit rates.
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3.3.1.3 Cost study for an FTTH rollout in France

When analysing more in detail the deployment ofRfi@H technology we can observe that in France
the deployment is not as fast as wished. In thimgraph we will analyse the different costs for
deploying an FTTH network.

The ARCEP («Autorité de Regulation des Commnicatiendes Postes») gives an example of costs
for a FTTH technology in a city of 20 000 inhabiskm?, for an operator interconnecting 25% of the
subscribers [20]. The given cost figures are shamedsix categories: the civil works & buildingse
optical cables, the installation in the buildinige tinterconnection, the active elements of the adtw
(containing the OLT) and the active elements atdhigscriber side (the gateway). The two highest
costs are: the civil works and the internal cabliNgte that more than half of the total costs comes
from the civil works.

One conclusion is that the cost of the active etgmis negligible in front of the civil works, aridat
many technologies can find their place in the FTdéployment. The civil works are a brake for the
fast deployment, but also the required regulatmpdses some new constraints. The need for new
regulatory rules, however, is not the only brake rapid deployment of the FTTH technology. When
we have a look to the cost of the FTTH deploymennt different population density zones the
conclusion is not in the favour of a rapid deployme

Cost studies have been made for different populatensities and are shown in Figure 3-13:

e Case 1 (Paris): High dense building, with a popoadf 20 000 inhabitants/kmz, 20 flats per
building on average, and a capacity of 7500 lines.

e Case 2 (Lyon): Urban case, with 5000 inhabitant/l&rflats per building, and a maximum
capacity of 15000 lines.

» Case 3 (average city): A house context with 250@lxitants/km? and an average capacity of

2500 lines.
densité
(hab/km2)
Hypothése de pénétration :
25% des ménages
30 000
PARIS 5000 €
20000 | o
3000¢€
10000
2000 € LYON
L]
foyers cumulés

T T T -

5000 000 10000000 15000000 20000000 25000000

Figure 3-13: Cost studies for different French caf20]

The first analysis showed that the civil works ampacting strongly the overall cost, which means
that the rural zone will be severely penalisednikigure 3-13, we can conclude that the cost of the
civil works is becoming more and more important witiee population is less and less dense. For the
rural case, the civil costs are close to 80% oftdhbal cost per subscriber.
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3.3.1.4 Main tendencies observed

For offering the FTTH technology, the operator reetinvest a minimum of 1500 € per subscriber.
To relate this number to the current ADSL netwdéke into consideration that each 10 € of OpEXx,
used for an ADSL line, offers a capacity of invesiinof 1500 € (over 30 years, at 7% of interest).

Taking into account the penetration ratio, the mmaxih possible investment per subscriber can be
even lower than 1000 €. An FTTH deployment remaiossible, but limited. Note also that France is

not only Paris. The sharing of the population iarfee shows that there are 30610 small cities in the
rural part, representing 25% of the total poputatid France. These figures indicate that a specific
business plan must be found to deploy the FTTHnteldyy everywhere in France.

Since in France the average for the different siges is close to a building of 4 floors the
configuration is not favourable to the rapid dephant of the FTTH technology. Figure 3-14 shows
the deployment foreseen in the next years in Fraggsentially focusing on the big cities.
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Figure 3-14: Map of France showing the probable gteation ratio in the next decade

FTTH will be deployed, but it will take a long tintkie to the specifics of the country. The operators
have started their deployment and the competitiopresent. The operators are targeting the most
economical zones for the moment, but there iskaafisinfairness with respect to the rural case.

Furthermore, the ultra high bit rate in the buignmposes a modification of the rules for the co-
owners, a modification of the rules in the buildiagmodification of rules in the Posts and Eledtron
Telecommunications (modification of the local logzcess to the infrastructures of the incumbent
operator France Telecom in the local loop, acceassthe infrastructures in the networks
interconnected). So, there is a need to createregwatory rules, which takes some time.
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The circle C.R.E.D.O. («Cercle de Réflexion et det pour le Développement de I'Optique») gives
some necessary keys to the project plan, the ctinoegnd the realisation of the FTTH technology in
a new context [16]:

* Rules of engineering and dimensioning adapteddads.
» Choices of an infrastructure adapted to the needsaherent with a competitive market.

* Rules for a rapid deployment and revenues adaptadrassive deployment.

3.3.2 Swedish case

3.3.2.1 Broadband market in Sweden
Broadband penetration

Sweden has a strong tradition within ICT and breadb The first FTTH installations were rolled out

in the late 90’s, and in 1999 almost 50% of Swedisbadband households had FTTH, which was
world leading by then. Sweden is now surpassed dng& and Japan that have a much higher FTTH
penetration. Concerning broadband as a whole, Swedeo. 8 in broadband penetration per 100
citizens worldwide [21]. Broadband is here defireed“always connected” with no requirements on
bandwidth.
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Figure 3-15: Internet and broadband penetratiorSweden, per household [22]

Sweden’s broadband and Internet penetration peseimid since year 2000 is shown in Figure 3-15
[22]. Observe that the Internet penetration isiiggtslightly saturated while broadband shows ndsuc
signs. The Internet penetration by Q4 2007 was a8% slowly growing while the total broadband
penetration was 62%. This should be compared tce&dhat with 94% (2006) has the highest
broadband penetration by far per household worldy2d] and still slowly growing. Note that 48% of
broadband subscribers have at least a 2 Mbps coomedownstream) and that 19% of the
subscribers have a connection of 10 Mbps or more.

Access technologies in Sweden

The dominating access technology in Sweden isaligiibscriber line (DSL), primarily ADSL and
ADSL2+, with a share of 61% of the total broadbauotscribers [22]. This is followed by Cable with
22% and local area network (LAN) with 18% (almaostlasively fibre-to-the-home/building, FTTH),
see Figure 3-16 which even shows the developmane 2000. See also [23] for more information.
There is furthermore a small but rapidly growingughof fixed wireless access, primarily through 3G
but also a few WIMAX deployments. The tendency hattall access technologies are growing,
however at the moment DSL is growing faster than dthers in numbers while FTTH is growing
faster in percent.
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Figure 3-16: The share of deployed broadband cotioes for different access technologies in Swedam f
2000 - 2007

3.3.2.2 Chosen FTTH architectures & technologies in Sweden

The dominating FTTH technology is AON, a.k.a. aetithernet or point-to-point Ethernet. AON is
“born” with 100 Mbps symmetrical connections, bubscribers often pay for (and receive) a smaller
bandwidth (typically 10 Mbps). PON is only rarelgpgloyed, but is likely to grow.

The majority of Sweden’s more than 150 municipatigtworks and a large fraction of the housing
companies are using the so-called “open accessori€twnodel where the roles of the service
provider and the network owner are separated, dmetenmthe service providers should get access to
the network and thereby the end customers on &ait non-discriminatory conditions”. This should
be compared to the traditional vertically integdabeisiness model where the service provider and the
network operator are the same (the case for viytalllincumbent operators).

The open access network

An integral part of the Swedish information teclagyl (IT) politics has been to separate the roles of

network operator and a service provider for netwadceiving public subsidies. There are two main
reasons for that: Public subsidiaries for nationédastructure build-out require open networks in
order to avoid conflict with EU legislation; andist envisioned that such open networks will benefit
the end user, the industry and eventually the sacie

» The end-user can freely select the service frorivengservice provider that offers the most
attractive conditions, and he can combine diffesemvices from different providers.

» The service provider gets a chance to reach maess ugithout having to own or operate
infrastructure or active equipment.

« Competition will stimulate growth and enable puldarvices to be more easily offered to the
end-users which in turn will benefit the whole stbgi

A network is called an open network if:
» Thenetwork operator and theservice providers are separated.
» The relationship between and-user and aservice provider depends on mutual agreements.
* Thenetwork operator is not involved in that relationship beyond thamectivity service.
» All end-users can choose a service from sdfvice providers over the common infrastructure
operated by thaetwork operator.

Open networks are also called operator or servieatral, multi-operator network etc. Most
municipality networks in Sweden are built as opetworks, however with slightly different business
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models and different degrees of openness. Also mamyresidential area networks are built as open
networks. An open network puts more stringent negments on interfaces and standards and/or
practices — both from a technically and a businmesslel point of view — because the different

functions are separated between different organizat The open network model is generating

interest abroad and has inspired other installatppimarily in Europe.

Functions when operating municipality networks

The main functional layers in operating a network aeen in Table 3-3. The table exemplifies
different implementations of municipality networksiuni nets) in Sweden. In an open network a
neutral part is appointed the role as communicatiperator (CO) by the infrastructure owner -
typically a municipality or an estate owner. Thderof the CO is to open the network to several
service providers and TV suppliers in order to essiompetition and with the intention to reduce
prices and shorten the subscription period. Typidhe CO owns the active equipment in the network
— this includes routers, switches and transmissgunipment.

Table 3-3: The functional layers in operating a neipality network (muni net). Typical implementaisoof an
open network and vertical integration are shown.

Open network

Operation of service Several ISPs and SPs Vertical operator

Owner of active equipment

and operation of connectivity Communication operator, CO Vertical operator

Owner of passive Municipality/
infrastructure estate owner

Municipality/ Vertical
estate owner operator

In a vertically integrated network the differenhfitions are managed by one organisation, the aértic
operator (an incumbent operator is a typical exangbla vertical operator). However, also here the
owner of the passive infrastructure could be a wipality or an estate owner. Observe that there are
hybrids between open networks and vertical intégmagnd even within open networks as depicted in
Table 3-3. For instance — and not indicated intti#e — in some cases the owner of the active
equipment and the connectivity operator can beratgmh because the municipality or estate owner
owns the active equipment. Also, for large netwdHese may be an extra layer between the service
provider and the CO. This is the service broket g&ects, makes agreements and maintains the
relations with the service providers. Otherwise $ervice broker role is part of the communication
operator’s responsibility. For muni nets the mypedity often acts as communication operator, bet th
different roles may belong to different organisasibunits.

A communication operator will typically get a caatt of 3-7 years from the municipality or estate
owner for operating their networks, and typicalg tCO will remove old network and transmission
equipment and install its own.

Relationships and monetary flows in muni nets

The relationships between end-users, service peosjidthe communication operator and the
infrastructure owner of an open network togethahwhe physical connectivity are shown in Figure
3-17. The service providers (ISPs, TV-supplier$ pty the CO to get access to the network or rather
the end-users. The end-users pay the service mmvidr the service, and the COnist involved in

this transaction (apart from providing the connéftst). The CO has been appointed by the owner of
the passive infrastructure and pays for the rigbtsoperating the network. In the case the
infrastructure owner is an estate company, theused-may live in an apartment owned by the estate
company (as shown in the lower left corner of FegBrl7). Compare that with a vertically integrated
network where the service provider and network afperand in some cases also the infrastructure
owner are identical. The left figure also givesden of the business model in an open network.
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Figure 3-17: The relationships between the diff¢arties of an open network (left) and the phyisica
connectivity of an open network (right)

3.3.2.3 Cost study for an FTTH rollout in Sweden

We had no access to cost data for Swedish operoretw

3.3.2.4 Main tendencies observed

The broadband penetration in Sweden is high (628gaowing with no signs of saturation by the end
of 2007), the country is almost in top consideri@ maturity, and the national ambitions are very
high. Almost 20% of the broadband connections ar€H; and 25% of the broadband subscriptions
are of 10 Mbps or above — primarily due to FTTH &lso from ADSL2+. Virtually all new homes are
connected with a fibre, and FTTH is the fixed baiutilwtechnology that is growing fastest in percent.
Most of the new fibre installations are done inéometworks” where the roles of the infrastructure
owner, the network operator and the service provikally should be separated. Such open networks
are very popular in municipality networks and palaind private housing companies. The by far most
common FTTH technology is point-to-point Ethernétveymmetrical bandwidths of 100 Mbps.

3.3.3 Danish case

3.3.3.1 Broadband market in Denmark
Broadband penetration

In Denmark less than 1% of the population is unablget broadband access (according to the OECD
definition of broadband — if broadband is define®2aVibps the number is 7%). By the middle of 2008
18% of the population in Denmark was able to halveefbased broadband access. This was twice as
many as 2 years earlier [24].

As shown in Figure 3-18, it is remarkable that FTidinly is provided outside the major cities. In
the major cities there is a strong competition framumber of xDSL providers offering 10-20 Mbps
for 25 €/month.
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Figure 3-18: Coverage in different parts of Denmark

In Denmark it is primarily the electrical power cpamies that provides FTTH [25],[26]. The
incumbent Danish telecom operator (TDC) is alsdagpg FTTH whenever they install new copper
cables, but they are still not offering FTTH a®eavie to the customers.

3.3.3.2 Chosen FTTH architectures & technologies in Denmark

In Denmark the different power companies are runii different FTTH operators with individual

strategies on architecture and technologies. Sdrttemperators are just providing an IP servicerop

to content providers while other is providing a @date bundle of any kind of triple-play services
(sometimes even mobile telephone service).

Initially almost all the FTTH companies decidedbiase the network on an active star architecture
(AON) which was well suited for rural areas thatrevéhe initial focus areas, as these areas were
characterised by a long distance between custonteloaal telephone exchange — and as such cannot
get high xDSL capacity.

However, recently some of these FTTH operators ldnamged their strategy towards PON based
networks. This change in strategy has mainly bedert by operators with a large uptake and
operators aiming at FTTH in large cities. The argatation is not directly based on cost, but more
related to space problem.
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Figure 3-19: Fibre patch panel

As the FTTH operators have there background in peweply companies the FTTH equipment is not
placed in the same kind of network locations asroomly used by telecom operators (central office,
local exchange, street cabinet, curb well etc rather in transformer building etc.

The physical elements that need to store the fiateh panels (Figure 3-19) have often shown to be
too small and the alternatives has either beeretas new kinds of street cabinets or rethink the
architecture and technology.

3.3.3.3 Cost study for an FTTH rollout in Denmark
No specific cost studies are available, but TD@ {titumbent telco) has recently announced that they
see no working business model for FTTH, but arendpegrovide services on other FTTH operators.

3.3.3.4 Main tendencies observed

The broadband and fibre penetration in Denmarkuitechigh. The Danish FTTH case is comparable
to the Swedish case with a lot of active opticalaeks installed, however in Denmark the FTTH
deployments are rather driven by power companidsraBweden by municipalities.

3.3.4 Poland: East European case

3.3.4.1 Broadband market in Poland

The Internet access market in Poland is shared eegiwseveral service providers. The major
companies are: Telekomunikacja Polska s.a., Nediglelefonia Dialog s.a. GTS Energis Sp. z 0.0.,
Vectra s.a., Aster City Cable Sp. z 0.0., UPC Sp.oz, Multimedia Polska S.A., Tele2 Polska Sp. z
0.0. Table 3-4 shows the distribution of Internetess in Poland, regarding the type of access. The
presented numbers correspond to the number of Soéscin million.

Table 3-4: Internet access market in Poland [27]

Access technology | 2005 2006 2007
xDSL 1,25 1,86 2,35
CATV 0,52 0,75 0,89
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Wireless (WiFi) 0,05 0,07 0,22
UMTS - - 0,21
EDGE - - 5

Due to increasing needs for broadband access,\{pasgptical access networks seem to be the natural
target to satisfy customers’ needs and requirentergeovide high bandwidth services.

3.3.4.2 Chosen FTTH architectures & technologies in Poland

Considering deployment of FTTH networks, one dftfchoices an operator has to consider is the type
of FTTH architecture and technology. TelekomunikaBplska as national operator has decided to
implement a point-to-multipoint architecture usi@PON class B+ technology. Several smaller
operators like Telefonia Dialog s.a. also impleragdBPON.

In contrast to bigger operators, local operataspeeially CATV ones, e.g. Multimedia Polska, Aster
City Cable (covering city of Warsaw) decided to iempent FTTH networks in point-to-point
architecture.

It is worth to mention the local government iniibets to support deployment of FTTH networks in
cooperation with the European Union.

3.3.4.3 Cost study for an FTTH rollout in Poland

The results in this section are based on an FTidH gerformed by TP. The trial network (GPON,
1:32 split ratio) covers one MDU building which hget 256 home passed. In-Building cabling
infrastructure is performed by a traditional sadatiwith fusion splices. A cross-connecting box with
splitter is located in the basement of a buildi@gbling infrastructure consists of single modedibr
G.652 in vertical and horizontal part. Each flooxsupports up to 3 floors. Figure 3-20 presengs th
CapEx structure, with a percentage share of pdaticufrastructure factors.

CapEXx structure

27,17%

24,61%

19,87%

17,87%

6,29%

2,44% 1.76% |
I —

Fibre Fibre cost Customer OLT Gateway V5.2  Remaining Training
equipment equipment cost

Figure 3-20: CapEx share profile of infrastructuzemponents from TP trial
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Some key elements of the CapEXx structure are:

» Passive optical elements - fibre equipments (thstion boxes, etc), fibre costs (indoor,
outdoor cables), splitter, etc

» Customer equipment (ONT, LiveBox)
 OLT, Gateway
* Labour

Other factors influencing the network profitabildéye the provided services. Telekomunikacja Polska
tests following services:

» high speed Internet (e.g. Neostrada 50/10 Mbps)
* IPTV (soon multiroom HD), VoD
* VolP, POTS

Another step to optimize network cost is assumegbshof cost per subscriber. Figure 3-21 shows the
decreasing character of the cost per subscribarkitrary units, a.u.) with an incrementing numbger
subscribers.

Cost per subscriber

a.u. i — —

T T T
265 sub. 500 sub. 1000 su b. 2000 sub.

‘ EWith InvGateway for PSTN OWithout InvGateway for PSTN ‘

Figure 3-21: Assumed decrease of cost per subscuising arbitrary units (a.u.)

3.3.4.4 Main tendencies observed

For polish perspective (TP perspective) passiveealpaccess networks seems to be the natural target
to satisfy customers needs and requirements toidmoligh bandwidth services. But nowadays
differences in cost of copper solution and FTTHuBoh are relatively high. Key component
contributing to this difference is the cost of amser equipment (ONT, LiveBox). This cost item does
not depend on the number of households. Thus saameetimg policy statements have to be taken:

« FTTH seems to be the suitable technology for gfesdd; with high level of potential
customer numbers in big agglomerations. It seembetaelatively easy to achieve within
FTTH projects with address locations for which Cagier household tends to the level of
1000 €.

* In order to make Very High Broadband ,service” come at mass scale, a mid market and
low end customers must be addressed. Moreoveiniiementation scenario for brown-field
must be considered.
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Moreover, other points that can have influence emvork revenue profile could be:

The areas of network deployment - Poland like otBaropean countries planning mass
deploying of optical access considers agglomeratadrbig cities like Warsaw, Krakow and
others, as presented in Table 3-5. Such locati@ssira stronger potential growth of
broadband market, stronger PR/advertisements seffett. Moreover other goals can be
achieved like: broadband access delivery to whieeg, partnership for development of
information society-cooperation with local authigst and lasting relationship with them for
future business. These aspects lead to a betteomical profile of a network.

Table 3-5: Potential areas of FTTH implementatiorPioland

Potential areas of FTTH (GPON) implementation
EU funds + local authorities to drive

v" | Broadband everywhere broadband penetration and cover white
zones.
Attractive greenfield market as easier

v Developers (new for FTTH implementation. Strong

buildings) competition from cable service

providers.

v | Agglomerations '(I;thce biggest agglom.: Warsaw, Krakow,

s Other large cities Other cities - 31 cities above 100k

’ (excluding agglom.) citizens in Poland.

? Others Small towns and villages.

v - interest for FTTH: study first
? - potentially in the scope of interest for FTTHidy later

The development of broadband access services eytapht of new optical access networks
could be considered as indirect relationship wittréemental customer demands on broadband
access (broadband services). As stated above,topereed to face customer requirements
for broadband services. Connecting this fact witdufe 3-22, showing a developed profile of
place of Internet access, one can notice the patgulace for passive optical networks as
assuring sufficient bandwidth and “placing” sergie the customer’s home.

100%

84,9%
0,
0% 76,8% 79,4% —
61.5% 64,7%
" —
60% 120T% )
45.8%
4,_2% illf% | 3b 0%
40% 1 | = 3h3%
17,8%
LI7A 1 A
20% Ui 1T, 10,3% 10,0% 7 6%
43" 480 >
'_f—| 4,8 1’2U
0% ‘ T T
2003 2004 2005 2006 06.2007 03.2008
‘Ij at home [ atschool/work [J atinternet cafe O at friend's home

Figure 3-22: Place of Internet access [27]
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4  Active Optical Networks: access-distribution netwok
convergence

4.1 Description of the AON architecture

Topologies

AON can be built either as a home run (with difdates between the CO and the end users) or as a
star architecture (Figure 4-1, left). The latteram&“home run” from somewhere in the network closer
to the end user, and thereby the CO becomes ditgdbThat is, it does not make sense to talk about
geographically specific place that contains the &Cpure” home run is almost never deployed in the
field, but it is possible that such deploymentssexin an active star (shaped as a tree) someeof th
equipment and also bandwidth is shared betweenuslees through standard Ethernet statistical
multiplexing. That is, all users cannot have a Mips throughput at exactly the same time.

310 Myeu
810D
M}iomjau
2109

Atleast 1 Gb/s -

=4 =4
o = @
-, - 3.
SE i
; = ; =5
1Gb/s~, C] C]
100 Mbrs _, 2 2
o @
1] 7]
v "
24 users J . = 24 =
/ 3 24 users Ses 2
72 users o )
/ | 24 users = 24 users =
24 users

[l corenode [ pistrnode | [l Accessnode 0 cPe | ] corenode | [T Distrnode | ] Accessnode | O cPE

Figure 4-1: Active star vs. homerun (left), actstar with access nodes in a ring (right)

The easiest solutions to compare with PON are prasdstar structures like those in Figure 4-1, left
However, many AON active star installations incluitegs between the access nodes which give
redundancy onthe transmission lines (Figure 4-1, right). Largeetworks have also dual
switches/routers further out in the network whiéteg node redundancy as well. This is where we
think that AON may become more favourable than P& an economical point of view.
Furthermore, in a larger network, the distributimdes can be arranged in a mesh, which provides an
even more efficient network. This is especially thse if there are large amounts of local trafticdl
traffic = traffic between users in the same acasssvork). These are the normal advantages of
meshed networks.

Figure 4-2 shows a typical (but very schematic) izipality network. It has a dual connection to the
core network (blue nodes) for redundancy. The acnedes (red) have redundant connections to the
metro/metro-access network (the distribution nekwor green nodes), and the access nodes
themselves are organised in rings, also for redundaNote that SDH is depicted in the core network
since it still by far is the dominating core transsion technology, but it could as well be carrier
Ethernet or optical transport network (OTN).
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Figure 4-2: Schematic view of a typical AON-basenhitipality network.

Compared to PON it is hard to see where the agtsgrk ends and turns into the metro or metro-
access network. And indeed, the intention is t@ takmuch wider perspective of the access network
and include the metro/metro-access parts as waltéchno-economic analysis.

Equipment

AON can be built either with layer 2 (L2) equipmégthernet switches, which most providers do
such as Cisco, Ericsson, 3Com, Extreme, Alcatekhticetc) or layer 3 (L3) equipment (“slimmed”
IP-routers which PacketFront does). In case itAfuipment, some of L3 functionality is needed in
order to prevent end users on the same switch nromemicate directly which each other. If this is
possible, it is also possible to “take over” théghbours identity and thereby get access to thés'sis
communication. This L3 functionality is to a largetent standardised, but as far as we know, tisere i
no interoperability between the L2-vendors withpess to this. For a start we assume it is not retede
to distinguish between L2 and L3 as the functidpais almost the same. L3 is slightly more
expensive than L2 but with slightly higher functadity.

Most AON access switches have 24 or 32 ports, @l ¥ast Ethernet towards the end users and
Gigabit Ethernet (GbE) towards other access noddgstribution nodes. This leads to the need of one
1 GbE SFP-transceiver in the access node on the téiwards the neighbouring nodes in the

distribution network. If redundancy is required ibithere is a number of access nodes in a ring
structure, two SFPs towards the neighbouring nadesheeded for each access node. A ring could
typically comprise 4-6 nodes. The main limitatisrhbw many users should share the total bandwidth
in the ring — that is, the number of nodes is nt¢dnical constraint. 10 Gbps between distribution
nodes exists today, and even 10 Gbps between acceles is viable. There are today a few

commercial deployments with GbE to end users [B8{,when the prices on GbE ports come close to
Fast Ethernet (100 Mbps) ports, the former willgaly become the standard solution. This would

eventually lead to the need of 100 Gigabit Ethe(A@0GbE) in the access distribution network,

which is currently a topic for applied research atahdardization [29].

There is no RF-overlay on a separate wavelength asmny PON solutions (that is, TV is IPTV), but
in some cases there is a separate, parallel, passtwork distributing TV over RF which is
terminated in the end user gateway and distributéice home over the domestic coax network.
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4.2 Preliminary techno-economic analysis for AON
Discovered difficulties to compare AON and PON

A detailed cost comparison between the referend®NGRs mentioned in section 3.1.2) and AON is
not a trivial task because of several factors.

« AON and PON apparently attract different kinds astomers. Often the largest operators
choose PON and the smaller operators choose AON} Bunot always so. Also, EPON is
biggest in Asia, GPON biggest in North America, drudh GPON and AON are popular in
Europe. Within Europe there are wide differencesr Fstance, Sweden is completely
dominated by AON whereas most other countries laggeeference for PON or at least a mix
between PON and AON. Whatever causes these diffgyeferences, it indicates that
different business models and perhaps differentigadl environments play a role.

» ltis relatively clear to define what part of thetwork is the PON. The end points are at the
central office and at the end user. Therefore aEQagmalysis is relatively easily done. An
AON is more integrated in the metro or metro-acaastsvork and can in principle be an
integral part of this. The “central office functiity” is in principle available at any access
node, and therefore it is not always meaningfulge the term “central office” for AON — or
perhaps rather, the central office is decentralisede AON case.

» OpEx is a parameter that is hard to capture buthvis often used when discussing PON vs.
AON. For one type of operators and for a given wekwit is possible to make such a
comparison. However, different operators can haidely different business models which
make a general comparison impossible. Also theaigpapgrade scenarios are fundamentally
different for AON and PON which cannot be readibrislated into OpEx contributions.

A study activity in ALPHA is to define a framewof&r a more comprehensive comparison between
PON and AON for different scenarios (types of opmsaand characteristics of networks), to point at
the critical OpEXx factors and identify under whighcumstances they can be compared, and to take a
wider perspective of the network when doing the parson between the two optical access
technologies. This general reference frameworkdeu development within the project.

Advantages of an AON

Some general advantages of an AON compared to a tR@Nshould be taken into account during
future techno-economic evaluations are:

* An AON infrastructure is better suited to implemesdundancy in the access network.

« An AON infrastructure is also better in a compeé&tmarket because this architecture is more
flexible to upgrade the service level.

* AON can in principle be built with off-the-shelf ligtrnet equipment. Due to dedicated point-
to-point connections, the requirements on the apticidget are much less stringent and the
end-user bit-rate equals to the line bit-rate @hatred with the other users).
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5 WDM-based PONSs: enabling dynamic capacity allocatio
5.1 Description of WDM-based PON architectures

5.1.1 Pure WDM PONs

In contrast to TDM-PONSs (like GPON), a pure WavegkanDivision Multiplexing (WDM) PON
delivers a pair of wavelengths per customer — gogtream and one downstream. A WDM PON
architecture provides no time sharing of the dovaash and upstream bandwidth, which allows users
to have a high-bandwidth symmetrical and securenection. Moreover, WDM PONs can be
deployed in several types of architectures, e.gOlRFComposite PON), LARNET (Local Access
Router Network), RITENET (Remote Interrogation oérihinal Network), etc. [30]. Figure 5-1
compares the principals of a pure TDM PON and & fbM PON.

distribution

N |
fzeder E
N |

N

[Z]

C_D splitter & = Wavelength
FMP . CO router & FMP

Figure 5-1: Pure TDM PON vs. pure WDM PON compatiso

Although there is a perception that WDM PON is “trnow’s technology” some national operators
has started to deploy WDM PON, e.g. Korean Telebas deployed more than 150 000 subscriber
lines using WDM PON platform.

In section 5.2.2, GPON will be compared with a ptBM PON. This comparison will be used to
analyse the pertinence of managing a wavelengteddsof the time domain. To achieve sufficient
dynamic bandwidth allocation (DBA) capability ofetipure WDM PONs and the PONs mentioned
below, Reconfigurable Optical Add/Drop MultiplexdfROADMS) may be required in the CO and
remote nodes. ROADMs are capable of offering a remdd unique features including dynamic
reconfigurability, great connectivity, forecaste@nce, bit-rate/protocol transparency, and efiicie
assignment of connections between sources andhagstis without the need of O-E-O conversion. In
addition, the fast electrically controlled waveldngouting flexibility provided reduces network
operation cost, and the circumvention of the unsemey O-E-O conversion at network nodes
mitigates equipment cost, overcomes the transnmissapacity bottleneck set by electrical signal
processing, and relieves the burden on the elatgiooming switching at ingress and egress points
of networks. Note that, for given dynamic networds,optimum ROADM design not only maximizes
the network flexibility and connectivity but alseduces device fabrication cost.

5.1.2 WDM/TDM PONSs, enabling dynamic bandwidth allocation

Next to the pure WDM PON from the previous sectithere exist different options to add a WDM
dimension in TDM PON networks. In this section, tilexible WDM-based network architectures
enabling DBA are described. The dynamic allocatibmetwork resources provides congestion-free
access to users with traffic demands fluctuatinginiie and in place, and increases flexibility ime

of network management. The two considered architestare shown in Figure 5-2 and a short
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description of them together with the objectives tbe related techno-economic studies are
summarized below:

e Architecture 1:WDM/TDM PON using broadcast-and-select (B&S) &t tiser side

0 Description:In the downstream, all wavelength channels aradwast from the local

exchange to all the users, without any selectivitthe network itself. The selection is
done at the user side. This approach is well sfitedroadcasting services, but due to
power and security reasons, it is less efficienstyvices which are intended for only
one or a few users. In the upstream, a wavelersgtihdsen taking into account the
load constraints of the network. To avoid distugbihe services already connected, a
wavelength with a low load will be selected. Théshnique limits then the service
interruption while offering at any time the avaielbandwidth of the network.

Techno-economic studyhe objective is to compare the WDM/TDM PON witheon
set of TDM PONSs to reach the same connectivity raundber of users. A 10G GPON
will be considered as TDM PON. N x 10G GPONs arel\WWDM 10G GPON will
then be compared to identify the techno-economicamihges of introducing the
WDM dimension on the top of the 10G GPON (see sach.2.3). Note that the
aggregation network, concentrating all the tradi¢the central office, is also included
in the study, since the WDM dimension on top of TN will create one network
for the access and the aggregation part.

* Architecture 22WDM/TDM PON using a centralized tuneable&outer

A= AN

OLT

o Description The network is a flexible WDM access network gsfast optical gates.

This architecture is more flexible to implement tbgnamic capacity allocated
network. In the downstream, the wavelength chana@souted by a remote-node in
the middle of the network, controlled by the netkoperator, to only those users
which should get it. Thus, no signal power is umssarily wasted, and a safeguard
against privacy is possible. In the upstream, ndtwii@ffic monitoring is not needed
because the wavelength channel is already allo¢atede remote-node according to
the traffic situation or the call request from ONU&erefore, the same wavelength as
the downstream wavelength channel is chosen bywelergth-following tuneable
source or it is possible to design the upstreai wavelength-agnostic and source-
free by using a reflective type transmitter suciR8OA, REAM.

Techno-economic studihe objective is to analyse the techno-economi@uathges
of the architecture providing more flexibility ile network, through a performance
analysis. At this moment, the available data is lioited to perform a full techno-
economic analysis, but we can assume that the @exdbility introduced in the
network will increase both CapEx and OpEx, compaméti the B&S variant. The
increased performance and the extra costs thentbawe balanced again each other.
A full techno-economic analysis of this architeetwrill be performed in the next
phase of the project.
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Figure 5-2: Basic options for dynamic capacity alived network: broadcast and select at user-sieft)(land

network capacity allocation in the middle of netlw@right)
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5.1.2.1 WDM-GPON based on broadcast-and-select (B&S) archétctures
Description of the network:

The WDM GPON B&S architecture, as described invdelible D2.1 of the ALPHA project, is a
possible evolution of the 10G GPON to aggregateersabscribers onto one unique network.

The new dimension explored on the top of a GPOMt concept is the WDM dimension. Each
subscriber is time shared with other subscribetth whe advantage of having access to a WDM
dimension. Since the adoption of colourless intar$acan open new perspectives in terms of volume
of production at the component level, we will foaus analysis on tuneable sources and suppose to
have at the same time: colourless terminals ANRxaHility in the network to optimise the bandwidth
utilisation by introducing some load balancing wques.

Figure 5-3 shows then the network proposed (WDM T&BON) whereas Figure 5-4 represents an
equivalent network without the wavelength shariNg«(10G GPON).
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Figure 5-3: WDM 10G GPON with dynamic capacity eition
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Figure 5-4: Equivalent architecture based on N xGLGPONs with no dynamic wavelength allocation
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Advantages and drawbacks of the approach:

Table 5-1 gives some advantages and drawbackscfdlution illustrated in Figure 5-3 with respect
to the architecture of Figure 5-4. For the commarise assume that both architectures can provile th
same capacity.

Table 5-1: Advantages and drawbacks of WDM 10G GR&NN x 10G GPON solutions

WDM 10G WDM 10G N x 10G GPON |N x 10G GPON
GPON GPON Advantages Drawbacks
Advantages Drawback
Fibre Only one fibre for Several fibres for
the transport the transport
ONU terminals Tuneability allowsTuneable sources| Natural evolution
load balancing are more of the current
expensive than | GPON version
fixed sources. No need for a
Need for tuneable| colourless version
filters
OLT terminals Same as for Same as for
N x 10G GPON WDM 10G GPON
Couplers Full flexibility, Extra losses Full flexibility
compliant with a | requiring an EDFA The limited
colourless concept splitting does not
impose an optical
amplification
EDFA Burst mode EDFA Need to have a | No need for an
available on the |burst mode EDFA| EDFA
market place
Load optimization| Load balancing No possibility of
possible with load balancing
tuneable sources
Quality of service | Low probability of Probability of
service having a service
interruption interruption

Taking into account Table 5-1, the comparison betwiae two models requires a CapEx analysis, a
performance analysis and an OpEx estimation. A aptlalysis is done in section 5.2.3, together
with an indication of the importance for a performoa and OpEXx evaluation.

Note that the B&S approach is well suited for bezsiing services. However, it is less efficient for
services which are intended for only one or a fears; much signal power is wasted by distribution
to users who did not subscribe it. In additionréhis a privacy issue, as the operator should pteve
users to have access to information which is nenited for them, and thus should have secure access
to the wavelength selection at the user-side.

5.2 Techno-economic analysis for WDM-based PONs

5.2.1 Required technology for WDM-based PONs

Deployment of WDM PONSs require introduction of néypes of elements being either standalone
components or part of transmission systems. At pleisit it is important to mention that we will
further consider WDM PON based on dense grid sgacin

The relatively small number of available CWDM chalsn(a maximum of 5 downstream and
upstream pairs) within the wavelength ranges of@hé& or L bands makes CWDM unattractive for
WDM PON deployments. In contrast to CWDM, a releljvlarge number of channels can be packed
into the allocated bands using DWDM. But this dgnsbmes with increased cost associated with
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tight manufacturing tolerances of lasers, as wslwith stabilizing the laser within the narrower
channel width. To reduce costs, wide channel sgacam be employed (400 or 200 GHz). However,
even though the 200 GHz channel spacing reducespties cost, the current cost of such optics is
still substantially higher than for GPON optics[31

Hereunder we list the key WDM PON components thlte required for future systems.

Light sources for WDM PONFhe main obstacle to WDM PON is the cost sinceidesmitters need
to emit at a specified wavelength. This is espBciitical for the subscriber units (ONTS) sindeet
cost directly affects each subscriber line. Regetiiheable lasers, wavelength settable lasersirspe
slicing sources, injection seeded optical sourceevproposed as low cost WDM PON light sources
[6].[32].

Tuneable lasers. Rather than stock and manage different wavelengtha laser, it would be
preferable to have just two tuneable laser types;tgpe for downstream and one type for upstream.

We can tune the laser by means of change the tatoper However, this tuning procedure is difficult
for the Distributed Feedback (DFB) lasers (for aliag the output wavelength beyond 2-3 times
200 GHz channels). In turn Distributed Bragg Refie¢DBR) lasers offer a wider range of tuning
than DFB lasers by separating the grating fromgidie region and adding a so-called phase section.
The adjustable phase section enables smooth tamdgensures optimized output power by finely
adjusting the cavity modes to the selected DBRectfin wavelength. While simple three-section
DBR lasers are tuneable over about 12 nm, manyieeesolutions have been designed to increase the
tuning range by adding another grating section.ifigithrough current injection in DBRs is much
faster than thermal tuning but the multiplicity @frrents needed make DBRs harder to control than
DFBs. Because of cavity length it is impossiblediectly modulate DBR lasers (with the data) by
using the injection current as for DFB lasers. Addiional modulator is needed, which reduces the
output power from the module and adds to the éustlternative approach to wavelength tuning is to
move the variable cavity that allows tuning of thavelength outside the active device completely,
but such variable external cavity lasers (ECLs)ha&ditionally been bulkier and better suitedtést

and measurement systems rather than for commuonisaslystems. These lasers can be tuned over an
80 nm wavelength range. They remain too expensiveskidential access network [6],[31].

Application: This type of light source can be apglio CPON (Composite PON) or LARNET (Local
Access Router Network) as WDM source in OLT.

Wavelength settable lasers: In WDM PON we can use also a so-called wavelesgttable laser. In
the simplest form, we can use an arrayed DFB |aB®ee. desired wavelength can be generated by
powering the appropriate DFB in the array, allowinge to “set-and-forget” at the time of
provisioning. However, such a solution is not caféective for access networks, due to all the extra
laser chips in the package that are never usedyetisas to the decreased yield and increased
complexity of manufacturing a lasers array as cargb#o a single laser module.

Such a “set-and-forget” approach is, however, Kigldsirable because it removes the need for tight
operational control of the current in the phaséaregs required in a DBR laser. Another approach to
“set-and-forget” is to attach an external cavitg. én the form of a Fibre Bragg Grating (FBG) the
laser at the time of provisioning. This allows tiheployment of only a single laser type but many
types of FBGs would have to be stocked, which abaitomes operationally prohibitive. And, as in
the case of DBR lasers and ECLSs, the increasetydavigth prevents direct modulation at Gbps rates,
requiring the addition of an external modulatorjekHowers power and adds cost. In summary, while
no commercially viable solution is currently avali “set-and-forget” ways of imposing a grating
onto the laser and activating it electrically franthin the laser module at the time of provisioniage
currently being researched [6],[31].

Application: This type of light source can be apgdlio CPON or LARNET as WDM source in OLT.

Spectral dicing sources. The ability of AWGSs to route the different wavelghs to specific output

ports suggests an additional use as wavelengthtesefrom a broad spectrum light source (spectral
slicing). The broadband light source e.g. Light fimg Diode (LED) can be modulated with data and
this signal is sliced by the multiplexing AWG andlaured (the colour is determined by the port
number on the multiplexing AWG). In the receivindes the signal is routed to the correct ONU by
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the demultiplexer, with each individual colour gidirected to a different AWG port. Unfortunately,
the coupling loss between a broadband light soancka fibre is usually much higher than that of a
laser coupled to a fibre. The slicing process iedua loss of around 15 to 17 dB, depending on the
WDM channel spacing and the source spectrum. Tthesptherwise beneficial replacement of power
splitters by AWGs in the WDM PON architecture isinterbalanced. The slicing scheme reduces the
cost of the light sources. But, there are somelikejations: First, it is difficult to modulate LE®at
high speeds; by means of LED the data rate beyoB8pk is very difficult to reach. Second, the
output power of LEDs is also quite temperature ddpat; LEDs do need cooling to provide
reasonably steady power [6],[31].

Application: This type of light source can be apglto LARNET architecture as light source in ONU.

Injection seeded optical sources:. Injection seeding works as follows: in addition tive usual
downstream data signal, the ONTs receive an additionmodulated optical seed signal at the
wavelength designated for upstream transmissioasé lseed signals are either generated by an array
of appropriate DWDM lasers at the OLT or are geteerafrom an ASE source by slicing its
broadband spectrum with an AWG. The ONTSs receivg $ked light, modulate their data onto it,
amplify it and reflect it upstream towards the OlMany optical solutions have been proposed for the
ONT side, but the two most common are: Reflectieen8onductor Optical Amplifier (RSOA) or
Wavelength Locking of Fabry-Perot (FP) lasers. Retyaseeded optical technologies suffer from the
fact that the network layout and dimensions are wimtated not only by the power budget for the
normal data transmission channels, but also bypdweer budget for the optical seed signals provided
from the OLT through the network down to the ONIfsorder to suppress the self-initiated lasing of
the Fabry-Perot lasers at the ONTSs, a rather higical seed power (c.a. 0 dBm) has to be provided a
the ONT. With RSOAs, the power required is somewbater, but the deployment and design
flexibility (rate, split, reach) of these networissreduced compared to TDM PONs having standalone
lasers at the ONTs [33].

Application: This type of light source can be apglito RITENET (remote interrogation of terminal
network) architecture as light sources in OLT amdlO

Receiver moduleA receiver module consists of a photodetectorigmédccompanying electronics for
signal recovery. Common photodetectors are posititrasic-negative (PIN) and avalanche
photodiode (APD), which find different applicatioascording to the required sensitivity. Electronic
parts, usually composed of preamplifier, main afigsliand clock and data recovery circuits, depend
on the protocol used on each wavelength. Since eastelength can work separately in a WDM
PON, each receiver can be configured differently [6

Wavelength multiplexer and demultiplex@he AWG based selective filter insertion loss lobat 4-

5 dB (regardless of the number of channels) idefsg than that of the optical splitter, which has a
excess loss of 0.5-1.5 dB in addition to the (largé#\ splitting loss. But, in spite of all such gbo
properties, the AWG'’s center wavelength shift ada0.01 nm/°C makes it difficult to be used in the
Remote Node of a WDM PON. Recently, thermal packagffeAWG have been reported, which are
made by having a compensating material. There édhan common scheme for multiplexing and
demultiplexing wavelengths, called thin-film fileeor multilayer interference filters. By positiogin
cascaded filters in the optical path, wavelengts loe demultiplexed, and vice versa. Each filter is
designed to transmit a unique wavelength whileeotiihg others. Recently, a new type of wavelength
router, called a bulk grating, has been suggesiedige in a DWDM system. This bulk grating is
based on a bulk-type diffraction grating and isorégd to have less insertion loss of sub-3 dB and t
go to narrower channel spacing and larger charmahts compared to AWG (to 160 channels with
25 GHz channel spacing). But there remains a dispatwhich is the better solution between AWG
and bulk grating. The AWG has an apparent advantdgategration with other devices in thin
structure since it is implemented on a silica-bagkuhar lightwave circuit (PLC), while the bulk
grating has a potential for temperature insensgjtand narrow channel spacing [6],[31].
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5.2.2 GPON versus pure WDM PON

Figure 5-5 shows a comparison of the estimated £apEt per subscriber in the near term, and in the
future, for the GPON and pure WDM PON (as descrilmedection 5.1.1), which are the two main
PON types being commercially considered for fuageess techniques [31].

1t GPON WDM PON
10 Gbit/s for downstream 100 Mbit/s - 1 Gbit/s per user
1 Gbit/s for upstream

relative cost

today over time today long term

e ONT
s splitter
e OLT

Figure 5-5: Comparison of the estimated cost pdasstiber in the near term, and in the future, foe GPON
and WDM PON; 1:32 split

Long term refers to an approximate time horizon2615 to 2020, when additional research has
reduced the cost and complexity of the requisite MVEBbmponents, allowing existing commercial
volume components to be leveraged. Cost of the pepliter in comparison to the other components
is neglected.

In turn Table 5-2 shows a comparison between sorBdVIPON and GPON techniques [31]. The

WDM PON networks are split into the following fogroups: classical WDM PON, Wavelength

tuneable/settable WDM PON, Injection-seeding WDM\P®ote that the main cost component is the
WDM light sources patrt.

Table 5-2: Short comparison between some WDM PQNGIPON

Technology maturity Optics CapEx costs Optics OpExosts

2.5 Gbps GPON High low cost low cost

Classical WDM PON High high cost high cost

(2x32 DFB
transmitters)

Wavelength High high cost Low/medium cost
tuneable/settable WDM
PON

Injection-seeding low/medium high or medium Low/medium cost
WDM PON
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Although natural roadmap for PON deployments ld¢ad&/DM PON systems which may be the long
term preferred solution for fibre access netwonke must be aware that the economic aspect will be
the decisive one. Key enablers for WDM PON are @i@h of cost effective optical integration and a
well planned migration from the GPON networks. kans that the most preferable solutions will be
the ones that promote using current optical infeastire of GPON deployments. It is expected that a
cost effective solution at the ONT and a propeliahof the wavelength grid will drive the succes o
WDM PON.

5.2.3 WDM 10G GPON versus N x 10G GPON

In the following study we compare a network capablaterconnect 256 subscribers.

CapEx analysis

For the CapEx evaluation, we adopt a relative aialypp compare and identify the different aspects
that impact the CapEx.

In the architecture of Figure 5-3, the extra cashes from:
» A bidirectional EDFA before or after the passiveigier to compensate for the losses.

» Tuneable sources and receivers at the subscritebgi applying a coefficient with respect to
a fixed transponder.

« An optical demultiplexer located in the OLT to segia the channels before detection.
In the architecture of Figure 5-4, the extra cashes from:
* The extra number of fibres required in the transiisspan.

The diagram in Figure 5-6 shows the positioningboth solutions. We can see that the cost per
subscriber when taking into account the CapEx idawvour of the WDM 10G GPON, and the
difference is increased if we integrate in the wlattons a cost reduction of the components.

CAPEX comparison

OWDM 10G GPON
BN 10G GPON

2500
2000

Cost per
subscriber 1500

N 10G GPON

2008 WDM 10G GPON

2010
2012 5594

Years

Figure 5-6: Evolution of the cost per subscribekihg into account the CapEx for the WDM 10G GPON a
for the 8 10G GPON solution

Other calculations show that there is a need foriramum number of subscribers required to have
some benefits. Typically the limit is close to haffthe total capacity. For a 256 subscriber capaci
the minimum is then close to 128 subscribers.
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Importance of an OpEx and performance analysis

In addition to the above CapEx analysis, thererised to reinforce the study with an OpEx evalumatio
and with the predictable improved performance efribtwork due to the dynamic capacity allocation
offered.

In the architecture of Figure 5-3, the extra OpBstcomes from:
* The maintenance of the EDFA.
» Its additional power consumption.
In the architecture of Figure 5-4, the extra cashes from:
* The maintenance of the extra number of fibres regun the transmission span.

Finally to compare fairly both architectures, westtake into account the additional average loatl th
can be offered, in the first case due to a betiadvidth allocation.

The OpEx and performance aspects will be studiddamext step of the ALPHA project.
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6 Radio over Fibre technology over PON: fixed-wireles
convergence

The main goal of this RoF section is to indicate éxtra costs associated with implementing Radio
over Fibre (RoF) over a PON architecture. An intiicawill be given about the order of magnitude of
the cost difference between such an integratediso|un comparison with two separate networks.

6.1 Description of the RoF over PON architecture

Figure 6-1 shows the architecture resulting frojuimt investigation performed by FTRD and ATFI.
Such architecture is based on a typical 1:64 P@dlwhere a RoF based Distributed Antenna System
(DAS) system (also called Fibre-DAS or F-DAS) ipsrposed with dedicated wavelengths. The Base
Transceiver Station (BTS) or a BTS Hotel is atlthweel of the OLT and a multiplexer is used to put
the signal on the PON. The remote antenna unit (Ri8ldt the same level of the ONUs and optical
demultiplexer is used to extract the wavelengtbemeed for RoF.

According to the schematic block of Figure 6-1, @8and wavelength is used for the downlink
(wavelength #1) and collects the signal coming ouseveral BTSs. In the uplink, one C-Band
wavelength is used for each RAU connected to thi.Plus, (N+1) wavelengths are necessary for N
RAUSs. Then multiple RoF RXs are needed in the Géi@ffice and each RoF RX is processing just
one wavelength after having filtered it.

RoF based DAS sytem Y
BTS #1 = Remote Unit #1 :
- N I —— L :
H i RF i A E
—— R S— 1 s W
i i | RoF RoF RoF | ~BPF
BTS #2 o TX RX #1 RX #2 : T)'?';” [PA
] AL AT | AT A
] -
i
1
mwmwm electrical AL T1.31pm = ' ONT
— Optica! Wrw——
AT L 1.40um v
Ay g PON AT Remote Unit #2 H
Central S . il |
Office . RX #2 HIET== -
L - RF +{BPF|
ool e | & AL |LTX#2
. 4
L i
-
" “ T 1.31um b o
T o ONT
q liggum
Figure 6-1: Starting point of merging a current corarcial RoF based DAS into a PON with as littlerofes as

possible

For a practical real case scenario (also denotedeadLLPHA scenario), we consider what is needed
for a single wireless operator to provide mobilgerage for the current available mobile application

(i.e. GSM, DCS (GSM-1800) and UMTS) in an outdocersario. This, for instance, requires a high
power RAU, in the range of 30W of RF power.
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6.2 Techno-economic analysis of the proposed RoF ove©R architecture

In this section, we compare the additional costtfr RoF system when using it over the PON
architecture, in comparison with the case wheredicated fibre infrastructure is used. Besides, we
also mention what is the difference with a traditibwireless network, without using RoF.

The main constraint in using the PON network fadiag the RAUs is the required optical budget,
which requires a more sensitive RoF transceiveiX(jJTBesides, there is an extra cost for the reqluire
optical MUX / DEMUX in the proposed ALPHA F-DAS (ire 6-2). The analysis shows that the
cost difference between both systems for RoF eqeiiptis close to 10%.

| < by <
= > =
ALPHA . ALPHA
F-DAS [F350am i <« FDAS [Fetonm
BTS Hotel ARemote > = Remote | »
I:.[l?wli]tna ——. et Antenna el
— P e Unit b CE
[ = i

BTS#2 | «—» Aoy . Tj)GCnrr i <
| PCS ! — - FON 0 — j E

BIS#I | o > A . . msNT ALPHA
UMTS -— . F-DAS I93t0nm
Remote | -
: Antenna |- Qo
Central Office 1490nm - i unit | « o=
77777777777 > 1480nm ] 1310nm
13100m K ONT
v 0 ge=
14_§‘Dnm e = < - <
B ONT <
@] ALPHA - =
< F-DAS ~
1310nm - 45 ALPHA -
Master Unit FDAS SZaonm
E_ Remote | -
ALPHA r Antel_ma
E-DAS [Tosonm Unit G_W .
Remote | —» M ONT
Antenna | O =
Unit -« e
Bm ONT

Figure 6-2: RoF over PON, for the ALPHA F-DAS degphent

When using a conventional F-DAS system and rollinga dedicated fibre infrastructure (Figure 6-3),
the cost will be much higher than the mentioned 108the proposed ALPHA F-DAS.
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Figure 6-3: RoF over dedicated fibre infrastructufer the conventional F-DAS deployment
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Another possibility is to rollout a traditional miébnetwork (without using RoF) which is connected
to a PON (Figure 6-4). Now, all centralized equipingom the F-DAS Master Unit is distributed in

the network. For the moment, we could not obtaiiterl cost information for such a system, but the
additional cost to deploy a three-band wirelessesywill be much higher than the 10%.
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Figure 6-4: Traditional PON and mobile network deypinent
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This section presents a real case scenario foreimgmting a three-band wireless system, by using a
RoF solution over PON, denoted as ALPHA F-DAS. dmparison with both a conventional F-DAS
(using a dedicated fibre infrastructure to distrébthe RoF signals) and a traditional mobile nekwor
deployment (based on a PON infrastructure to cdrthecBTSs), the proposed ALPHA F-DAS has a
clearly proven techno-economic advantage evensimall scenario such as a single wireless operator
in an outdoor environment. The intrinsic transpayenf the RoF technology can be additionally
exploited in a multiple wireless operator scenahmeed the same ALPHA F-DAS infrastructure
could be shared with a very limited additional caffect enabling a multi-operator wireless signal

distribution.
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7 General conclusions

In this deliverable, we have described an appreadpted for a techno-economic analysis of different
FTTH options. For some technologies (WDM/TDM PONI &oF over PON), we already performed
some quantitative analyses, for AON we made thenig@conomic study as a qualitative analysis.
However, more detailed and extensive techno-econahidies will be performed further in the
ALPHA project.

This deliverable first gives an extensive overvighe state-of-the-art, consisting of two maintpar

* Examples of existing techno-economic studies foTH;Tthat we map on the architectures
proposed in ALPHA to deduce some general trends.

« Status on the introduction of FTTH in different Bpean countries, with three typical cases:
France, Sweden/Denmark and Poland.

The main conclusions from the state-of-the-artsttath be summarized as follows:

e The costs for an FTTH rollout are dominated by tha@ works (digging), so that the cost of
the technical solutions represents only a fraatibtihe overall cost (typically 50%, in an urban
zone).

« A PON typically has some cost advantages comparigd AON, but what is often not
mentioned is that an AON will have a higher serviegel and more opportunities for
delivering redundancy and allowing competition.

* Introducing a WDM dimension in a PON seems favolgrédx next generation PONSs. This is
only a very recent trend, as five years ago WDM P@a&s only briefly mentioned but
considered as unfeasible, while this perceptiogrally changed over the last years.

« Traditional (incumbent) operators typically adog®e@N-based solution (cf. FT in France and
TP in Poland), while alternative operators, powiity companies, housing companies and
municipalities often prefer an AON-based solutias seen in Sweden and Denmark.

Three sections are then devoted to the three ALBHAitectures: AON, WDM/TDM PON and RoF

over PON. Preliminary results in terms of technorenics for the different architectures either
guantitatively (for WDM 10G GPON and RoF over POd) qualitatively (for AON) have been

achieved.

« WDM 10G GPONfirst results comparing a set of 10G GPON and RMV10G GPON
clearly show cost advantages for the WDM 10G GP@Nit®n. Two alternatives are
considered to enable dynamic capacity allocatidoroadcast & select architecture (indicated
as the above WDM 10G GPON) and an architecture edttiralized wavelength router.

* RoF over PONthe cost of upgrading the RoF equipment for ugirayer PON instead of a
dedicated infrastructure has been estimated to berainge of ten percent of the overall costs
of a “classical” RoF implementation. The upgradeves totally avoiding the dedicated RoF
fibre infrastructure and eliminating all the coassociated with it.

» AON different advantages are qualitatively considgli&d the addition of redundancy, better
support for local traffic, allowing an open accassvork model.

It has been in particular discovered that the demloAON and PON solutions differ in the
functionalities at the central office and the loeakchange, in particular they have different street
cabinet size and/or power supply possibilities. Twe solutions do not map directly and cannot be
compared in a straightforward manner. Initial waskbeing performed to generalise the network
architecture in an attempt to make an adequate aoson. Besides, a general techno-economic model
is being built that will be able to analyse differarchitectures and topologies.

This deliverable has in general given the basedawdome preliminary conclusions and identified the
scope of the next studies of the project.
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