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Abstract

Rapid changes in population distribution acrossadarand the introduction of new telecommunication
services to the consumer market have resulted muraber of significant challenges for existing
network infrastructure. Fast growing populationsmetropolitan regions require high density access
networks to meet the growing need for bandwidth tbaults. Furthermore, new services such as high
definition TV, online gaming and real-time videdemonferencing are becoming increasingly popular
among consumers. These services require highemidiindto be available to end users. Changes in
the Canadian economy will soon lead to a transitorCanadian industry from manufacturing to
services and exploration of natural resources. Miils create opportunities for new industrial
development and growth in northern regions. Expanéhdustrialization towards northern Canada will
require deployment of reliable telecommunicaticinastructure.

The existing telecommunication infrastructure aalié to consumers consists mainly of Digital
Subscriber Lines (DSL) that are deployed over tHainptelephony network and cable TV
infrastructure. However, this infrastructure doest provide sufficient capacity to satisfy future
demands for reach, bandwidth and number of serustbmers. The combination of limited available
bandwidth and limited density of DSL access netwprk significant constraints on expansion
possibilities of existing infrastructure. The answeethis dilemma is deployment of optical fibecass
networks that provide both bandwidth and scalapilitus satisfying the growing number of consumers
and bandwidth. Although optical access networksehbeen present for over 10 years, cost of
deployment and installation remains too high to lengent widely enough to meet the demand of
consumers.

A growing need also exists for technology capatflaccommodating a smooth transition from DSL
based infrastructure to an all-optical access netwdhis technology should be able to provide
bridging functionality between copper based netwakd optical networks. Costs of manufacturing,
deployment and maintenance must be low enough terfas technology widely available to the
consumer market. Configuration flexibility, comgmlity with widely accepted standards such as
Ethernet and Internet Protocol, and transparencytriinsmitted data will make this technology
attractive for commercial access network operators.

The combination of open source software, Linux apeg system and Personal Computer (PC) based
hardware platform is proposed to become the foumnldor low cost and flexible technology that will
provide transition towards all-optical infrastruats. An innovative prototype of a low-cost optical
gigabit Ethernet switch is presented and its bermckmesults are discussed. Scalability of the gwitc
and its future applications in optical networks atadied. A prototype of a software based data
encapsulation system was designed and implememtadC based platform, and its performance was
evaluated using real data that was captured in caniat LAN. Semiconductor optical amplifiers
(SOA) are studied as a building block in next gatien switching devices for all-optical access
networks. A prototype of an SOA-based low-cost agdtswitching device with implemented FPGA
based controlling mechanism is presented and #@sackeristics are discussed. SOA is also studied as
an energy efficient optical amplifier that can leplbyed in end user facilities.

The presented results provide proof of concept tdva cost flexible platform that can be used to
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design and build network devices to facilitate tfensition of existing telecommunication networks
towards next generation optical access infrastractu



| ntroduction

The current state of communications technology ortiN America relies heavily on copper cable
network infrastructure in order to enable commutiices of all types to the population for both
business and personal applications. In recent yéglecommunication companies have been slowly
integrating Passive Optical Network technology ialasting infrastructure to augment its capab#itie
and keep up with increased demands. We utilizeetltenvergent networks daily for a huge gamut of
applications ranging from voice over IP to video demand, and the demand for a strong
communications infrastructure will only continue doow as populations multiply and cities expand.
Despite this, a problem exists that the currentestd communication network infrastructure has
significant limits in its growth — it is not reasavle or feasible to envision major physical infrasture
developments because not only is it incrediblylgpbtit takes a tremendous amount of manpower and
time to deploy. For this reason, a way to expamdctpabilities of the existing network infrastruetu
must be developed and implemented in order to theateeds of customers and society as a whole.

Existing communications networks’ main obstacles loa broken down into three categories: growing
numbers of new users, increased demand from existsers, and insufficient network reach. To
address these three key problems, accommodatepangion and also anticipate future trends, this
thesis presents four solutions that can be impléademnvithin current frameworks and also be
compatible with the existing convergent infrastasetwhile maintaining low cost to implement. These
solutions are as follows:

* Energy efficient optical signal amplifiers that extl reach of the network and allow greater
number of connections available to end user.

» Active optical switching devices to interconnecisting network infrastructures in order to
improve communication between end users.

» Optical noise filtering methods to improve the gyadf transmitted signal, in turn extending
network reach.

» Personal computer based architecture which prdeidecost transitional technology from the
existing hybrid electro-optical telecommunicatiofrastructure to the next generation all-
optical access networks.

These four proposed solutions are not only inngeabiecause of their relative ease of deployment
compared to similar systems, and their abilityilictdchnological gaps, but they are also dramdgica
lower in cost than any other solutions being exgdoat present, making them especially attractive fo
commercial applications.

The thesis consists of eight chapters (includirtigpduction) and a summary chapter. These chapters
lead readers through the entire work that has baecessfully accomplished. The detailed description
and comparison of technologies and standards tieatngplemented in existing commercial access
networks is presented in the second chapter. Tind thapter explores shortfalls of commercially



deployed passive optical networks. The fourth abiaptesents extensions for passive optical networks
that have been already developed in academic ahgstimal research institutions. An innovative study
of the traffic distribution in commercial accesstwark is presented in chapter five. Chapter six
presents a comparison between the Agile All-Phatdvetwork and Passive Optical Networks. It also
presents an innovative application of low cost cotap architecture in devices that enhance access
networks. Chapter seven explores signal amplificatechnologies and their shortfalls in existing
optical networks. It also presents innovative aggtlons of semiconductor optical amplifier in optic
switching devices and energy efficient signal afigation devices. Chapter eight presents an
innovative design of universal testing system fesign and evaluation access network extensions that
implements advanced signal modulation techniquis.last chapter presents a summary of the thesis,
makes suggestions for how the work may be furthegnessed and provides a list of publications that
consist of research results.

Background and literaturereview

This chapter presents detailed information on theus of commercial access networks and provides a
list of existing wired and wireless technologieattlare implemented in commercial access network
infrastructures. The chapter also presents thasstdtPassive Optical Access Network (PON) in publi
telecommunication infrastructure and it explores thajor differences and incompatibilities between
existing PON standards that create obstacles ialdewg new technologies for PON improvement.

Review of commercial access networ ks

Since the very first packet-switching models ofidiignetworking such as ARPANET [1] (Advanced
Research Projects Agency Network), Telenet [2] &25X3] were successfully developed, a growing
interest in public access and hobbyist networkiygjesns started appearing among private users. The
very first access networks such as UUCP (Unix-taxW@opy) [4] or FidoNet [5] were only a group of
disjointed separate networks administrated by dlgraup of enthusiasts.

An environment where number of small, unrelateceasametworks existed next to each other created a
need to develop a protocol for internetworking llase packet-switching technologies. This protocol
would be able to join different networks togeth@oisingle group of sub-networks. The concept ef th
network could be separated from its physical imgetation when a simple common network system,
the Internet Protocol Suite, was defined [6].

All existing access networks can be divided int@ twain groups that represent the technologies that
they have implemented. The first group consistalbhetwork technologies that use open space to
transmit telecommunication signals. All wirelesssteyns such as Wireless Fidelity (WiFi) [7],
Worldwide Interoperability for Microwave Access (MAX) [8], Local Multipoint Distribution
Service (LMDS) [9] belong to this particular groumcluding cellular telephony networks such as
Global System for Mobile Communications (GSM) [1QJode Division Multiples Access (CDMA)
[11] and optical free space transmission such asEARS [12].

The second group consists of networks that implémen-open medium where the transmitted signal
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has limited propagation space from a geometricatgeetive. Telecommunication signal in those
networks is transmitted over medium such as comadde and optical fiber. Example of wired

networks are Synchronous Optical Network (SONEB),[Synchronous Digital Hierarchy (SDH) [14]

and Digital Subscriber Line (DSL) [15].

The early evolution of access networks was drivethie widespread adoption of personal computers
(PCs) in homes and businesses, and this evolut@s pvimarily focused on wired technologies.

Growing access to low-cost PCs and rapid increagbe number of fields where applications were
found were the main push for implementating nevhietogies to provide interconnection between
those computers.

Today access networks have exceeded their traditimie of interconnection between stationary
computers. The new access networks have removedlboas that used to limit end users to exchange
data only in specific locations. Rapidly growingppéarity of mobile devices provided as strong push
to develop new technologies that allow mobile uswrsaccess information from almost any
geographical location. Expansion of access networkes mobile devices is not the only direction
where evolution is progressing.

Changes in content of public media such as TV diorand number of new services that were added to
the public broadcast system had a significant impacthe development of a multi-service platform-
independent access infrastructure where Internéttélephony, radio, video on demand and online
gaming created an information cloud that surrowerdsusers.

To better understand the importance of optical ndte/ as one of the most promising technologies
implemented in access infrastructure, a brief mevief popular architectures that shaped access
network infrastructure for the last 20 years isspreed here.

Wired networks

Dial-Up

Dial-up access was one of the first technologiesilable to end users. This technology uses the
facilities of the public switched telephone netwdARSTN) to establish a dialled connection to an
Internet service provider (ISP) via telephone lindse computer or router located at user facilitisss

an attached modem to encode and decode InternieticBr@lP) packets and control information into
and from analog audio frequency signals, respdgtive

Dial-up connections require no infrastructure ottinan the public telephone network. Since telephone
access became affordable and widely available;ugidlas become very useful for travelers. Dialsip i
often the only choice available for rural or remateas where broadband installations are not meval
due to low population and demand. Dial-up accesg aiso be an alternative for users on limited
budgets as it is offered free by some ISPs, thdwghdband is increasingly available at lower prices
many countries due to market competition.

Although dial-up is a low-cost and easy-to-accessise that allows for simple applications such as
email or web browsing, it does not provide sufirtigbandwidth to accommodate more advanced
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services offered by ISPs such as video on demawdieo conferencing.

Dial-up requires time for establishing a usableghbne connection (up to several seconds, depending
on the location) and performs handshaking for pr@itsynchronization before data transfers can take
place.

The theoretical maximum speed of dial-up is 56 kb¢sng V.92 protocol [16], but in practice
bandwidth that is available to end users does xxtad 50 kb/s. The major factors that limit spekd o
connection is noise in telephone lines, especiallgcations with high density of deployed telepbsn
The modem quality also plays a role in the conoecsipeed. Other factors such as long loops, loading
coils, pair gain, electric fences (usually in rulatations), and digital loop carriers may alsoitim
transmission speed to 20 kb/s or less. Dial-updiss a significant latency that may exceed 300ms,
that makes it unsuitable for latency sensitive @ptibns such as online gaming or real time video
conferencing.

To increase transmission speed that is availabémtbusers, a number of data compression techniques
were implemented. For example V.44 [17] theoreycalllows the increase in speed of data
transmission six times (up to 320 kb/s), but irlitg@ompression ratio depends strongly on contént
transmitted data. Files such as JPG, MPEG, ZIP &3 Mre already compressed and further
compression is difficult.

Integrated Services Digital Network (ISDN)

ISDN [18] was the next step in access network imgneent. It provides a set of communications
standards for simultaneous digital transmissionaé€e, video, data, and other network services over
the traditional PSTN.

This technology offers circuit-switched connectiofer voice or data), and packet-switched
connections (data only), in increments of 64 KIZ&N typically provides a maximum of 128 kb/s in
both upstream and downstream directions. Chanmelibg can achieve a greater data rate; typically 6
to 8 channels, 64 kb/s each are bonded.

Although ISDN provides simultaneous voice, videad &ext transmission between individual desktop
videoconferencing systems and group videoconfemgnsystems, it was widely criticized for it high
cost of implementation and limited distance thajureed additional investments in signal repeaters
[19].

Today ISDN still remains in use because of its latency but due to high operational costs it isduse
for very narrow spectrum of applications such ahtend videoconferencing made on corporate level.
ISDN had a major market share in Europe and Jdpsawh as INS64) but it was much less common
in North America.

Digital Subscriber Line (DSL)

DSL (originally stood for Digital Subscriber Loop¥y a technology that provides digital data
transmission over the wires of a local telephontsvoek. DSL uses a higher frequency band (greater
than 25 kHz) above the low frequency that is useddice communications (5 kHz and below). On the
customer premises a DSL filter is installed on eawtiet for telephone to remove the high frequency
band, eliminating interference with the operatiéthe telephone set, and enabling simultaneous use.
The bandwidth available to DSL subscribers varresnf256 kb/s to 24 Mb/s in the direction to the
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customer (downstream), depending on DSL technololgye conditions, and service-level
implementation.

From the perspective of the data transmission thereéwo types of DSL: Asynchronous DSL (ADLS)
where upstream data transmission is lower than dtream and Symmetric DSL (SDSL) where both
upstream and downstream data rates are equal.

Subscribers send upstream data through telephoee o a telecommunication operator where traffic
reaches a Digital Subscriber Line Access Multiptef@SLAM) (Figure 2). The DSLAM equipment
collects the data from its many modem ports andeggdes their voice and data traffic into one
complex composite "signal" via multiplexing. Depergl on its device architecture and setup, a
DSLAM aggregates the DSL lines over its Asynchranduansfer Mode (ATM), Frame Relay or
Internet Protocol network (IP-DSLAM). The multipleck signal is then directed to a router (or switch)
that provides access point to the Internet.

computer
== —_—
i HEEZ 4 / .
! Router
telephone filter
) Telecom operator
Customer premises premises

Figure 2; DSL consumer architecture

Since data is transmitted mainly through telephlores (via a twisted pair of copper cables) the DSL
bandwidth is sensitive to line attenuation, andesabetween different customer locations. The great
the distance between a customer and DSLAM, theehigie signal attenuation and the lower is the
bandwidth available for that particular customeanBwidth may vary from about 800kb/s at 5km link
to about 25 Mb/s at 300 m link.

The advantage of the DSL architecture is that tletarner is not required to have a land line telegho
service. Those customers are offered a “dry-DSlvVise (called also “naked DSL"), that is provided
over the local loop, and does not require any PSdiNice.

The main advantage of the DSL technology is its-tmst of deployment and maintenance. The wide
spread of existing PSTN (and CATV) infrastructullevas for the mass deployment of DSL terminals
that connect a large number of users to the acwdasork.

The main disadvantage of DSL is its high sensitit@t length of the PSTN link that DSL signal is
transmitted over as well as high sensitivity to Igqyaof existing PSTN infrastructure. This leads to
high differentiation of available bandwidth betwesfierent locations of customer premises.
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Wireess networks

Local Multipoint Distribution Service (LMDS)

LMDS was primarily designed as a point-to-multigoarchitecture for applications in digital TV
broadcast. It is regulated in the standard IEEEBDP20] and it operates on microwave frequencies
across the 26 GHz and 29 GHz bands with maximaiabét of 38 Mb/s. Most deployments use phase-
shift-keying (PSK) modulation or straight amplitusedulation. LMDS has very limited propagation
distance (about 2.5km) due to absorption of a miak@ radio frequency signal by atmospheric rain,
snow and ice. In point-to-point configuration itaessible to deploy an 8-km link.

LMDS did not find as many commercial applicatiossSL or WiFi did. The main obstacles are short
range and high cost of deployment. Many incoming nechnologies such as WiMAX prevented
LMDS from being widely deployed for personal uséfest of existing deployments were customized
for enterprise businesses to provide limited ptApoint data transmission.

Wireless Fidelity (WiFi)

WiFi is a trademark of Wi-Fi Alliance, a trade asisdion that promotes Wireless Local Access
Network technology and certifies products if thegnform to IEEE 802.11 standard [21] of
interoperability. IEEE 802.11 is a set of standada#dining wireless local area network (WLAN)
computer communication in the 2.4 GHz, 3.6 GHz &r@@Hz frequency bands.

There are several extensions within IEEE 802.1ddstal that define frequency, modulation and reach
of the transmitted signal:

Version | Released | Frequency | Theoretical PHY | Practical Rate
[Ghz] Rate [Mbis| [Mbis]
80211 1997 24 2 l
BO2.11b 1599 24 1 44
BO2.11a 1999 5 54 24
BO2.11g 2003 24 54 24
BO2.11n 2009 24.5 GO0 150

Figure 3; IEEE 802.11 standards vary in frequempacsum and throughput

e 802.11a [22] extension uses the same data link laggocol and frame format as the original
802.11, but it has implemented orthogonal frequetigision multiplexing (OFDM) . It
operates in the 5 GHz band with a maximum net date of 54 Mb/s, plus error correction
code, which yields realistic net achievable thrqughin the range of 20 Mb/s. Although this
extension does not suffer from interference witbtlyaused 2.4 GHz frequency devices, it has a
significant indoor reach limit because a large pdrshort wavelength signals are absorbed by
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walls and other solid objects.

e 802.11b [23] extension provides 11 Mb/s bandwiattl & uses 2.4 GHz band with carrier sense
multiple access with collision avoidance (CSMA/QAgdia access method. This extension has
longer reach distance than 802.11a. Its longer lwagéhs are less absorbed by solid objects
than 5 GHz, therefore it is more suitable for indoperations. Typical indoor range is 30 m at
11 Mb/s and 90m at 1 Mb/s. Unfortunately this egten suffers from interference with other
devices that use 2.4 GHz signals such as bluetootnpwave ovens, cordless telephones.

* 802.11g [24] extension was ratified in 2003 angsis 2.4 GHz band (similar to 802.11b) but it
has implemented an OFDM based transmission schemmélar to 802.11a). It provided 54
Mb/s transmission ratio and 22 Mb/s throughputsTdxtension is fully backwards compatible
with 802.11b therefore new g-class devices canepéogied over existing b-class infrastructure.
The 802.11g similarly to 802.11b suffers from ifeeence with other 2.4 GHz devices
(cordless telephones, microwave ovens, etc...)

 802.11n [25] is the most recent extension that éma@nts multiple-input multiple-output
(MIMO) antennas that operates in both 2.4 GHz a@Hz bands. MIMO is a technology that
uses multiple antennas to coherently resolve mdogmation than using a single antenna. This
configuration spatially multiplexes (through Sphtiivision Multiplexing, SDM) multiple
independent data streams that are transferred tamealusly within one spectral channel of
bandwidth. MIMO SDM can significantly increase d#t@aoughput as the number of resolved
spatial data streams is increased. Each spatedmstrequires a discrete antenna at both the
transmitter and the receiver. In addition, MIMOheology requires a separate radio frequency
chain and analog-to-digital converter for each MIM{tenna, which translates to higher
implementation costs compared to non-MIMO systeB@2.11g incorporates another feature:
40MHz channels that double the channel width frddnMHz in previous 802.11 extensions.
This allows for a doubling of the data rate oveiragle 20 MHz channel. The 802.11n standard
is backward compatible with 802.11a/b/g therefdrean be deployed as an extension for
existing WiFi infrastructures.

The 802.11 standards and its extensions providessteffective solution for short distance access

networks that can be deployed in locations wherenpeent wired networks are not accessible and

costly to deploy. WiFi is also considered as on¢hefprime candidates to implement an open access
public wireless network deployed over metropolis@eas [26].

Mobile telephony

Rapidly growing popularity of mobile telephony hascome a main push for telephony operators to
introduce new services over the existing infragtmec Today mobile telephony provides not only
voice or Short Messaging Service (SMS), but al$ersfvideo teleconferencing, web browsing, email,
instant messaging (Yahoo, MSN), Multimedia Messgg®ervices (MMS) and use of Global
Positioning System (GPS). Those additional servpresided by telephony operators as value-added
services (from the marketing perspective) transémna traditional mobile voice communication
network into a dynamic multipurpose mobile accestsvork where subscribers have access to services
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that were available in the past only to broadbamddwetworks.

The Global System for Mobile Communications (GSMjwork offers data transfer through General
Packet Radio Service (GPRS) and Enhanced Datafaat€&SM Evolution (EDGE). GPRS is a packet
oriented mobile data service on the second and ganeration cellular communication systems. GPRS
was originally standardized by the European Telgonamications Standards Institute (ETSI) in
response to the earlier Cellular Digital PacketaD&DPD) and NTT DoCoMo's i-mode packet
switched cellular technologies.

GPRS is a best-effort service (as opposed to tissuiching), where a certain quality of serviceo&)

is guaranteed during the connection. In secondfgéne systems, GPRS provides data rates of 114
Kb/second. Second generation cellular technologypbined with GPRS is sometimes described as
2.5G, that is, a technology between the second &@)third (3G) generations of mobile telephony. It
provides moderate-speed data transfer, by usingeaghdime division multiple access (TDMA)
channels in, for example, the GSM system. GPRSintagrated into the 1997 GSM release, as well as
newer releases. GPRS uses a rate adaptation afgahat adapts the modulation and coding scheme
(MCS) according to the quality of the radio chantelimprove robustness of data transmission. It
supports Internet Protocol (IP), Point to PointtBcol (PPP) and X.25 connections. GPRS is now
maintained by the 3rd Generation Partnership Pr¢gaPP) [27]

EDGE was standardized by 3GPP and AT&T in the Whi¢ates, and deployed in the US on GSM
networks beginning in 2003. This extension delivgpsto 1Mb/s data transmission (with average of
400kb/s) making it much faster than GPRS. AlthowDGE is compatible with existing GSM
infrastructure it has implemented more sophistitateansmission techniques than GPRS. It
implements Gaussian Minimum-Shift Keying (GMSK) ainduses higher-order PSK/8 phase shift
keying (8PSK) for the upper five of its nine modida and coding schemes.

EDGE produces a 3-bit word for every change inieaphase. This effectively triples the gross data
rate offered by GSM. EDGE introduces also a newhrtelogy: Incremental Redundancy, which,
instead of retransmitting disturbed packets, sendse redundancy information to be combined in the
receiver. This technology increases the probabiitycorrect decoding in the end user mobile
telephone.

The Global mobile Suppliers Association (GSA) statkat, as of January 2009, there were 413
GSM/EDGE networks in 177 countries, from a totakdfiL mobile network operator commitments in
184 countries [28].

CDMA2000 (also known as International Mobile Teleoounications Multi-Carrier (IMT-MC)) is a
mobile technology standard that was designed apdoapd after GSM was widely implemented. It
uses Code Division Multiple Access (CDMA) channetess, to send voice, data, and signalling data
between mobile phones and cellular sites. The atdndias drafted by CDMA Development Group
(CDG) [29] and approved by the International Telaomunication Union (ITU).

CDMAZ2000 implements Orthogonal Frequency Divisionltiplexing (OFDM), advanced control and
signalling mechanisms and improved interferenceagament techniques. It also implements Quality
of Service (QoS), and antenna techniques such éspMunputs Multiple Outputs (MIMO) and beam-
forming to increase data throughput rates and yuafiservice, while significantly improving networ
capacity.
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CDMAZ2000 includes CDMA2000 1X (1X) and CDMA2000 BX© (EV-DO) standards. CDMA2000
1X (1S-2000) supports circuit-switched voice up3® simultaneous calls per sector and high-speed
data of up to 153 kb/s in both directions. It wasfied by International Telecommunications Union
(ITU) as an IMT-2000 standard in year 1999.

CDMA2000 EV-DO (Evolution-Data Optimized) implemsntnew high-speed packet-switched
transmission techniques that are specifically desigand optimized for a data-centric broadband
network that can deliver 3 Mb/s peak data rate mabile environment. CDMA2000 EV-DO was
ratified as an IMT-2000 standard (CDMA2000 High &atcket Data Air Interface, 1S-856) in year
2001.

Although mobile telephony infrastructure evolvetbiaccess networks, which is a robust platform for
value-added services, it has its limitations whatadransmission speed is concerned. The limited
bandwidth does not offer the full spectrum of seesiavailable to end users in wired networks ssch a
IPTV or Video on Demand.

Technologies described in this section do not leamabilities of handling more sophisticated online
services such as HDTV, Video on Demand, and or8iDegaming. Bandwidth that can be offered to
each subscriber is not sufficient to handle higmaled data transfer. The following table represants
comparison between different HDTV formats accordimdhe size of file transmitted for each audio-
video channel:

Movie File size

Standard DVD 3GB/h
Uncompressed 1280 X 720 (HDTV) 150GB/h
Uncompressed 1920 X 1080 (HDTV) 350GB/h

MPEG2 HDTV 9GB/h

MPEG4 HDTV 5GB/h

Figure 4; Transmitted file size of different HDTU¥rMmats

HDTV-720 requires bandwidth of 340 Mb/s for audindavideo transmission while HDTV-1080
requires over 790 Mb/s. None of the commerciallgespread public access network technologies that
were described above can guarantee such bandwidthch end user. Although MPEG2 and MPEG4
compression techniques bring HDTV closer to the eser, it can not take place without hardware
audio-video decoders implemented in end user telsin

The new audio-video services that will be offeredrsthrough access networks will require network
operators to provide subscribers with a much wfggreline”. The only technology that is currently
available, and that has virtually unlimited transsmn capacity, is optical network. The chapteowel
describes the most promising architecture of acoetwork where optical transmission has been
implemented to ensure that end users do have attcassy bandwidth-intensive services.
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History and general architecture of PONs

The PON has a long history, which can be trace# bathe time when Asynchronous Transfer Mode
(ATM) was a predominant technology implementedptical networks. At that time, ATM technology
was expected to be a unified solution for variogges of communication networks ranging from long
distance back-bone to local area networks (LANS).

However, after several years of development andogiagent of ATM facilities, key issues made this
technique fail to achieve its objective. ATM drawks included:

» Large header field which wastes network bandwidtho(it 10% of each ATM frame was
occupied by cell header)
* Low efficiency of the network capacity caused byadhdor the retransmission of an entire IP
packet when the loss of a single cell occurs.
* \Very complicated sublayer architecture makes thst @@ ATM facilities much higher in
comparison to Ethernet facilities.
Those challenging issues eventually made netwakigers and operators lose interest in the ATM. In
the period when the ATM still dominated commerangtworks, the first generation of PON was
developed based on the ATM techniques. Howeverausex of extremely high costs, Asynchronous
PON (APON) [30] did not gain widespread populaatyd was unable to compete with traditional DSL
techniques

After APON, the next generation PON techniquesudetl Ethernet PON (EPON). EPON is based on
low-cost Ethernet technology; therefore much chedpan APON. In addition to EPON, there is
another PON called GPON that was standardized iallpawith EPON. EPON is standardized by
IEEE and GPON is standardized by ITU. ComparedROHE, GPON seems to be more powerful to
support various types of upper layer frames suchl'ds cell, general frames including IP packets and
Ethernet frames. Subsequent to the current gearrBON, the next generation PON techniques will
be integrated with WDM technique to further incieéise capacity.

Architecture of PONs

A PON is a network that uses optical fibre as tl@nnmedium for data transmission. This network is
transparent for the data, and the transmitted kignaot taken under the electro-optical conversaabn
any time. The typical PON consists of three comptsieOptical Line Terminal (OLT), Optical
Network Unit (ONU) and Remote Node (RN) (Figure 5).

The OLT is a device located in the Central Offi€®] of the network operator and it is responsible f
sending and receiving data from multiple customé&he data travels to number of customers through
passive splitters that are collocated with optieahplifiers. Optical amplifiers and splitters are
assembled inside of the Remote Node that is deglaigng the transmission line. The RN usually has
a form of the all-weather resistant external modhbg is deployed in the field between the OLT and
customers.
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Each customer is connected to the PON through thiec&® Network Unit that plays a role of the
access node. Each ONU has its own identificatianbrar and an electro-optical converter that allows
the customer to use the ONU with traditional dewisach as telephone, CATV receiver or Ethernet
card in a PC.
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Figure 5; General Architecture of PONs

PONs implement two wavelengths to provide bidiewl transmission in the network. One
wavelength (usually 1490nm) used for the traffiattis transmitted from the OLT to customers is
called the downstream signal and it has a form obrainuous stream of data that is encapsulated in
frames. This stream is sent to all of the custorttemugh passive splitters but it is read only Byl®3

that frames are addressed to.

From OLT to ONUSs, downstream traffic transmissisreasy, based on a broadcast principle to send
each ONU a copy of signal, and each ONU judges hvanghe packet belongs to itself or others based
on the MAC address in the header of each fram#elfMAC header in the frame matches the MAC
address of an ONU, then this ONU will access trasnk; otherwise, it simply drops the frame. Based
on such a mechanism, there is no collision in domgas traffic transmission as there is only a sngl
traffic source from OLT.

Another wavelength (usually 1310nm) is used fortthéfic, called the upstream signal that is sent b
the customer to the OLT. The upstream data is eutajed at the ONU into constant length slots.
Those slots are sent to the OLT according to the tschedule that is predefined by the OLT. The
number of slots used by each ONU in equal timawiale depends on bandwidth that is assigned by the
OLT to specific customers.

There are two ways to allocate capacity to ONUthenupstream direction. The simplest way is based
on a fixed allocation strategy; that is, each ONlassigned a fixed time slot to transmit its tcatb
OLT. Each time that traffic is transmitted, thereuld be no other ONUs sending traffic to OLT.

Because data traffic from users comes in bursésethan be some traffic at times, while other times
there can be a long quiet period. Thus, if ther@ fixed time slot allocated for each ONU, whernr¢he
is no or little traffic transmitted during the tinséot, the capacity of this time slot will be waktue to

the fixed allocation. To this end, a more advanestinique is based on a dynamic allocation strategy
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That is, it is the OLT that is responsible for tapacity allocations between ONUSs.

When an ONU has more traffic to transmit, it isigissd more capacity; otherwise, it is allocated les
capacity. By doing this, a PON can significantlypnove the upstream capacity utilization and other
performance criteria such as average packet delhyhaoughput. To realize this, OLT specificallyhru

a polling protocol which polls each ONU while petically determining the amount bandwidth
required for the next round of transmission. Whea ONU sends data upstream to OLT, such
bandwidth request information will be piggybacked the uploaded data. The OLT gets this
information, and then schedules the time for theUOM transmit data in the second round. Once
scheduled, the OLT sends a GRANT message to the WiNidetailed information. Thus, overall this
is an interleaving polling process. It has beenfiegr to achieve an efficient performance in terofs
bandwidth utilization and average packet delay.

In addition, to support differential quality of sexe of upstream traffic data, more advanced badtdwi
allocation and scheduling have been devised. Operigant scheduling approach is called intra-ONU
scheduling [31] in which several queues are sdl, eacth of the queues has different priorities. The
frames with higher priorities are always transnditéarlier than those in lower priority queues. Tdas
help assure QoS of higher priority services suctiodi.

Standards of PONs

There are two main competing standardization bod@gerning PONs: The Telecommunication
Standardization Sector (ITU-T) that operates onalfebf International Telecommunication Union
(ITU) [32] based in Geneva, Switzerland and Ingtitaf Electrical and Electronics Engineers (IEEE)
[33] based in the United States.

The standardization work of ITU dates back to 1868h the birth of the International Telegraph

Union. It became a United Nations specialized agencl947, and the International Telegraph and
Telephone Consultative Committee (CCITT), (from Brench name "Comité Consultatif International
Téléphonique et Télégraphique") was created in 1B%¥#as renamed ITU-T in 1993.

ITU is an intergovernmental public-private partingpsorganization within 191 countries (Member

States) and over 700 public and private sector emmeg as well as international and regional
telecommunication entities, known as Sector Memlagi Associates, which undertake most of the
work of the ITU.

The IEEE is a non-profit professional associatinoorporated under the Not-for-Profit Corporation
Law of the state of New York, United States, anlais over 390,000 members in 160 countries. It was
established in 1963 by the merger of the Instinft®kadio Engineers (IRE, founded 1912) and the

American Institute of Electrical Engineers (AlEBuhded 1884). EEE performs its standards making
and maintaining functions through the IEEE Stang&ssociation (IEEE-SA).

ITU standards
ATM Passive Optical Network (APON) standards weegedoped in 1998 and modified in 2000. The
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APON standard is known as the ITU-T G.983 [30]. sTktandard defines passive networks that
transmit both upstream and downstream traffic whéhspeed of 155 Mb/s. It implements time division
multiplexing for the upstream transmission andistaandwidth allocation. This standard was thet firs
official standardized passive optical network andid not support CATV transmission. APON consists
of 16x splitter in original version (32x in modifleversion) and it implements Virtual Path
Identifier/Virtual Channel Identifier (VPI/VCI) thas similar to ATM network.

Although many APONSs that were deployed at the ehdhe 1990s are still used in commercial
applications, this standard is no longer applieddw deployments due to its low bandwidth and cstati
bandwidth allocation.

The Broadband Passive Optical Network (BPON) stahdeas developed in 2002 under the same
name, ITU-T G.983, as the older APON. This standsua result of the natural evolution of the APON
and offers downstream transmission at a rate of\6i2/2 and upstream transmission at 155 Mb/s.

BPON provides dynamic bandwidth allocation for thpstream traffic, 64x split ratio and support for
the CATV service. It was the first PON that usestandard management interface between the OLT
and the ONU, enabling development of mixed-vendaxworks.

Transmission direction Bit rate [Mb/s]
Downstream 1244.16
2488.32
Upstream 155.52
622.08
1244.16
2488.32

Figure 6; GPON bitrates

Gigabit PON (GPON) standard was developed in 200deu the name ITU-T G.984 [32]. This
standard replaces the ATM model of data transmsaitth the new Generic Encapsulation Method
(GEM). GPON provides 2.488 Gb/s downstream trarsiomisand 1.244 Mb/s upstream transmission.
It offers enhanced security features and maximuilm rggio of 64x (increased to 128x after 2 years).
GPON is one of the most popular standards in NArtterica and it is the most often considered
candidate for future improvements.

IEEE standards

IEEE 802.3j standard, called Ethernet PON (EPON]],[8vas developed in 1993 and it defines
transmission of the Ethernet frames over the opfibee with the bit rate 10Mb/s. The Ethernet Over
the Fiber standard was improved in 1998 with theduction of standard 802.3z, called also Gigabit
Ethernet PON (GEPON), that offers a bit rate ®b/s.

The 802.3ae Ethernet over the fibre standard fabwhe GEPON standard in 2003 and increased
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transmission speed to 10 Gb/s. The success of EAMANGEPON encouraged IEEE from 2001 to 2004
to develop an additional standard 802.3ah thandsfimplementation of the Ethernet transmission in
optical Last Mile applications.

In the last five years there has been ongoing wwrkhe new standard 802.3av (10GEPON) that
provides support for DWDM. At the same time thendard 802.3agq has been developed to provide
10Gb/s Ethernet over the multi mode fibre transiorss

EPON and GEPON standards are very popular in AgigEairope. Although the 10GEPON standard is
still in the development stage and has not fiealidetailed standardization, it has already atthet
large number of network vendors due to its promsgaport of the DWDM transmission [35].

The already established standard carries severahtions such as the number of customers thabean

served by a single PON, which is usually not higiwan 64, reflecting a maximal split ratio of 64x.
The transmission distance without any additionapl#ioation systems is limited to 20km. The

number of wavelengths is limited to about 18 duth®implementation of the CWDM in PONSs. There
is also a significant lack of compatibility betwedBEE and ITU standards such as different
transmission speed (1 Gb/s GEPON vs. 2.488 Gb/s NGP#&nd different encapsulation of the

transmitted data (modified Ethernet in EPON vs. GENEPON).

Some of the limitations carried by the IEEE and I$tdndards are called “soft type” due to several
solutions that were developed by device vendoraweil Technologies Ltd. provides APON with split

ratio 64x (in comparison to standard 16x), AD-netfihology Co. offers 1 Gb/s EPON with split 64x

(in comparison to standard 32x), Flexlight andrefa offer the GPON over 130 km with the DWDM

extension (in comparison to standard GPON limited@ km).

Differences and compatibility issues

Interconnecting access networks belonging to IEBEI&U standards is difficult due to their multiple
differences. The main difference between ITU aBBHE PONs is the way that data is encapsulated
into frames before it is sent along a light pathhid/EPON use an encapsulation model that is derive
from the Ethernet standard [36], GPON implemergwn proprietary GPON Encapsulation Method
(GEM) [37].

The Ethernet framing system encapsulates wholefdateges with sizes ranging between 46 and 1500
bytes (no packet fragmentation is allowed), by agdin 8-byte frame preamble followed by a 14-byte
long Ethernet header (including source and destimatddresses), as well as frame type/size - avalu
smaller or equal to 1500 indicates the size ofcthreveyed payload; however, if the value of thisdfie

is greater than or equal to 1536, then the lengib/fiield indicates the nature of the MAC client
protocol (protocol type).

Additionally, the Ethernet transmission protocolemgdion requires individual data frames to be
separated by IPGs, defined by the IEEE 802.3aldatdnas 96-ns time intervals, equal to 12-byte
transmission times for 1 Gb/s 1000BASE-X Etheriteis therefore straightforward to estimate that,
for a data stream that has size ranging from 4569 bytes, the Ethernet framing overhead is cahsta
and equal t@8 + 14 + 4 + 12 = 38 bytesSince the Ethernet layer typically carries varieqagth IP
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packets originating from subscriber applicationsmust be noted that very short IPv4 data frames
ranging between 21 (minimum IPv4 packet composed béader and a single byte payload) and 45
bytes must be zero-padded to 46 bytes prior torB#te@ncapsulation.

Besides the standard Ethernet framing overhead NE&€b implements Multi-Point Control Protocol
(MPCP) that is defined in the IEEE 802.3ah [33hd&rd. The MPCP adds to EPON the scheduling
overhead that consists of control message overlgpadd band overhead, discovery overhead, and
frame delineation overhead.

GPON Encapsulation Method is an extended form df-TT recommendation G.7041, a generic
framing procedure that was originally developed &ending IP packets over SDH networks.
Downstream and upstream transmission in GPON ufafit frame formats. The downstream frame
consists of the physical control block downstre®@BD), the ATM section and the GEM section. The
downstream frame provides the common time referéoche PON and provides the common control
signalling for the upstream (Figure 7).
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Figure 7; GPON downstream frames [38]

The frame length is 12%n for both downstream data rates. The PCBd leragthe is the same for both
data rates and depends on the number of allocstrantures per frame. If there is no data to be, sen
the downstream frame is still transmitted and dsetime synchronization.

Upstream transmission uses Time Division MultiptexiAccess (TDMA), under control on the OLT
located at the Central Office (CO), which assigrmiable time length slots to each ONU for
synchronized transmission of its data bursts. Tpstreaam frame consists of multiple transmission
bursts. Each upstream burst contains at a mininmarPhysical Layer Overhead (PLOu). Besides the
payload, it may also contain the Physical Layer r@pens, Administration and Management
(PLOAM), Power Levelling Sequence (PLS), and DymaBandwidth Report (DBR) fields (Figure 8).
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Figure 8; GPON upstream frame [38]

The upstream frame length is the same as in thenstogam frame for all rates. Each frame contains a
number of transmissions from one or more ONUSs. mydach allocation period according to the OLT
control, the ONU can send from one to four typePON overheads and user data.

GPON also has its own proprietary mechanism forliQuaf Service (QoS) in upstream transmission:
T-CONT. There are five types of QoS control in GRPO

* Type-1 T-CONT service is based on unsolicited mkciopermits granting fixed payload
allocation or catering to fixed bandwidth requirentse This is a static T-CONT type and is not
serviced by Dynamic Bandwidth Allocation (DBA).

* Type-2 T-CONT is intended for variable bit ratelwitounded delay and jitter requirements like
video and voice over IP.

* Type- 3 T-CONT s intended for guaranteed delayp€er¢ T-CONT is for the best effort
transmission.

* Type-5 T-CONT is combined for two or more of théetfour types defined above and in this
case the individual bandwidth reporting and assgmins done at the ONU.

In case of EPON there is no proprietary QoS meshanoS is implemented on the foundation of the
MPCP. Although MPCP is not concerned with any paféir bandwidth allocation, it is a platform to
facilitate the implementation of various allocatiagorithms in EPON through its two-way messaging
support. EPON relies on two Ethernet control messa@ATE and REPORT) during its regular
operation. GATE messages (allocated timeslots)tramsmitted by the OLT to ONU, while ONU
reports its buffer status to the OLT by using REFO®#fessages [39].

Differences listed above are significant roadblockshe way to interconnect or merge EPON- and
PON-based access networks. Geographical diffetemtibetween deployed PONs across the world is
gradually losing its significance. Globalisationtbé telecommunication business leads to accesgibil

a wide spectrum of communication technologies thatbe chosen based on economical conditions in
given macro-region. An example of region with mixeON and GPON deployments is China, where
the national telecommunication operator (China datem) is deploying EPON and GPON as
replacement for existing DSL infrastructure. Thenponents for EPON and GPON deployments are
provided by Alcatel-Lucent. [40]f any circumstances would require GPON and EPONbé¢o
connected, the interconnection access point woalk lo require electro-optical signal converters,
encapsulation systems and inter-protocol translati@chanisms. Existence of two parallel standards
of PON creates difficulty in design and implemeiatatof universal transparent devices for both types
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of PON. It also forces network operators to purehaquipment from a limited number of vendors
since GPON and EPON devices are not inter-exchéhgea

Challenges faced by existing PONs

This chapter describes in detail a number of chgls exhibited by existing commercial network
infrastructures such as limited network reach atichieed number of end users that can be connected
to the access network. The chapter presents agsticions for future growth in bandwidth demand in
access networks and it compares capacity and dapalfi commercial infrastructures to address
changes in population density and geographic didion.

The rapidly growing popularity of internet-basedvseges increases the number of end users that are
being connected to the access networks every earthe last 10 years Internet popularity has been
booming and widespread online services have aateteithe rate of Internet penetration within the
population. In the United States for example, im¢mpenetration has exceeded 70% of population in
2009, and it is expected to reach 80% in 2011 )fig9
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Figure 9; Internet penetration in the United Stfdd$

Bandwidth demand

The demand for higher bandwidth and the growing lmemof services offered online push existing
PONSs to their limits of capability. Network operegoook for possible ways to improve already
deployed PONSs in order to satisfy high demand értkar future. There are several problems that have
to be addressed to make PONs ready for new barfthvidigry services, a high density of
interconnected end users, and extended reach cistan
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One of the issues that must be addressed is theasge of bandwidth available to each customer. Nove
services offered to end users such as High Dedmitiv (HDTV) and Video on Demand (VoD) set a
new level of bandwidth consumption. A two-hour HDTMcompressed movie requires 150 GB of data
to be sent every hour (fig 10) and that translatesver 340Mb/s bit rate. This number must be
multiplied if a subscriber wants to watch multipleleo channels at the same time (the average
household has two HD TVs).

Movie File size

Standard DVD 3GB/h
Uncompressed 1280 X 720 (HDTV) 150GB/h
Uncompressed 1920 X 1080 (HDTV) 350GB/h

MPEG2 HDTV 9GB/h

MPEG4 HDTV 5GB/h

Figure 10; Bandwidth requirements for high defomtivideo streaming [42]

Only optical networks can provide such a high later but existing PONs cannot handle such
bandwidth without sophisticated data compressioohrielogies. MPEG2 compression allows
streaming of HDTV channels over 20Mb/s link and M&2Eurther limits bit rate to 10Mb/s.

The leading markets, namely the US and Japan, idvHpenetration in the range of 20% to 30% of
households in 2006. This suggests that these twotdes had more than 70% of the world’s HDTV
households in 2006, with worldwide estimates ragdmm 25 to 50 million households. In 2010 the
HDTV penetration in the US exceeded 60% [43] ane tbrecasts have worldwide penetration
exceeding 10% of TV households in 2011. About dnettof the world’s TV households presently
subscribe to some type of CATV service. The egeéséor the number of Internet Protocol TV (IPTV)
subscribers worldwide in 2006 are about 5 millioless than 1% of TV households and about 2% of
CATV households. Forecasts estimate the numb&PT¥ subscribers in four or five years rise from
70 to 150 million — again approaching levels neé¥xoIof TV households [42].

This clearly suggests that HDTV and IPTV may becomthe near future the most popular services
(next to VoIP, online shopping and plain internedvising) that are offered by network operators. The
data on HDTV penetration into TV households sugg#sat there is potential demand for more than
one simultaneous HDTV signal. Some households @rbave acquired a second HDTV set, and this
percentage is only expected to increase. Thersasthe possibility of subscribers seeking to watch
one HDTV program while receiving and recording dweot either in HD or SD. Therefore total
bandwidth requirements per household will be detsech by summarizing all subscribed services,
which will certainly be much higher than the bitedor a single HDTV channel.

The downstream transmission is not the only serthe¢ will impact bandwidth requirement in near
future. New online services that involve a highearel of subscriber interaction such as high dedinit
online gaming, real time video conferencing or vidaline editing will also apply pressure on netkvor
operators to provide access to a sufficient amo@inipstream bandwidth. Typical xDSL services that
are offered to Canadian subscribers in metropohtaas do not exceed 2Mb/s of upstream bandwidth
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and in many cases hover below 500Kb/s when theausadfacility is located in a suburban area.

The next level for proposed upstream transmisssohOi Mbs/s but considering the rapid growth of
online applications, this may be a very consereatistimation. Operators in Japan and Korea offér 10
Mb/s for upstream services, and higher speedsastdsbe underway.

In summary, implemented modifications in data trmassion technologies are required to
accommodate high bandwidth services aforementianedrder for service providers to remain
competitive.

Density of end users

Another problem that service providers face is ltowonnect a large number of new customers to the
network. Every new customer is a new source ofrmegdor service providers but existing PONs can
only serve a limited number of customers due tdithiéed split ratio of deployed splitters and liendl
optical power transmitted through those splitté&r&ON split ratio varies between 32 to 128 but the
typical value is 64 [44]. Assuming an average inplubptical power in the PON is between 0.5 to 5
dBm [45], the average output power that reaches esel facilities, when a 128x splitter is
implemented, will vary from approximately -20dBm-tic6dBm. If a network provider wants to double
its revenue without increasing subscription feégntthe number of end users should be at least
doubled [46], and this will lead to a drop in outpptical power of -23 dBm

The problem of an increasing density of end usersnected to an access network is becoming
significant in metropolitan areas where high resi@dg density is induced by the popularity of
condominium housing.

For example, the State of New Jersey (around 7408re miles of land area) had a population density
of approximately 1000 residents per square mil&980. This density had grown to 1051 in 1990 and
to 1144 in year 2000, finally reaching 1195 restdegper square mile in year 2010 [47]. The total
population in NJ was estimated to be 9 million @2 with housing units in multi-unit structures¢bu

as condominium skyscrapers) exceeding 36% of resadeeal estate [48].

Relatively small urban areas filled with skyscrap#rat accommodate thousasnds of apartments in
each building, presents a big challenge for optieztivork providers to ensure sufficient power of
optical signal delivered to each subscriber.

This problem becomes even more crucial to addrdssnwou consider that in the future, HDTV
broadcast will be the most popular consumer seroftered in metropolitan areas. The Super Bowl
XLV finals in 2011 attracted over 111 million vievge which placed it in first place as the most
watched television program in US history (Super B&WlV drew in 106 million viewers in 2010).
There are many more TV shows that skyrocket in $evfrpopularity among viewers: National Hockey
League (NHL) Playoffs, National Basketball LeagddB[) and National Association for Stock Car
Auto Racing (NASCAR) among others.

Widespread popularity of TV broadcast brings ane&nt opportunity for network operators to
increase their revenue stream by offering thoseadwasts in high definition format that is closely
aligned with the growing number of large scale $lateen TV sets purchased by consumers.

The above examples suggest certainly that in the fogure there will be great bandwidth demands for
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online services provided to a large number of cores distributed over the existing network

infrastructure. The existing network infrastructwél have to be modified not only to handle high

bandwidth streaming but also to accommodate thie distribution density of consumers connected to
the access infrastructure within limited geograpbmions.

Higher power optical signal emitted by OLT couldapossible solution to the problem of high density
of end users connected to single PON tree, bubitldvrequire additional capital and operationaltgos
that are related to the implementation of high-potr@nsmitters. There have been reported designs of
high power super luminescent diodes (SLD) for WDMMNP applications [49]In addition, the high
power optical signal injected to telecommunicatiilme may cause unwanted nonlinear optical effects
that will increase link impairments and deterioratrlity of transmitted signal.
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Figure 11; WDM SLD output power vs. supply currgif]

Those diodes are capable of emitting light withicgdtpower exceeding 21 dBm, when 1.47 A supply
current is provided and stable temperature of 25%hsured (fig 11).

Requirements for high-current supplies and stadtgperature associated with implementation of high
power laser transmitters will certainly have a riegaimpact on OLT investment costs due to the
additional cooling systems that will need to beldggd in OLT facilities resulting in higher energy
consumption, elevating the operational costs.

High optical power injected to the PON grid mayoabkxcite some unwanted nonlinear effects in
optical fibres [50] and that may lead to additiopatical noise. Under certain conditions there may
appear effects of Self-Phase Modulation (SPM), &Risase Modulation (XPM) and Four Wave
Mixing (FWM). SPM may occur when the refractive @éxdof a fibre contains a nonlinear dependent on
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intensity component, which causes the phase dluiftqutional to impulse intensity. SPM is observed i
high bit rate (over 2 Gb/s) optical systems that simall impulses durations (less than 200-400 pd) a
high transmission power.

XPM occurs in multi-wavelength optical systems sasiCWDM and DWDM systems, and it exhibits
(similar to SPM) a change in refractive index ghtiintensity increases. Since channel power lewels
CWDM-DWDM systems are approximately identical, tkeM effect increments nonlinear phase
shifting approximately in 2N times, where N is nunlof used optical channels in the fibre. XPM
leads to the same distortions of impulses, as SiPM,in a greater degree. The XPM effect in a great
degree, rather than SPM, depends on dispersiomenfibre-optical line and leads to amplitude
distortions from pulse jitter.

FWM is an effect of interaction of three waves witbquenciesni, ® 2, ® 3 when the critical power
level of laser radiation meets nonlinearity of thetical fibre. This effect leads to create a fourth
wavelengtho 4 = ® 1= ® 2 = ® 3. It may create a false signal that can enter wboking bands of
channels. Number of false channels M is relateduimber of legitimate channels N that are used in
optical systems: M = [{N-1)]/2. Therefore a 4-channel PON may have 24efalignals, and a 16-
channel WDM-PON may have 1920 false signals.

Another solution for deteriorating output power agtical signal due to high split ratio would be
implementing higher sensitivity photo receiversONU devices. High sensitivity receivers for 1.25
Gb/s PON applications were reported in [51]. Toriowe receiving signal with low optical power a
PIN photo detector was implemented in IEEE EPON2(B&h) and ITU-T GPON (G984.2). Although
the achieved bit error ratio (BER) was in the ramfel0'* when optical power was -30dBm, it
increased to I®when the optical power experienced only a smalhge of -1 dBm (Figure 12).
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Figure 12; Changes of BER as function of receivadgy in PIN photo receiver at 1.25Gb/s PON [51]
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High sensitivity receivers for commercial 10 Gb PQ@Nveloped by NTT laboratories) were reported
in [52]. The proposed PIN photo receiver achiev&RB10*?in GEPON when the optical power was -
19 dBm and the transmission rate was 10Gb/s. Atthdbe error ratio appeared to be stable at the 10
12 level for continuous transmission as well as btrasmission, it quickly exceeded a ratio of’ 10
when the received optical power changed only witBidBm (fig 13).

An additional method can be implemented to imprexg&action of data from distorted optical signal.

The Forward Error Correction (FEC) is a technigsedufor controlling errors in data transmission
over unreliable or noisy communication channelsCh& accomplished by adding redundancy to the
transmitted information using a predetermined algor. A redundant bit may be a complex function

of many original information bits. The ITU-T (G.70%tandard recommends a Reed-Solomon
technique as FEC in optical gigabit communication.
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Figure 13; BER performance of PIN photo receivet@Eb/s PON [52]

Research results of PIN photo detectors as cardidat implementation in high sensitivity PON photo
receivers indicate that this technology could lgoad solution for deployment in subscriber premises
if the output power of the transmitted signal isesely weakened by multiple splitters implemented i
access networks.

Although high sensitivity PIN photo receivers penfiowell when output optical power is stable (even
when low), they exhibit an increase of BER whenagptpower experiences a drop down for less than
-2 dBm. This effect is especially visible for highmt rates such as 10 Gb/s. It implies that iasheg
sensitivity of the photo receiver may be a goodismh to high density of connected subscribers when
a 1 Gb/s commercial network is considered. If bterl0 Gb/s or higher is considered, stability of
photo receivers needs an improvement to handlepaoted variations in optical output power.

Another aspect of low power output signal at thastmmer premises has to be considered. Network
operators have been seeking possible ways of dsiegeaost of end user terminals to make PONs
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more accessible to broader range of consumers.oOtiee most frequent propositions is to eliminate
certain active components of ONU such as receiaedstransmitters. Those two elements would be

possibly replaced by one component: Reflective SRBOA) [53]. This modification would simplify
ONUs architecture and decrease operational cdstedeo the power consumption.

Although the implementation of RSOA may have a fposimpact on capital and operational costs of
ONU, it would require that the optical power at stitber premises be no lower than -20 dBm [54]. If
optical power drops below the accepted thresholdefwsplit ratio at the remote node is too high)
RSOA may cause a significant increase in BER.

L ong reach of the network
The wide geographic reach of PONSs is another idstemust be considered when network topology is
planned and access infrastructure is deployed.

The booming popularity of suburban housing develepi® [55] ignited by high costs of dwelling and

limited development space in downtown cores andr-deantown regions [56], resulted in the
development of a number of low-density remote eettints filled mainly with single houses and
semidetached units.
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Figure 14; Change in average house price in TorantbVancouver [56]

Rising costs of housing in major cities (Figure) @itbve residents farther from the downtown coces t
seek affordable housing in suburban locations. Netttements such as Jackson Trails, Findlay Creek,
Half Moon Bay or Chaperal Town near the City ofath (Ontario) require not only connecting to
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certain municipal infrastructure such as the eleaitrgrid, water, sewage and public road system, bu
also to communications media such as telephons, loable TV and internet.

In the past, xDSL was a predominant solution fonat locations. Although it was inexpensive and
easy to implement, it had one major drawback: lawdwidth for end users due to long distance to the
DSLAM node. Modern deployment of an optical telecommication network in remote locations faces
a similar problem of considerable geographic distabetween end user and the central office.
Although a low-density residential area does ndiilak problems related to high splitting ratio, it
draws attention to problems related to length efdptical link and all components deployed alorgy th
light path that are potential sources of opticaklo

Losses related to optical fibre, connectors, sphtiand other passive components of the optical pat
are described and standardized by the Telecomntionsandustry Association (TIA) [57] in the TIA-
568 document published for the first time in 200kis document is a set of three telecommunication
standards (ANSI/TIA/EIA-568-B.1-2001, -B.2-2001,dxB.3-2001) that address commercial building
cabling for telecommunication products and servidésst manufacturers and users of cabling systems
in the US use it as a standard for premises cabllig section TIA-568-B.3 of the document
specifically addresses components of fibre opfi@structure (fig 15, 16).

Max
Attenuation
Wavelength  Coefficient
Fiber Type (nm) (dB/km)
850 35
50/125 (OM2, OM3) 1300 15
850 35
62.5/125 (OM1) 1300 15
Singlemode (OS1, 0S2) 1310 1
(Premises) 1550 1
Singlemode (OS1, 0S2) 1310 0.5
(Outside Plant) 1550 0.5

Figure 15; Fibre Optic Performance: standard TI&-853 [57]

TIA-568-B.3 defines optical fibre loss, optical cattor loss and splicer loss (0.3 dB/splice). Gybtic
network vendors use those guidelines to estimatepsical power budget required for specific fibre
network deployments.

Wavelength Optical Return
Fiber Type (nm) Loss (dB) Loss (dB)
850 0.75 20
Multimode 1300 0.75 20
1310 0.75 26 (CATV:55)
Singlemode 1550 0.75 26 (CATV:55)

Figure 16 Optical Fibre Connector Mating Loss: d&d TIA-568-B.3 [57]
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Also implemented is an international standard IS@01L [58] that is very similar to the TIA standards
except that it has some slight variations from omentry to the next.

A typical EPON that has a standardized 20-km rea@ha minimum of two connectors (for each end
point) would exhibit a loss 0f20*0.5dB+2*0.75dB=11.5dBaccording to the TIA standard. This
estimation is very optimistic and does not consitler standard x64 splitter and extra connectors and
splices that would have to be implemented if a ROdeployed over the existing public infrastructure
The realistic scenario would have to include ndy éosses related to additional splitters or coroesc

but also losses related to fibre misalignment, alirstain covering fibre faces, unexpected fibredse
and all other imperfections that may occur duriegldyment of the telecommunication infrastructure.

As it is shown above there are a number of fundaahéssues that PONs will have to face in the near
future. The development and implementation of iraiwe technology is required to enhance existing
commercial PON deployment as well as ensure thatgeneration PONs will be ready to face future
challenges.

PON extension scenarios

This chapter presents technologies that can benpaltg implemented in existing PONs to extend thei
reach and to improve their capacity. The chaptevides also detailed review of existing projectat th
address number of drawbacks in existing PONs. Tlapter also compares results of already published
works from the perspective of potential commerzation and their compatibility with existing
telecommunication infrastructure.

As was presented in the previous chapter, issl&®deto the expansion of PONs can be grouped in
three main categories:

» Density of end users connected to the network
» Maximal distance of the network range
» Bandwidth available to subscribers

There are a number of projects initiated in bothwdaenia and industry to address one or more problems
faced by PONs. Those projects are in differentestagf design and development. Some of them have
already been implemented in commercial networkmesare in very advanced development stage,
while others have never gone beyond the develomhstatge.

To address the problem of available bandwidth arsidly of end users, multi wavelength technologies
are very often proposed as universal solution. W[BM| is a good candidate for extending existing
PONs that have implemented only two or three wangtles (shared in TDM fashion). To effectively

take advantage of multiple wavelengths deployedciress networks, a low-cost model of wavelength
assigning between end users is required as wet@®ved methods for sharing multiple wavelengths.
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Many extension designs implement Arrayed Waveg@dating (AWG) [60] as a key component in
Wavelength Division Multiplexing (WDM) optical comumications systems. AWG has the advantage
of compact physical size and easy of integratioth vather optical components, such as lasers,
amplifiers, and photodetectors. Small featureshig tlevice allow for a mass production on large
wafers and therefore it enables manufacturers tatea low production costs.

First generation extensions

One of the oldest projects that addressed the @ishigh bandwidth demand per single customer was
Composite Passive Optical Network (CPON) [61]. Ttashnology implements Wavelength Dense
Multiplexing (WDM) 1500 nm band in the downstreamarntsmission and single wavelength Time
Division Multiplexing (TDMA) shared in the upstreamhe single wavelength receiver is used at the

OLT (Figure 17).
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Figure 17; Composite PON [61]

Each customer has dedicated wavelength for dovamtreansmission. This solution provides high
bandwidth to each customer but it does not guasamgi@od scalability especially when Coarse
Wavelength Dense Multiplexing (CWDM) technology used. A limited number of wavelengths
prevent a high number of customers to be connectedtie PON. CPON in its basic version finds
applications in enterprise business where low ecastonumbers have a large bandwidth requirement.
In addition to this CPON represents an early modelWDM-PON because of implemented
multiwavelengtth downstream transmission.

The problem of merging multiple PONs that are alyedeployed in the field is addressed by the
Stanford University Access Dynamic Wavelength Assignt (SUCCESS-DWA) PON architecture
[62].

SUCCESS implements dynamic wavelength allocatiopréwide bandwidth sharing between multiple

PONSs. It consists of tuneable lasers (TLs) andAifnay Waveguides (AWG) at the CO, while WDM
fillers and a burst-mode receiver are employed iwithe ONUSs. Significant feature of all-optical
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multi-access network which is different from conttenal point-to-point links is that the amplitudeca
phase of the received packets can be quite diffdrem packet to packet due to different fiber
attenuation and the chromatic dispersion causdtdyariation of the transmitters’ wavelengths. $ur
mode receivers are suitable for those networks usecdhey offer fast response time to improve
detection of short packet or burst data. A wideb®fidM filter residing between the AWG and the
PON separates up- and downstream traffic. The negjuirement for this model is that all wavelengths
from the OLT must reach all ONUs across separaysipal PONs (Figure 18). TL1 can reach PON1
through AWG channels 1,5,9,.... and PON2 througinobkls 2,6,10,.... etc. Each TL can reach any
ONU in each PON by determining what wavelengthdsvising a particular ONU. This model is
scalable by adding new TL and AWG. Since each TLaacess only one user at the time, the efficient
scheduling algorithm is required.

Figure 18; SUCCESS-DWA PON architecture [61]

To avoid head of line blocking, several virtual mutt queues are implemented. One queue can be
serviced by several TLs so that an implementedearprevents more than one TL from accessing one
gueue at a time. This model avoids collision; hosveit is not fully scalable for a large number of
ONUs. An incoming packet is assigned to the trattemwith the shortest queue to minimize delay.
The scheduler traces the destination address gfatieet at the end of queue and assigns the ingomin
packet to the same queue if the addresses areathe. €0S is implemented by prioritizing packets
when they are assigned to the queues.

The problem of connecting a high number of custentera single PON is addressed in the WDM
Super-PON project [63]. This type of PON coversaage of over 100 km with a splitting ratio
reaching 2000 with the aid of optical amplifiersA%). Optical amplifiers are placed in the feedbefi
(the one connecting OLT and RN) and after the Rl $olution provides sufficient power budget to
the network. SPON uses two DWDM channels, one sfreapm and one for downstream. The “blue”
half (1525 nm — 1543 nm) of the C-band carries mkiveam channels while the “red” half (1547 nm—
1565 nm) carries upstream channels, which areraegubby low-cost red or blue filters (RBF). ONU
is a colorless device that uses an electro-absorptiodulator-semiconductor optical amplifier (EAM-
SOA) to modulate and amplify outgoing signal.
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Figurel9; Super-PON with colorless ONUs [61]

The remote node (called also “repeater”) contairt®@tinuous-wave (cw) seed laser followed by a
booster amplifier, distributing an upstream optisaturce signal to each ONU within a splitter PON
group. All upstream wavelengths are amplified byEdDFA preamplifier before being separated into
each receiver at the OLT (Figure 19). The Super-R@dtlel provides long-distance service and
accommodates many ONUs. The remote node requgesvih power source for implemented active
devices such as seed laser; therefore it is naidered to be a fully passive network.

The solution for the scalability problem of PONspiesented in the Multistage AWG-WDM-PON

project [64]. This architecture implements the peéic routing property of the Array Waveguide
(AWG) to reuse one wavelength for more than onsatilter.
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Figure 20; AWG-WDM PON [61]

This architecture provides scalability in bandwidhwell as in number of users, either by employing

additional wavelengths at the OLT or by cascadingtiple stages of AWGs with increasing AWG
coarseness at each stage (Figure 20).

The problem of the high costs of end-user termirsadgldressed in the project Remote Interrogatfon o
Terminal Network (RITENET) [65]. The RITNET archateire eliminates the transmitter on the ONU
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side by modulating the downstream signal and byisgnit back to the OLT. The ONU splits the light
with a passive tap. The portion of the light dezdchy the receiver and the remainder is looped back
toward the OLT through a modulator.

The signal (the same channel) from the OLT is shdoe downstream and upstream transmission
through time sharing fashion. In other words, bibi upstream and downstream channels have to be
shared by the ONUs using TDMA or dynamic bandwaltbcation.

A 2x2N AWG-based router is used to route the wawgles. The OLT consists of a tuneable laser (its
modes correspond to those of the AWG) that is dapabwavelength stepping through the ONU
channels (Figure 21).
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Figure 21; RITNET PON [61]

RITENET reduces end-terminal costs at the ONU, thatdistance from the OLT to the ONU is much
less because signal from the OLT has to travel gotlie distance. The number of fibers employed in
this architecture is doubled, so it raises the obgeployment and maintenance of this PON model.

Requirement of implementation a tuneable lasemoaraay of transmitters and receivers increases the
cost of OLT, and therefore makes RITENET a moreeasjve architecture compared to alternative
CPON and LARNET (both described later). The adwgataf this model is the availability of
symmetrical bandwidth in the downstream and upstreé@ections.

Another method of limiting costs of end-user teratiis presented in Local Access Router Network
(LARNET) [66]. LARNET-PON has implemented a brogmestrum source at the ONU, such as a low-
cost light-emitting diode (LED). The spectrum ofsth.ED is sliced by the AWG-based router into
different optical bands in the upstream direction.

An advantage of using an edge-emitting LED is #ath ONU can have the same device, as opposed
to employing DFB lasers at each ONU, which may meqihe DFBs to be different. Each ONU has a
broad-spectrum source that sends a signal to @iftgyorts of AWG router. Wavelength that is slietd

the output port depends on the input port thatdigmal reaches, and therefore a particular ONU
(Figure 22).
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Figure 22; LARNET PON [61]

The downstream signal consisting of multiple wamgth components is generated at the OLT by a
multifrequency laser (MFL). This signal is couplietb the transmission fibre through a 1300-nm and
1500-nm multiplexer. A broadband receiver is alsgpeyed at the central office, which can receive
any spectral component of the edge-emitting LEDs Theans that OLT can receive any wavelength
from any of the ONUs. Implementing single receivarshe OLT requires that the upstream channel be
shared between the ONUs in the TDMA model. Thetétion with this architecture is that spectrally
slicing a broad-spectrum source by an AWG may teddgh power loss.

The issue of network survivability is addressedthy project "Wonder-PON" [67] proposed at the
Politecnico di Torino. It consists of N nodes coeted to two counter rotating WDM rings. Each ring
provides W wavelengths where N>=W. One ring is umdg for transmission and another one only for
reception. Transmission wavelengths are switchetidaeception ring at a folding point between the
two rings. The way packets travel consists of tveotg during the first ring traversal, transmitted
packets traverse the transmission ring until théirig point, where they are switched to the reaepti
ring and then received during the second ring tisale Similarly, this architecture works on a falde
bus network, where each ONU has one receiver aadransmitter working on a single WDM channel
(Figure 23).

Figure 23; WONDER-PON [61]
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The architecture utilizes one wavelength for upstretransmission and one wavelength for
downstream transmission. Receivers at ONUs and @td centered only for those specific
wavelengths. This model allows ONUs to exchange aathout intermediate OLT if burst mode

receivers are implemented and if the distributembss protocol is used. The drawback of this madel i
that a number of couplers attached to the ringesmusajor power loss. To minimize the number of
splitters in the ring, ONUs can be grouped.

The WONDER network can be used as a collector dii§Qvhere PONs are connected to the ring
through couplers. To avoid interference of upstresagmals, the circulator is used instead of 2xN
splitter (Figure 24).

Splitter
1:N

4t

Figure 24; WONDER-PON as a collector for PONs [61]

Each logical PON will have assigned one upstreaweleagth as well as one downstream wavelength.
EDFA amplifiers will be implemented to deal withvper loses.

The method for connecting a large number of custen@ the network is proposed in the project
Scalable Advanced Ring-based passive Dense Accetsgohk Architecture (SARDANA) [68]. This
project targets the performance enhancement ofedEiige-to-the-Home networks. It implements a
robust highly-scalable access PON with impairmemt@ensation. The proposed network incorporates
a novel WDM/TDM overlay which enables it to servetveeen 1000 and 4000 users and extend the
reach to 100 km while maintaining the passive matiithe network.

The SARDANA architecture is similar to the originflONDER-PON network with the exception that
the main ring consists of two independent fibrekeathan folded single fibre. Multiple of PON tsee
are connected to main rings at Remote Nodes. EaelPON has dedicated wavelengths for upstream
and downstream. The upstream channel in eachdrsleared in TDM fashion. The scalability of the
model is realized by adding a new RN to the rind assigning two additional wavelengths at the OLT
to the new tree PON. Both main rings are conneittdcke PONs through two stages of couplers. The
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first stage is 90/10 and the second stage is 50tafpler. This 50/50 interconnection provides
protection functionality that lets the downstreagnal be received by tree PONs from an east and wes
fibre connection as well as two paths for the wgastr signal (Figure 25).
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Figure 25; Remote Node architecture in SARDANA-PBL

Each remote node services two PON-trees with siiiigles. The trees can be configured with 16-, 32-,
64 ONUs and respective bandwidth: 156 Mb/s, 78 MB& Mb/s per single ONU. The signal
amplification is done at the RN using EDFAs that aemotely pumped by 1480 nm lasers. The
experimental prototype used ASK 10 Gb/s and pralit®®0 Mb/s per user in half duplex mode. The
tunable laser of the OLT provides an optical carteethe ONUs for half of the time for intensity
modulation (IM) upstream modulation by the RSOAs.

Using RSOAs with modulation capabilities up to Z3bits/s, the minimum guaranteed upstream
bandwidth of 40 Mbits/s can be offered to each ONWe pump power from the OLT 1480-nm lasers
is reused at several RNs by injecting the remaieixgess pump power of the EDF to the fibre ring to
use it at the next RN, thanks to the EDF charasttesi and the low losses of currently commercial
1480/1550 multiplexers (of 0.2 dB).

Optical transmission measurements have been dold®4#.73nm (ITU-T channel 42). An EDFA
booster (placed after the tunable laser at the Qlcdyides 10 dBm for the downstream signal. This
signal propagates through 25km of standard singldenfiber (SSMF), corresponding to the distance
from remote node #4 to the OLT, in case of a 100fire ring. Experiments demonstrate that this
access architecture can serve 1024 users and 50k&1,2 users and 100km configurations offering
guaranteed downstream bandwidths of 155 Mbits/syser. Each remote node produces passing
attenuation of 1.04dB for downstream (due to twc&dB, 90% passing, and 0.05 dB excess losses,
0.08dB maximum specified; plus 0.02 dB for splicasyl 1.52 dB for the upstream transmission (due
to extra pump-signal WDMs, 0.23 dB each, 0.3 dBimaxn, and splices).

Signal and pump variable attenuators have beendeadl to emulate other RNs at the corresponding
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light paths. Downstream signals are dropped bw@i20 and 50/50 couplers. The total dropping losses
are 13.2 dB (10 dB due to 10% of dropping, 3 dBabse of the 50/50 splitter, and 0.2 dB due to
excess losses and splices).

Low loss 2.1 dB in thin-film 100 GHz filters defiden ITU-T standard have been used for wavelength
selection at 1543.74 nm. The result of the expertalesetup shown that Experiments demonstrate that
this access architecture can serve 1024 users @ridn5or 512 users and 100-km configurations
offering guaranteed downstream bandwidths of 1583V#per user.

The demand for high bandwidth per single custorseaddressed by projects Photonic Integrated
Extended Metro and Access Network (PIEMAN) [69]EMIAN is the project of a new all-optical
communication system that will allow individual sgbibers to directly access bandwidths at up to 10
Ghbit/s both upstream and downstream. This architeatill integrate access and metro networks into
one system.

This integration will simplify the network architieire and reduce the cost to deliver future broadban
services to all residential customers. The maiuragsion is that access and metro portions of the
network are provided by separate systems.
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Figure 26; PIEMAN-PON architecture [61]

The project addresses the European national gdugeaphat require a reach of 100 km from the
customer to the major service node. Since depippimint-to-point fibre from each customer to the
service node up to 100 km away will be expensieePEEMAN will use multi-wavelength, high split
passive optical networks (PONSs) to make efficiese af fibre. The first generations of PONs are now
standardized and commercially available. The mdsaaced of these (GPON and GE-PON) typically
offer 2.4 Gbit/s downstream and 1.2 Gbit/s upstresimared between 32 customers (via passive optical
splitters and a TDMA protocol), over a reach ofta20 km.
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Extensions comparison

The previous chapter reviewed a number of extessibat have been proposed by business and
academic institutions to solve certain technicauées faced by present PONs. From a business
perspective, all technical problems surrounding B@BIn be grouped into classes that reflect certain
aspects of network expansion. This classificatielp$ to provide a comparison between extensions
regarding to the maximal number of end-users sersistiance to reach, bandwidth offered to each

customer, reliability, QoS and protocol transpayen@/hile most of the PON extensions are protocol

transparent, due to their optical fibre used astthesport medium and data encapsulation methods,
number of end users or max distance varies depgrafintechnology that is implemented. Figure 27

presents comparison various projects of next génarBON architectures and their limitations.

M ax. Number of M ax bandwidth Muli wavelength Downstream
Extension distance customers per customer technology wavelength
[km] served [Gb/g] sharing
Depends on -
CPON 2025 | number of Limited by CWDM No
Rx/Tx
wavelengths
SUCCESS-DWA o5 64 (with 4 Tx 125 CWDM (DWDM Yes (within
in ONU) planned) single tree)
SUPER-PON 100 2000 2.4 CWDM
MULTISTAGE CWDM (DWDM
AWG-PON 20 32 1.25 tested) TDM
Depends on | Limited by re-
RITNET 20-25 number of modulation at CWDM No
wavelengths the ONU
Depends on
LARNET 20-25 number of 0.662 CWDM No
wavelengths
25 10 (per
WONDER-PON | (between 16 (RNs) CWDM (16) TDM
RNs) wavelength)
SARDANA 100 1024 0.155 CWDM TDM
PIEMAN 100 512 (per 10 DWDM (32) TDM
wavelength)

Figure 27; Extensions comparison

There is no one universal access network that itatifferent markets to serve different demands and
different expectations. Enterprise customers wheehgery high bandwidth demands will take
advantage of the PON that offers a full wavelen@®@hrNET, LARNET), while personal users, that
represent a much larger portion of the telecom etaakd that have lower bandwidth demand (daily
usage of CATV, WoIP, Internet), will fit to the mabrk model where wavelength is shared among a
number of end-users. The examples of this moddPEE&AN and Multistage-AWG.

Limitations of networks presented in figure 27 hdkeir roots in technologies implemented in the

network. The most common technologies implementedommercial PONs as well as prototypes of
PONSs extensions are listed in figure 28.
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Splitter WDM-PON

AWG-based PON

CWDM-PON

Cascaded AWGs

DS/US Bit Rate a[Gh/s]

1, 2.5, 4, 10 dedicated

1, 2.5, 4, 10 dedicated

100 GHz, 50 GHz inter-

1. 2.5, 4, 10 dedicated

20 nm {L-, C-, 5-, and O-

1. 2.5, 4, 10 dedicated

100 GHz, 50 GHz inter-

Wavelengths Grid 100 (50} GHz e T e
Max. split 1:32 1:40 1:8 1:40
Max. budget [dB] 8 (1G APD) 10 {1G PIN) 13 (1G PIM) 12 {1G APD)
ONU link cost {rel.] 242 (1G per &) 256 {1G per A} 122 (1G per A} 300 {1G per i)
Amplified DWDM CWDM+TDMA DWDM+TDMA Amplified, TDMA
Up to ~1Ghb/s Up to ~1Gh/fs Up to ~1Ghb/s

DS5/US Bit Rate
[Ghs]

Wavelengths Grid
Max. split

Max. budget [dB]

ONU link cost [rel.]

1. 2.5, 4, 10 dedicated

100 {50} GHz

1:40

=30, scalable

280 (1G per &, PIN, 1
active node, plus

booster and pre-amp
in OLT)

{~250 Mhb/s for 1:8 split
and 2.5G aggregate bit
rate, 90 percent efficiency}
20 hm

1:64

11 {1:64, 2G5 AFD)

132 (2.5G per I}

{~500 Mbfs for 1:4 split
and 2.5G aggregate bit
rate, 90 percent efficiency}
100 (50) GHz

1160

11 (1:160, 2G5 APD)

234 (2.5G per &)

(~250 Mb/s for 1:8 split
and 2.5G aggregate bit
rate, 90 percent efficiency}
100 (50} GHz

>1:320

>30, scalable

198 (2.5G per &, PIN, 1
active node, plus booster
and pre-amp in OLT)

Figure 28; Comparison of the PONs technologies [70]

Value added services such as Quality of Service&sj@o guaranteed delay are most often implemented
as a software solution that is embedded in schegldligorithms at the OLT as long as the service
provide communication between nodes is in the JA@M access tree. More difficult situation is faced
when QoS is implemented to the communication betwesdes that are located in different PONs
connected by a large backbone network. Some PQOidatds have implemented certain elements of
the QoS such as EPON with its Logical Link Contd#ntification (LLID) [71]. The main reason for
introducing LLID is because PON systems do not eupg multicast upstream transmission.

This effect is related to the problem of guarantdeldy — this value is a variation QoS constrduat t

is caused by the difference between communicatgars of access network and backbone network
[71]. Some of PON extensions provide their own sohs for QoS such as SUCCESS-DWA with its
Service Level Agreement (SLA). This particular SirAplementation consists of two priorities of
downstream traffic: high priority (HP) and bestoetf (BE) [72]. This implementation is derived
directly from traditional models of virtual outpgtieues (VOQ) assigned to tuneable lasers at the OLT

It is clear that HDTV and real-time gaming will Beon be major players among service provided to
end users and will occupy a large portion of thailable bandwidth. New generation PONs will face a
demand that easily reaches 1 Gb/s by the year 20bcurrent or even next-generation GE-PON/G-
PON will have difficulty of guaranteeing QoS forpdigations which require such huge bandwidth and
real-time [73]. Since WDM technology is not yetlyuktandardized (although next generation of
10GE-PON supposed to support WDM), number of ptejéas been launched to investigate more
advanced access networks with implemented QoS.
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Second generation extensions

Most of the projects that were presented aboveqgs®h PON extensions that were based on a multi
wavelength transmission scheme. The dynamic wagtieassignment and TDM were dominating
research subjects for designing and developingP@®N enhancement.

Recent achievements in developing multi gigabitvoek processors [74] and innovative technologies
that pushed bit the rate of optical transmitter&@oGb/s [75] could trigger a large number of resiea
projects. This research would be able to addres®ssof implementing 10-Gb/s transmission in PONSs.
Unfortunately, recent breakdowns in the global eooyn [76] and visible ineffectiveness of applied
government stimulus plans for economical recovéi} faused a significant slowdown in research and
development activities related to new technologldge telecommunications industry has joined other
industries in applying investment cuts and in posipg the introduction of new technologies.

Another factor that plays important role in slowidgwn implementation of new and expensive
technologies is financial hangover that telecommatinon business has been suffering for lat 10 years
The premature upgrade of European wireless telgpfram 2G to 3G in late 90s and early 2000
required huge investments that had little chandeewrig balanced due to overestimated revenues. The
early introduction of innovative mobile services tmnsumers has dragged wireless telephony carriers
into significant debt that pushed telecomm busieess the edge of bankruptcy [78]. The European
telecom industry has spent over $230 billion USi® mpgrading to 3 G. In the result France Telecom
has increased its debt to a $55 billion, simildblgutsche Telekom owes $50 billion, and British
Telecom has debt exceeding $43 billion.

Remembering the failure of European early 3G, gecomm industry is cautious in approaching any
new technologies or innovative network enhancemdémas would have to be accompanied with
significant investment costs. Stagnation in a waddnomy forced the telecommunication industry to
look for budget cuts and to limit investments $lyito those that are absolutely necessary to Busta
their business models. Research and developmentnesf the fields that suffered the most. Even if
research did provide positive results and prototgesices were successfully tested, telecomm
operators very often chose not to implement the temlinologies in commercial deployed networks
due to additional investment costs and uncertaihgstimated revenues.

Although interest in 10G PON has not decreasedfiigntly during last 5 years, and IEEE published
final 10GE-PON recommendations [79], the reseaftdrtehas shifted from systems that implement
relatively expensive 10Gb/s bit rate technologiessystems that offer alternative paths for PON
enhancement.

New research projects that aim to design new gaorrd®ON extensions focus strongly on
implementing WDM in PONs and merging it with exigtiTDM schemes. Research efforts will result
in WDM-PONSs and hybrid WDM-TDM PONSs that will be lalto offer bandwidth that is comparable
to 10G-PON.

The first fully mature DWDM-PON that was ready fmmmercializing WDM-PON was designed by
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Korea Telecomm in April 2008 [59]. The network wdsployed in Kwangju city in Korea and it
connected 320 subscribers. Commercial successi®ipthject encouraged academic and industrial
research centers to increase research efforte iartta of WDM implementation in PONSs.

WDM-PON architecture

WDM-PON is defined as a PON system in which eaclUQiNes a different wavelength, i.e., a unique
wavelength, in each direction to communicate with OLT. Figure 29 presents a typical WDM-PON
configuration. ONY (k=1 to n) emits the upstream signal with wavetbngx and receives the
downstream signal with wavelengthx.
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Figure 29; Architecture of WDM-PON [80]

To achieve the wavelength multiplexing of upstresignals fromh,; to Ay, as well as the wavelength
demultiplexing of downstream signals from to Aqn , @ wavelength splitter/router is typically usexd a
the optical branching device instead of the povpditter used in TDM-based PON systems. The OLT
consists o interface cards (Hto IR,). The most unique feature of this architecturénet point-to-
point communication is facilitated between IF k @NU k logically. Therefore, this type of WDM-
PON system is sometimes called the “virtual pompbint” system.

WDM/TDM PON static architecture

Static WDM/TDM-PON is a PON system in which severalvelengths can be used in each direction
to realize communication between the OLT and a rermobONUs. Each wavelength can be shared by
several ONUs, and the wavelength(s) assigned tONid remains unchanged from installation until
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disconnection. The optical branching device isagfly wavelength filter/router, or a combinationaof
power splitter and a wavelength filter/router.
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Figure 30; Architecture of static WDM-PON [80]

Figure 2 presents the generic architecture fostagc WDM/TDM-PON system. ONuUto ONU,, (j=1

to m) access the same interface carg) (ithe OLT by using the same wavelength:andiq; for
upstream and downstream, respectively. Nammelig the number of TDM-PONSs stacked/overlain by
WDM. Therefore, there ama interface cards (HFo IFy) in the OLT side.

The static WDM/TDM-PON architecture becomes vefgafve when the network has to be extended
in sectionfeeder fibre AFigure 30) If that section is extended then fibre cost, whiddreases with the
reach, can be shared among the high number of ONbde consolidation using long-reach optical
access systems is an effective way for network aipes to decrease the operational expenditure
(OPEX) if the provided system capital expendituBAPEX) is sufficiently low. In this approach,
feeder fibre 1(Figure 14) constitutes the section between ths@iber's home and the nearest remote
node (RN), andeeder fibre Zhe section between the network operators ceotiiae (CO) and a RN.
The distances typical of the former and the lasestions are 10 km to 20 km and 40 km to 80 km,
respectively.

WDM/TDM PON dynamic architecture

Dynamic WDM/TDM-PON is a PON system in which seVemnavelengths can be used in each
direction to establish communication between th& @hd a number of ONUs, each wavelength can be
shared by several ONUs, and ONU wavelength assighro@n be dynamically changed during
communication/operation [81].
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Figure 31; Architecture of dynamic WDM/TDM-PON [80]

Figure 32 presents an example of dynamic WDM/TDMNP@rchitecture. The system comprises
ONU;1 to ONUwn, IF; to IRy in OLT, M power splitters, and all-by-N passive wavelength router.
ONUj accesses pojtof the wavelength router via power splitfeff = 1 toM, k= 1 ton). M is the
number of power-splitter brancheés,is the number of IF cards, ands the number of ports of every
power splitter. This system allows each ONU to asaevery IF by using a wavelength tuneable laser
diode (TLD) as the transmitter: ONjJkan access IF 1, 2, .0 by usingiy1 , w2, - . ,Aun , respectively.

Arrayed waveguide gratings (AWGs) can be used &s wvilavelength router; they offer cyclic
wavelength-transfer, so ONEK, 3k, . . ,Mk can access all IFs by using the appropriate wagéhe
amonglyi , Au2, - ,Aun @s well. The same criteria can be adopted fomdtwam signalst,x andAq are
always used as a pair as shown in the figlire (L to N), so that each ONU always receives its
downstream signal from the IF card that to which @NU sends its upstream signal. In this case, a
tuneable filter (TF) is necessary at the ONU fov&langth selection.

Dynamic wavelength re-assignment permits each OdNEctess an uncongested IF (and the network
behind the IF) when congestion occurs, and thatiges load balancing among IF cards. It also allows
each ONU to access a live/healthy IF (and the nétveehind the IF) when failure occurs and that
provides network resilience. It also implements sqmwer-saving functionality: number of IF cards
may be turned off when the total traffic is low.

46



Technologies that enables WDM-PON

Perhaps one of the most natural ways of implemgrtie WDM feature in PONs would be to employ
a different laser locked to a specific wavelengtheach ONU. Unfortunately, this method would
certainly increase operational costs of PONs. rAtiBve, a cost-effective method would be to deploy
colourless ONUs that can serve any received wagtiemt any time. There are number of
technologies that are considered as good candidatesolourless ONU: injection locking [82],
wavelength seeding [83], remote modulation [84]y&angth tuning [85] and spectrum slicing [86].

Injection locking scheme

Wavelength-locked Fabry—Perot laser diode (F-P Wi an external injection of the spectrum-sliced
amplified spontaneous emission (ASE) is frequeptigposed as a candidate for injection locking
devices in PONSs. The injected ASE forces the F-Rd.Dperate as a quasi-single mode, and the noise
intensity and the mode partition noise of the F{P &re suppressed [87]. In addition to this, the
wavelength-locked F-P LD is very attractive becawdeits cost effectiveness and colour-free
operation—awavelength-independent operation. Sheevavelength-locked F-P LD was proposed as a
low cost source for WDM-PON, experimental resultel ghe system demonstrations have been
announced [88]. The example of a system with impleted injection locking technology is presented

in Figure 32.
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Figure 32; WDM-PON architecture with injection laeg mechanism [80]

In this particular architecture a Fabry—Perot ladiede (FP-LD) is used as the transmitter of each
ONU. The sliced light wave is injected into the EP; so that the laser wavelength is locked to the
wavelength of the injected light wave. By directhodulating the FP-LD, each ONU can send an
upstream signal with an appropriate wavelengilmoduateqy (Figure 32), which dispenses with the

need for ONU-specific LDs.
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A recently proposed WDM-PON architecture with impénted injection locking mechanisms was
published in October 2010 [89]. The proposed aechitre consists of side-mode injection-locked
Antireflection coated Fabry—Perot Laser Amplifi&R-FPLA) that has a 25-channel locking capacity
with a corresponding wavelength locking range afr80

The experimental PON prototype consisted of a stah8PLD with an integrated optical isolator that
was employed as the master laser for injectiontackhe AR-FPLA with a longitudinal mode spacing
of 0.6 nm. The front-facet reflectivity of the ARREA was coated as low as 1%, and the rear-facet
reflectivity was increasing to 99%. Such a highdyrametric coating allowed the efficient injectioh o
ASE, which also reduced undesirable backward redlecat front-facet. The experimental PON
architecture is presented in Figure 33.

Central Office Remote Node ONUA1
Upstream 2.5Gbps
\ AR-FPLA Upstream Data
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Figure 33; WDM-PON prototype with injection lockimgechanism [89]

To facilitate the injection-locking scheme, theigasand fabrication procedures of the AR-FPLA were
modified from a conventional FPLD without signifidéy increasing the production cost. The threshold
current of the AR-FPLA was 13 mA. A long-term tefthe AR-FPLAs biased at 80 mA and®85with
output power of 5 mW for 4500 hours was done fer stable operation of 40 devices used in testing
the PON prototype.

The prototype PON consisted of ONUs that had trattesrs connected to polarization controllers (PC).
PCs were adjusted to maximize the efficiency aéétipn from the master FPLD. Before being injected
into each AR-FPLA at the ONU end, the master FPLRpot was channelized by a DWDM
multiplexer built-in with the DWDM-PON and ampliieby a EDFA (SDO, OAS-1000) with a
maximum output power of dBm, which consequentlysesua reduction on threshold current of the
slave AR-FPLA.

The external injection-locking condition was easdghieved by matching the slave AR-FPLA

wavelength with the incoming master signal viaighsltemperature and current detuning. The side-
mode injection-locked AR-FPLA acted like a singlede source with high side-mode suppression
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ratio (SMSR), which was directly modulated by a %b/s PRBS for a transmission performance
diagnosis.

The FPLD used in the PON prototype had a long-gdwitshrink its longitudinal mode spacing to 0.6
nm, and to make it close the channel spacing o&Gb2 set by the AWG-based DWDM. The FPLD
emitted a number of modes before passing througtDWDM. DWDM filtered those modes into a
single-mode spectrum for injection-lock AR-FPLA.

The reported experimental results (Figure 34) sB&R varying between Tband 10" for different
longitudinal modes and eye diagram opening withaitikdout applied injection.
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Figure 34; BER analysis of wavelength injectionkied 1% AR-FPLA
at different longitudinal modes [89]

There is reported power penalty for detecting tag-gtream with BER of less than£0This effect
was caused by the relaxation on the oscillation thiedincreasing bandwidth of the AR-FPLA after
injection-locking. Alternatively, if the farthestde-mode (the 12th modes away from the central iode
of the AR-FPLA is injection-locked, the receivingnsitivity at BER of 132 dramatically degrades to -
17 dBm with a power penalty of 7 dB, which is mgiattributed to the reduced SNR of the side-mode
injection-locked AR-FPLA.

If this type ONUs are deployed over the commeréé@dM-PON system then 17 modes of the AR-
FPLA can be used to achieve a data communicatiom BER less than IDat receiving power of
larger than -22 dBm at 2.5 Gb/s. At same BER catgrthere are at least 25 side modes applicable fo
data transmission with their maximum receiving genty degrading to -19 dBm.
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Wavelength seeding scheme

WDM-PON architecture with wavelength seeding sch&neery similar to the one presented in figure
16 except a reflective semiconductor optical anglfRSOA) is used as the transmitter for each ONU.
The sliced light wave is fed into the RSOA, so ttie light wave is amplified and modulated by the
upstream signal, and sent back to the MUX/DMUX otlex same fibre. The same scheme can be
optionally applied to downstream signals by addiBgoadband Light Source (BLS) or
Multiwavelength Light Source (MWL) to the downstne&ircuit; this yields colorless IF cards.

As the first commercial prototype of WDM-PON witt2-8vavelength, 16 ONUs and wavelength

seeding components were presented by the Franeeohei in 2006 [83]. The principle of this design
is presented in figure 35.

i

Figure 35; Architecture of wavelength slicing WDNBR prototype [83]

The broadband source is a spectrum sliced superésoent diode (SLED) emitting unpolarised and
incoherent light over the 50nm optical bandwidthefle is also a bandpass filter implemented to limit
the spectrum to the C band. The red/blue filtegyFe 36) separates the optical spectrum into two
parts. The blue part, which corresponds to thetshiavelengths, is used for the downstream signals
and the red part for the upstream signals. A 2x®alpsplitter is used to insert the two opticatsipa
in opposite directions in the feeder link. An opticsolator is added to avoid injection of lightckan

the SLED. Both spectra are sliced by AWG, at thd @dr downstream signals and at the remote node
for upstream signals.
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Figure 36; Implementation or red/blue filter in WBRON [83]

In the ONU a red/blue filter separates up and déream wavelengths. The red signal is modulated by
an R-SOA with upstream data, amplified and refi@ate the input fibre. The downstream signal is
detected by a photodiode. The SLED and R-SOA spex& centered at 1550 nm and cover the C
band. The red/blue filter provides 32 available glaugths: 16 in the red part and 16 in the green pa
The RSOA can operate with any of these wavelergghs can be implemented in ONU as well as in
OLT. It can also be modulated at 1.25 GHz anda$ lgain around 18 dB. Since RSOA was
polarization-independent, polarization- independ®MG was used also. The prototype had spacing at
100 GHz to ensure enough wavelengths, and AWG had$an-shaped filters spacing with 0.4 nm
optical bandwidth.

The output optical power of SLED was 16 dBm at 98 current supply. Spectral density in C band
was -17.5 dB/0.1nm. The optical power provided ®CA was -20 dBm at the OLT and -25 dBm at
ONU. This difference is caused by optical losse&0rkm optical fibre between OLT and ONU. The
prototype achieved BER=18 for both upstream and downstream transmission WRBMA was
provided with 4 Vpp modulation and 60 mA bias catre

Remote modulation scheme

The remote modulation scheme employs an opticalulatat as the transmitter in each ONU to realize
the colourless ONUs. Each ONU receives a continldighs wave with a unique center wavelength,
modulates it, and sends it as the upstream signabptical amplifier may be employed to amplify the
light wave before or after modulation. The upstreand downstream signals can be allocated in
different wavelength bands; a wavelength divideused to divide these two bands and so to separate
the downstream signal to the photodiode and thdiraayus light wave (to be used for upstream
transmission) in this case.

An alternative option is to reuse the downstreamvelength for upstream: a power divider is used
instead of the wavelength divider in this case. étalvideas for the reuse of the downstream
wavelength have been reported, such as the erasimtensity modulation by SOA [90], and the use of
phase modulation for downstream transmission [91].
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Commercial prototype of 5 Gb/s WDM-PON with implemed remote modulation through RSOA was
presented by the France Telecomm in 2007 [92]. dffwece of RSOA as the modulating device was
driven by number of RSOAs features such as:

* ON/OFF switching time is in the nanosecond range

» wide optical bandwidth (more than 60 nm) which barcentred in the range of 1200-1550 nm,
* low noise figure (NF) around 6 dB

The implemented RSOA consisted of a buried ridgpest(BRS) of InGaAsP into InP, with one
cleaved facet, the mirror, and one anti-reflecttoated facet. In order to optimize the optical powe
which reduces carrier lifetime, while keeping thepcdimensions as low as possible, an optical
confinement of 80 % was chosen. The fibre-to-figegn and noise figure (NF) versus optical input
power are shown on figure 37 for a driving curreh73mA and a 4 Vpp (16 dBm) signal modulation.
At 20°C, the saturation input power reached -20 dBm
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Figure 37; RSOA gain in WDM-PON [92]

Due to the high confinement factor, NF was aboutdB6[61]. The polarisation-dependent gain was
around 1 dB. The RSOA modulation speed limitaticas wWlominated by the RC time-constant due to
the BRS structure in the absence of relaxationllason resonance [93]. The RSOA electro-optic
response is shown in figure 38 with 100 mA drivaugrent at 1508 nm in function of different optical

input powers. The 3 dB electrical bandwidth waswal@GHz.
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Figure 38; RSOA E/O response gain at 1508nm [92]

The PON prototype schematic is presented in figxreThe upstream transmission is realized with a
continuous wave (CW) light that is distributed frahe CO to each ONU, modulated, amplified, and
sent back to the CO. The evaluation of RSOA peréoree was carried out at 2.5 Gb/s and 5 Gbit/s.

Central Office (CO)|"
|

. Optical network unit—!
’ (ONUY |

Figure 40; WDM-PON prototype with implemented remotodulation scheme [92]

The prototype took the effect of Rayleigh into acub[93]. Because 5 Gb/s clock data recovery
modules were not available at that time, and bexatier at the reception due to propagation thioug
the fibre link would prevented efficient synchraatisn, an optical attenuator was necessary to sit@ul
the fibre link. Two reflectors were used to simal&ayleigh backscattering in order to evaluate the
upstream transmission penalties in a bidirectisnheme.

The reflected power was set to -32 dB, which c@woass to Rayleigh back-reflection for more than 20
km of standard single mode fibre (SMF). The RSOA weaodulated with 27-1 pseudorandom binary
sequences (PRBS) (similar to signal with 8B/10Birgpat 2.5 Gb/s and 5 Gb/s with 73 mA driving
current and 4Vpp modulation amplitude. A Gausstzepsd AWG with 100 GHz channel spacing and
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0.4 nm passband at -3 dB was also implementeckiprbtotype. Experimental results of 2.5 Gb/s BER

measurements are presented at figure 41 with @2fptcal power budget. Figure 42 presents 5 Gh/s
BER with 15 dB optical power budget.
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Figure 41; RSOA BER curves at 2.5 Gb/s when inptical power was -20 dBm [92]
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The above experimental results show that 2.5 Ghisfssmission was possible over a BER of 10
between 1488 nm and 1520 nm (32 nm bandwidth).5Ibit/s transmission was possible between
1482 nm and 1510 nm (28 nm bandwidth). The seitsitilegradations at T7DBER of these two bit
rates are shown in figure 43.
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Figure 43; Optical receiver sensitivity at 1BER [92]

The visible degradation was explained by the sraglinction ratios of 5.7 dB and 3.7 dB at the
different bit rates, by interference with Rayleigackscattered light at reception and also by the
evolution of the NF with the wavelength.

Wavelength tuning scheme

Employing a wavelength tunable laser in each ONWris of the simplest ways to implement the

colorless ONU. The key challenge is to realize aelength-tunable ONU that has reasonable cost for
access network applications. There are number sefareh results published about possible ways of
implementing low-cost wavelength-tunable devic&gt][ [85]. The wavelength-tunable sources have
already become popular in optical transmissionesgstfor core networks. For example, a wavelength-
tunable transponder yields a unified transpondeentory for several wavelength channels. To make
those sources available for application in acces&arks further progress in cost reduction haseto b

achieved.

Interesting prototype of wavelength-tunable L-b&WDM-SFP transceiver was published in 2008 by
NTT Corporation [94]. The transceiver was deployedether with the commercial PON over the
same “Class B+” optical distribution network (ODfiat has a loss budget of 28 dB (Figure 44).
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Figure 44; Colorless WDM-PON coexisting with commak PON [94]

The commercial PON and the WDM-PON prototype wererlaid on the same ODN via a power
splitter. The WDM-PON OLT consists of a WDM filtesyrayed waveguide gratings (AWGSs), and
multiple WDM optical subscriber units (WDM-OSUsgaah of which communicates with each tunable
ONU by assigning two specific wavelengths for tlmsvdstream and upstream. The deployed optical
network unit (ONU), consisted of the prototype ochwelength-tunable DWDM-SFP transceiver, a
tunable filter (TF) that selects a preassigned dwrgam signal, and a WDM coupler (WC) that
divides/combines the upstream and downstream sigriethe wavelength of the DWDM-SFP
transceiver and the center passband of the tufiittele(TF) could be changed due to implementation
of wavelength-setting signals. Storing a wavelengsisignment table in the ONU could provide
automatic wavelength setting. The wavelength asség indicates combinations of corresponding
downstream and upstream wavelengths.

Figure 45 show wavelength allocation that enablesxistence of the existing PON and colorless
WDM-PON. The ITU-T G.983.3 standard defines the @angth allocation that is implemented in B-
PON, GE-PON, and G-PQMccording to G.983.3, the upstream wavelengthshef eéxisting PON
systems vary from 1260 nm to 1360nm and downstneawelengths vary from 1480 nm to 1500nm.
Wavelengths that are provided for video transmissange from 1550 nm to 1560 nm. Therefore, the
coexistence-type colorless WDM-PON uses the fubamed defined in G.983.3 with DWDM
technologies in order to utilize effectively a ltedl wavelength bandwidth and achieve the colorless
ONU with a comparatively narrow tuning rangéiis wavelength band configuration ensures thaethe
is no significant degradation due to the crosdbalivveen the existing PON and the WDM-PON.
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Figure 45; Wavelength allocation of coexistenceetgplorless WDM-PON [94]

The main component of the prototype wavelengthiilend®WDM-SFP transceiver is a distributed
feedback laser diode (DFB-LD) and an avalanche quhotle (APD).The prototype architecture is
very similar to conventional DWDM-SFP transceivexcept the emission wavelength can be modified
by externally changing the temperature of the DARB-Lhe temperature variation between 15°C and
50°C provides wavelength change across 350 GHzthedemperature change of 15°C-50°C.

Although this method does provide wavelength tuntnig not suitable for systems that require fast
changes. The 350 GHz change takes 10seconds emkiimes 1.4W of power. The prototyped ONU
achieved wavelength tuning range at 25°C in rarigeb91.26nm to 1594.22 nm. This results in eight-
channel tunability with 50 GHz of inter-channel sipg (Figure 46)
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Figure 46; Tunability capabilities of prototype ONitJ25°C

The proposed prototype has wide spread variatioougput optical powencross relatively narrow
optical spectrum. The highest peak of optical po(wé&r dBm) was observed at 1591.25 nm while
1591.20 nm and 1591.31 nm and 1591.40 nm expedendaimum of -25 dBm and -20 dBm
respectively (Figure 47).
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Figure 47; Output optical power across optical spec at the channel 1 and 8 [94]

Similar shape of power characteristics was obseatechannel 8. In addition to this, the observed

peaks of optical power experienced shift towardsteh wavelengths when temperature increased form
0°C to 40°C. The bit-error rate (BER) was examiferdeight upstream signals at the channel spacing
of 50 GHz and three chosen temperatures. The appiieate was 1.25 Gb/s and a pseudo random bit
sequence (PRBS) was-2.

Neither significant dependence between wavelengthBER nor big dependence between temperature
and BER were observed. There was a slight improwewfeBER when temperature increased. BER in
range of 13% was achieved when total received was greater t82rl dBm in all channels in the
temperature range of 0°C to 40°C. The deviationthéoptical output power from the tunable ONU
prototype were below 0.02 nm in the temperature&3€0.2 dB in the temperature 40°C.

The described prototype of 3nm wavelength-tuna®eD-SFP transceiver is applicable in 1.25 Gb/s
in the temperature range of 0°C to 40°C, whichicieffitly meets the Class B+ ODN loss budget
requirement of 28 dB.

Spectrum slicing scheme

Typical WDM-PON configuration with the implementsdectrum-slicing technology consists of super
luminescent diode (SLD) or another source of lighter with a broad optical spectrum. All ONUs
deployed n PON do have the same SLD so all of thietee same spectra.. The upstream lightwave is
modulated with data and sent to the OLT via mux/iglezs. The optical spectrum that is sent from each
ONU is sliced by the first mux/demux at differemntral wavelengths, and all upstream signals are
thus WDM multiplexed in the feeder fiber. The exdengonfiguration of such architecture is presented
on figure 48.
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Figure 48; Example architecture of WDM-PON with gjpem-slicing technology [80]

According to [86] the signal-to-noise ratio (SNR)tbe signal-signal beat noise is proportionalhe t
ratio of the data rate to sliced bandwidth. Thamefthe sliced bandwidth must be increased tozeali
the high-speed operation. This will effect in @&sing the number of available channels if thietlig
source has a fixed bandwidth. If the sliced bantlwid increased then the fiber-dispersion penaity i
higher. To counter balance this negative effeciravdrd error correction (FEC) may be applied in PON
prototype.

There have been published number of research sesuith as [95], indicating that use of FEC is an
effective tool to increases the loss budget andsgieetrum efficiencyAccording to that publication a
10Gb/s transmission was possible over 20km of dsspe-shifted fiber (DSF) in DWDM PON system
with 200 GHz of the channel spacing. In additionthiat, publication [96] presented that SOA can
effectively reduce the intensity noise induced hg spectrum slicing in a WDM-PON with this
scheme.

Spectrum efficiency and loss budget are not thg msues targeted in WDM-PON with implemented
spectrum slicing techniques. Spectrum-sliced PQMds$ have implemented spectral filtering through
multiplexers and demultiplexers suffer from incieas excess intensity noise (EIN). The increased
EIN restricts data bandwidth when the spontanecest Imoise becomes dominant in the optical
receiver. There were papers published in the pegtdroposed implementation of saturated SOA to
counter balance EIN [97], unfortunately experimérgaults proved later that the optical spectruna of
gain-saturated SOA amplified spectrum-sliced ASE ordy undergoes spectral distortion but is also
broadened due to nonlinearities of the SOA.

Similar problems were reported by in a spectrurcesliwDM-PON with implemented C-band BLS
and injection seeded RSOA. Although RSOA was canmel as an effective EIN suppressor there was
observed a significant increase of EIN due to distbspectrum of a gain-saturated RSOA after it was
filtered by mux/demux. Increased EIN deterioratbd signal-to-noise ratio (SNR) of the received
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signal.

There were published results of research [98] shigigest a new configuration of WDM-PON with
spectrum sliced scheme. The new WDM-PON prototyge Gaussian passband AWG at the optical
line terminal (OLT) replaced by a flat-top passbaadayed waveguide grating (AWG). This
replacement was considered as a temporary solstme use of flat-top passband AWGs at the OLT
and the remote node (RN) did not sufficiently regltlee EIN in the WDM-PON link.

In October 2010 there was published new interestiatk on implementing pre-spectrum-sliced seed
light (PS-SL) in WDM-PON with spectrum slicing sche [99]. The goal of this work was to reduce
the multiple spectral filtering effects at the nplkxer in OLT and the in remote node (RN). To avki
that goal the optical bandwidth per channel of Bi$%SL was designed to be narrower than the optical
passband of the implemented AWG.. This method teéftective suppression of EIN, although the
spectrum of the R-SOA amplified signal was distbrt€onsequently, error-free transmission was
achieved for the 100 GHz spectrum sliced 1.25 GBWBM-PON over a 20 km single mode fiber
(SMF).

Figure 49 presents schematic diagram of propose&LlP&onfiguration that consists of a bandpass
filter (BPF), a gain-flattening filter (GFF), and rairror (reflectivity is 99%), with a double-stage
erbium-doped fiber amplifier (EDFA).

1stEDF 22d EDF
g GFF BPF Interleaver
P R
980 nm 980 nm Signal
pumpl pump2 out

Figure 49; PS-SL configuration for WDM-PON [99]

The general idea of the proposed PS-SL is to redpeetral filtering through applying an AWG with
passband that is wider then the optical bandwidtithe signal. The PS-SL was build using a
commercial off-the-shelf optical interleaver withpariodic, 100-GHz channel spacing and 40 GHz
passband per channel. After spectral filtering tlyio the interleaver, the spectrum sliced narrow-
bandwidth backward ASE was injected into the BPE #re GFF. The transmission spectra of both
BPF and GFF were designed to produce a flat ogpettrum in the operating wavelength band from
1535.04 nm to 1559.79 nm. The reflected ASE from rifirror was acting as an input signal to the
first-stage EDFA. To achieve optical output powezager then 21 dBm two 980 nm pump laser diodes
of 180 mW and 280 mW were used.

The prototype of WDM-PON with implemented flat-tggassband AWGs with 100-GHz channel
spacing at the OLT and the RN is presented in &d.
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Figure 50; Prototype WDM-PON with flat-top passb&wWiG [99]

The RSOA transmitter should be operated in the dagyrated region to suppress EIN, therefore the
injection power to the RSOA was maintained at adoBrdBm at the OLT. The gain of RSOA was 10
dBm and the total insertion loss of the AWG andiagbtcirculators was 7 dB. The 0 dBm of
downstream signal was used as an input to a 20 M tBrough the multiplexer at OLT. After the 20
km transmission, the downstream signal was dentexigal by the AWG at the remote node (RN) and
inserted into an optical network unit (ONU) tranigee The ONU transceiver consisted of a 50:50
optical power splitter, an RSOA based transmitégrgd a p-i-n photodiode receiver. Feed-forward
current injection (FFCI) was utilized to eliminatewnstream data on the upstream signal to the ONU
transceiver.

The PON prototype has been tested in four differaeasurements points (MP) for changes in
spectrum of the transmitted optical signal. The parison between measured spectra in different
points is presented on figure 51. The marked pamdgate the spectrum-sliced ASE (MP1), and the
output spectrum of the RSOA (MP2), the multiplexe©OLT (MP3), and the RN (MP4)To keep the
consistent experimental condition, the injectiomnvpowas always adjusted to -3 dBm in all ca3é=
output spectrum of the RSOA was spectrally broademed asymmetrically shaped due to
nonlinearities of gain-saturated RSOA. Spectralabeming of the RSOA amplified spectrum-sliced
ASE was caused by intensity fluctuations of thecspen-sliced ASE.Intensity fluctuations of the
spectrum-sliced ASE resulted in carrier densitgtilations in the RSOA, which modulated the phase
of the signal.
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Figure 51; Changes of the optical spectrum in pyp®\WDM-PON [99]

Multiple spectral filtering steps at the multiplexi@ the OLT and the RN caused variations in the
spectral components between the output spectfeedREOA (MP2) and the RN (MP4Jonsequently,

the EIN was increased by multiple spectral filtgrateps, which reduces optical frequency components
in the signal, and was visible in the optical eysgtams (Figure 52).
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Figure 52; Impact of EIN on eye diagram. Back-taleonfiguration (a) and after 20km transmission
and the RN (b) [99]

PON prototype was also tested for BER and poweralpenThe results of BER after 20-km
transmission and the RN, along with the BER forlibek-to-back configuration are presented in figure
53. Error floor was observed in the case of BLSIsgp However, in all cases of PS-SL seeding, the
BER curves were well behaved with no indicatiorwbr floors.
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Figure 53; BER performance and power penaltiebanwels: 1, 8, 16, 24, 32 after 20-km transmission
and the RN [99]

Success of this particular PON prototype proved blyausing narrow-bandwidth PS-SL used with flat-
top passband AWG the SNR degradation due to speddtexing is efficiently suppressed in a
spectrum-sliced WDM-PON.

Multiplexing and demultiplexing components

Another important component for the WDM-PON devetgmt are optical multiplexing and
demultiplexing components. Mux/demux devices angallg deployed outdoors in remoter nodes in
locations near by end user facilities. Remote nisdasually exposed to temperature fluctuations,
humidity and other harsh conditions of environmfantexample: temperatures in Canada can vary
from -35°C in Winter to +30°C in Summer and hunyditin vary from 10% to 80% therefore remote
node and its internal components should have mugheh tolerance for external environmental
conditions than any indoor equipment.

Ideally multiplexing device should be completelyspae because placing an active device outdoors
greatly increases operational costs, and sometimigsdifficult to supply power to the device. To
satisfy environmental condition requirements, atterarrayed waveguide gratings [100] and thin-
film-based WDM filters can be implemented in WDM-R@pplications. The athermal AWG prototype
built by NTT Corporation exhibits stable wavelengtnter in temperature range -5°C to 65°C (Figure
54).
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Figure 54; Athermal AWG: transmission spectra ateechannel (measured at different temperatures)
and all 40 channels measured at 25°C [100]

Although this prototype is a very promising devicegre work is required to obtain AWG that can
work in lower temperatures to make it suitable@Ganadian Winter conditions. There is no requirement
to use either an optical coupler/splitter or anagbtswitch between ONUs and OLT for path protettio
[101] because AWG provides wavelength-routing fiorality.

10G WDM-PON architecture

Although work on standardization of 10G-EPON wampteted by the IEEE802.3av Task Force in
2009 there is already growing interest in this dtad. Because of high costs of components required
for 10G-PON, very limited number of successful coencral deployments has been reported.
Significant capital investments have been proviogtelecommunication industry towards deployment
of EPON and GPON infrastructure during last thregen years therefore replacement of existing
infrastructure with new 10G-PON may not be econaiftyqustified.

Amount of capital investment required to implemd®@G-PON is a soft spot of this technology
therefore an increasing interest in deploying turfet 10G-PON over the existing PON infrastructgre i
observed. To achieve that new generation 10G-PGiNdnde down-compatible with already existing
commercial PONs and WDM-PONSs that have data rdw®0 Gb/s.

The first successful prototype of 10G-EPON thatcasnpatible with commercial 1G EPON was
reported by Mitsubishi Electric Corporation at tREOEC conference in 2010 [102]. The prototype
consisted of dual-rate burst-mode transceiversahatired the new prototype is compatible with both
10G-EPON and 1G-EPON infrastructure. The implenceidi@G/1G dual-rate burst-mode transceiver
incorporated a dual-rate burst-mode optical receanel 82GS/s sampling CDR to fully compliant with
IEEE802.3av 10G-EPON standards. In addition, thestbmode receiver (compatible with 10.3 Gb/s
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and 1.25 Gb/s) had sensitivity -35.6 dBm at the RER.

The configuration of a 10G/1G dual-rate burst-m@de receiver for 10G-EPON OLT prototype is
presented in figure 55. The dual-rate burst-modeeiRiver consisted of a burst-mode optical receive
and an 82.5 GS/s sampling CDR. The received 10/3 @ihd 1.25 Gb/s burst optical packets had
different power levels and arbitrary phases, sopteket powers were normalized by amplifying each
at an appropriate gain and regenerating them aptbper threshold level in a burst-mode optical
receiver. IN addition, 82.5 GS/s sampling CDR retihthe regenerated packets from the burst-mode
optical receiver, which still had arbitrary phagesalign the phases of the packets.
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Figure 55; Prototype of the 10G/1G dual-rate buretle receiver [102]

To achieve the receiver sensitivity specified ilcEB02.3av standard the burst-mode optical receiver
employed a dual-rate APD-preamplifier and a dutd-fimiting amplifier, which could switch both of
their gain and bandwidth optimized for 10.3 Gb/d a5 Gb/s packets. Preamplifier and the limiting
amplifier (photos shown in figure 35) were fabrazhin 0.13um SiGe BiCMOS process technology.

The multiplication factor of APD was set to eiglits maximum transimpedance gains were as
following: 66dBQ2 at frequency 6.4 GHz for 10G operation and 8&dRth frequency 0.95 GHz for
1G operation. The preamplifier for APD had impleteghan Automatic Gain Control (AGC) and an
Automatic Threshold Control (ATC) function to achéethe wide burst dynamic range, which enabled
it to vary its gain continuously to compensate bibid received powers and the unspecified transient
responses of the burst packets from both of 10GNERDIUs and GE-PON ONUSs. In addition, the
AGC and ATC response time were measured as 8001918 Gb/s and 400ns for 1.25 Gb/s operation,
therefore they did fulfill requirement of receivaettling time specified in IEEE802.3av.

To evaluate BER of the dual rate receiver in thetqiype PON, 10G-EPON ONU burst-mode
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transmitters and GE-PON ONU burst-mode transmittese used, which satisfy requirements of the
IEEE802.3av standard. The BERf0vas achieved at 1.25 Gb/s operation with -35 dBoeived
optical power and 10 Gb/s with -25 dBm receivedagpipower (Figure 56).
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Figure 56; BER of the dual rate receiver prototjg?]

The dual rate burst receiver was integrated withab@ 10G transmitters on XFP-E size package that
was mounted on 82.5 GS/s sampling CDR FPGA devedopivoard (Figure 57).

XFP-E size Sampling IC FPGA board
transceiver \ /

N

Figure 57; Dual-range transceiver prototype [102]

Light sources were cooled 10G EA-LD with the wawngld of 1577.2 nm and optical power +3.6 dBm
and an uncooled 1G DFB-LD with the wavelength 091.2nm and optical power +5.3 dBm. For
ONU side, two 10G-ONUs, a 1G-ONU, and a multiplelL1G-ONU which emulated virtual 29
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uplink were used. SMF of 20km and 10km were inskiné one 10G ONU and one 1G ONU branch,
respectively (fig 58).
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Figure 58; Dual-range PON prototype [102]

The prototype system throughput was tested by B#terandom frames at 10 Gb/s and 1 Gb/s
upstream. The observed throughputs were 218.8 Mitpssynctime of 1200 ns and FEC overhead (10
G) and 24.3 Mbps with synctime of 800 ns (1G). Whlewnstream transmission was evaluated, 10
Gb/s and 1 Gb/s downstream throughputs were 8.56@iih FEC fields and 982 Mbps were recorded
respectively. The observed loss budget was 33.50dB.0G-EPON and GE-PON was successfully
achieved without Ethernet frame loss.

This successful prototype presented by MitsubishripCshows a possible path where development of
10G-PON may follow to ensure new generation PON & compatible with existing 1G PON
infrastructures and therefore capital expensegployment will be significantly limited.

Traffic distribution analysisin access network

This chapter presents a study of the traffic distion in commercial access networks. The study is
innovative because it incorporates observationeai-time data flow in commercial infrastructure
rather than only simulating the traffic flow behavibased on theoretical models. In addition the
innovative element of this study is using commaérdthernet LAN infrastructure that consist
approximately 200 end-user workstations. AlthoutjieEnet LAN has different architecture than PON,
it can be used to model bi-directional traffic flakaat will be generated in near future by consunrers
access networks with deployed new services suchide® teleconferencing or online gaming. To
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perform traffic observation software based trafiicalyzer was built. This analyzer has innovative

design because it is a low cost flexible devicdtban PC based platform that supports both optical

Ethernet and copper Ethernet interfaces. The aealyzplemented software that monitors the traffic

flow and performs real-time analysis of IP packatsl Ethernet frames based on custom predefined
characteristics such as packets (frames) lengble, tyestination and source address, content, fnegue

of appearance and type of the communication pratdte study results aided the understanding of the
nature of the traffic flow in commercial local assenetworks.

Traffic characteristics have to be studied in detabetter understand how network devices shoeld b
designed, how well they will be utilized and whall Wwe the most probable network throughput. There
are a number of works published about theoreticadating of the Internet traffic flow such as [103],
[104] and a number of methods for the traffic siatian were proposed, for example [105] and [106].
The most common parameters that are considered whandel of the IP traffic is developed are:
packets inter-arrival time, IP addresses carriepdkets, transport protocols distribution, franzes
destination and source port numbers and carrikniitization.

One of the simplest approaches of finding the iatewral process of the network is to check if the
packets arrival per second in the network can Iserdeed by a regular Poisson process. Research
suggests that although some of the complexitietata traffic can not be explained by Poisson when
looked at separately, the aggregated traffic mgjiit be Poisson distributed. If the traffic is gt
distributed in a Poisson manner, the inter-arriales will be independent of each other. It can be
verified if this is the case, by finding and plogithe autocorrelation of inter-arrival times.hey are
indeed independent, the autocorrelation value shbelclose to zero. This way it is possible to &hec

if the observed inter-arrival times on the netwiaskindependent, and compare it to the generated
traffic.

IP addresses distribution and its dynamics can laésased to model the network traffic. This method
requires the assumption that the number of IP @&ddsein a network increases over time, as packets
from new IP addresses arrive and depart. The nusndfdP addresses going through the link during a
certain time period can then be compared to howhntiadfic there is at that specific time period.igh
information can then be used to model the netwaki¢ flow. The cumulative development of new
IPs from the start of the trace can be plotted &snation of time. This can be done both for the
observed and the generated traffic, and the resaitt9oe compared.

Network traffic can also be modeled through thelgtaf packet types that are received or generated.
The packets can be classified into three clasB€®, UDP and Other. Intuitively, the protocol of a
previous packet influences the probability of tmetpcol for the next packet. A simple way to model
this behavior is by predicting the probability bktnext packet given the current packet. This ntetho
requires the assumption that there is a correldt@ween the packets.

Another approach to model the network traffic isstady the distribution of Ethernet packets size.
Since Ethernet is a dominate technology in accessgarks, its characteristics can be used to madael t
traffic characteristics. Discrete probability distrtion of Ethernet frames can be created by natrge

the frame size of each packet and grouping thereaens together. The minimum size of an Ethernet
frame is 64 bytes and maximum size is 1518 bytesefore the frame sizes can be grouped into
different groups according to size. The probabibfya packet belonging to one group can then be
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easily found by looping through the list of all imas, and assigning their frame size to one of the
groups. The number of frames in a group shouldetmdrmalized with the total number of frames to
find the probability. The distribution of observeshd generated frame sizes can be plotted in a
histogram and compared.

One of lesser known methods of network traffic mimgeis to observe specific port numbers that
indicate the type of sent and received packets.pdnenumbers are used to identify the applications
which generate the flows and therefore the coménle traffic. In most cases, port numbers can be
grouped into four setdMell known(ports: 0-1023)Registeredports: 1024-49151)Dynamic (ports:
49152-65535) oOther (a non IP packet). The number of packets that ctameeertain port is counted
during a specified period of time. With the knowdedof the source and destination ports of each
packet in the trace, a probability distribution daestimated. In addition, based on whether tbie la
packet isWell-known Registered Dynamic or other, the probabilities for the next packeh dze
calculated.

Network traffic can also be modeled through caleérutilization. To model the utilization paramete
information about the number of frames in a linkeioa certain period of time and the frame sizes are
required. The usual approach is to use the numb&ames per second parameter and a frame size
parameter. With the distributions of these two peeters, the utilization of the network is evaluated
By multiplying the average size of a frame with thenber of frames per second will give the amount
of data (in bytes) sent per second and the pemgemtbthe available bandwidth it consumed

Although there are a number of methods proposedhddel and simulate traffic flow in access
networks there has been little work done on thdyaisaof real traffic that is being captured iniel
network over a longer period of time. Theoretigalidations and traffic modeling may not guarantee a
full view of the data flow in an access networkefdfore, study of real traffic flow in a live netvkas
recommended.

To analyze and better understand the real natureafific transmitted in a typical access network
infrastructure and furthermore to evaluate chaksnfpced by PONs regarding the structure of the
traffic flow, a traffic monitoring system was deseyl, built and deployed in Ethernet LAN. The
monitoring LAN chosen was the 100 Mb/s on-campuseEtet network at the University of Ottawa.
This network is a good example of a heavy loadednaanication infrastructure that transports traffic
for number of different services.

The custom network node was designed and builetaldie to monitor and analyze the traffic flow in
real time without affecting the analyzed flow inyaway. The foundation for the node design was a
personal computer (PC) with an Intel Pentium Vigessor and 1 GB RAM. This computer was
equipped with a fast Ethernet interface that sugspap to 1 Gb/s data rate and a 100 GB hard doive t
provide enough space to store the captured infeemadbout monitored traffic. The recorded
information was later used to perform post-processiata analysis that did not require any real-time
monitoring activities.

The software engine of the node was a Linux Marelr2B09 operating system with a significantly
modified kernel. The kernel modifications includéte removal of unused libraries to decrease the
overall size of the kernel and its memory footprmtddition to improving its processing speed. The
modified kernel was recompiled with specific op8die ensure its optimization for the Intel processo
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that was used in the node. Further modificationssisted of disabling network services and system

services that were not critical for the system fiomality (such as FTP service, web service, pnopti
service, etc...).

The monitoring node had a modular architecture dffgred high flexibility in configuration, which
allows it to be easily optimized for monitoring atype of traffic that flows in Ethernet LAN if
equipped in Ethernet NIC or any other network tgpd if equipped with appropriate network interface
such as ATM, FDDI or SAN. The detailed architectaf¢he node is presented in figure 59
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Figure 59: Architecture of the monitoring node

The monitoring node was connected to LAN at theoStfHor Electrical Engineering and Computer
Science (University of Ottawa campus) through teewvork interface card (NIC). Collected Ethernet
frames were filtered by the Ethernet frame filterréject erroneous frames. The frames were then
decoded and IP packets were extracted. The custoinIB packet processing service performed
analysis of packet type and header content. Dedtaifermation about each packet such as: type, size
content, time stamp, source and destination adekegsre collected (by thHetherealtool) and saved in

a table format on the hard drive (HDD). The nodel ladso implemented services for real time

monitoring system components such as network sxterfload, cpu load, HDD load and memory
usage.

The process of network monitoring was run duringgeek day and lasted twelve hours. The total
number of analyzed packets was approximately falirom Figure 60 shows the packet size statistics
of the traffic captured by the monitoring node. Tgraph does not include locally broadcasted ARP
packets, which were filtered out by the Linux. dincbe easily observed that most of the Internéftdra

is transported in packets sizes between 55 bytes@0 bytes with a high density of packets between
60 bytes and 380 bytes. Only a small number of giaclre larger than 750 bytes and almost no
packets are larger than 1100 bytes (the packetsgigevas cut at 1100 bytes for clarity).
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Figure 60: Traffic statistics over period of 12h1i@0Mb/s LAN

One of the ways to improve the performance of a&dstPON infrastructure is to improve the
utilization of the existing bandwidth with minimabsts of capital expenses required to implement
modifications. As previously mentioned, ITU GPOMNwslard does allow for packet fragmentation
while IEEE EPON standard does not implement patiiegimentation [107] therefore GPON would
certainly be able to better utilize space in theNHame.

Unfortunately things become more complicated wh&O@E and EPON frame encapsulation methods
are compared. GPON employs the GPON Encapsulatiethdd (GEM) [108] to enable packet
fragmentation. This method uses a complicated dlgorto delineate variable-size GEM segments and
reconstruct the packets at the receiving deviceOMERtandard implements the Ethernet framing
format, which carries variable-length packets withdragmentation. This method is easier to
implement, as it has a lower cost of implementaimwhen compared to GPON) and its operational
costs are also lower, mainly because Ethernet fifammeat is well known and it has been widely used
for many years in Ethernet copper LAN infrastruetutOMb, 100Mb and 1Gb.

Since EPON is built on very strong foundation ofsérg Ethernet technologies, it is usually prederr
by network vendors over the GPON which requiresesjpve GEM encapsulation methods.

A possible method of improving utilization of bandth in existing PON infrastructure would be to
apply modifications in encapsulation techniquemtike them suitable for packet fragmentation but at
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the same time keeping those techniques within tak kmown frame of Ethernet technology. Such
modification would certainly require relatively x@ensive changes in encapsulation algorithms on a
both sides of the PON link: in ONU and in OLT.

Studies of different encapsulation methods in accestworks are presented in chapter 6 and
proposition of inexpensive maodifications to the ONlnd OLT are presented with regards to
information collected on real traffic flow in Ethreat LAN.

M odification of the encapsulation model in access
networ k

This chapter proposes applying in PON a similahigéecture to the one implemented in the Agile All-
Photnic Network (AAPN). The similarities between R@nd AAPN are explored and potential
advantages of those similarities are described. Sofeware based data encapsulating system was
designed and implemented in a low cost PC-baseafbptathat incorporates a number of technologies
used before in AAPN. The encapsulating systems ilmplemented multiple buffers for input and
output queues that stores incoming and outgoinffictraThe system also implemented traffic
aggregation and slot assembling functionality thas optimized for commercially available low cost
computer processors.

The chapter presents also results of the node bearkttests and evaluates potential applicatiomwf |
cost off-the-shelf components in network devicdse €ncapsulation system was taken under the stress
test to evaluate its performance under traffic |teat was identical to the traffic observed and=d

in chapter 5.

The chapter also presents an innovative prototya coptical’ switch that is built from off-the-sif
PC-based components and it offers full compatibivith IP, Ethernet IEEE 802.3 and MPLS. The
performance evaluation of the switch working witlGh/s optical network infrastructure is presented
and available paths for upgrade of the switch toGlis are described. The possible methods of
upgrading the switch to 40 Gb/s and beyond are disoussed and potential drawbacks of this
architecture are listed

A possible way to improve the performance of eRgtPONs without significant capital investments is
to simplify the data encapsulation techniques itmig@NU and OLT. In this way, implementing cheaper
and less complex processing devices in PONs bectaasible and the overall cost of the device will
become lower.

Before any changes in the encapsulation model eapréyposed, several PONs characteristics should
be reviewed to understand the strengths and wesé®esf the existing PON infrastructure. The

following features will be reviewed here: frameusture in PON, burst-mode characteristics of the
transmitted traffic, agility of the network and ttansparency for transmitted data.
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Data encapsulation in PON

How the data is encapsulated into frames or tiroessh PON is one of the factors that decide the
efficiency of the optical link utilization and thaperational cost of the optical infrastructure.hiligh
IEEE and ITU standards of PON implement differertmods of data encapsulation, they both require
data segmentation in upstream and downstreamdinkg IP packets have different lengths.

Both BPON and GPON architectures were conceivethbyFSAN group, which is driven by major
incumbent telecommunications operators. Most of dperators are heavily invested in providing
legacy TDM services. Accordingly, both BPON and ®P&e optimized for TDM traffic and rely on
framing structures with very strict timing and slknanization requirements. In BPON, an upstream
frame consists of 53 time slots, where each tinoé isl comprised of one ATM cell and 3 bytes of
overhead. When two consecutive times slots arengite different ONUs, these 3 bytes, or
approximately 154ns of the overhead, should becserft to shut down the laser in the first ONU ntur
it on in the second ONU, and perform gain adjustraex clock synchronization at the OLT.

Similarly, very strict timing is specified for GPQMhere only 16 bit (less than 13ns) are allocébed
the laser-on and laser-off times at 1.244 Gb/s fdate. Such short intervals require more expensive,
higher-speed laser drivers at the ONU. A very tighiind of 44 bit times (less than 36ns) is allofted
the gain control and clock recovery.

To reduce the range of necessary gain adjustmeP@NB and GPON perform a power-leveling
operation in which the OLT instructs individual OBItb adjust their transmitting power, so that the
level of signals received at the OLT from differ€@nUs are approximately equal.

In EPON, the main emphasis was placed on presethigngrchitectural model of Ethernet. No explicit
framing structure exists in EPON; the Ethernet amare transmitted in bursts with a standard inter-
frame spacing. The burst sizes and physical layerh@ad are large in EPON. For example, the
maximum Automatic Gain Control (AGC) interval ig $& 400ns [107], which provides enough time to
the OLT to adjust gain without ONUs performing @wver-leveling operation. As a result, ONUs do
not require any protocol and circuitry to adjuse thser power. Also, the laser-on and laser-ofedm
are capped at 512ns, a significantly higher bounday than that of GPON. The relaxed physical
overhead values are just a few of many cost-cutiags taken by EPON.

Another cost-cutting step of EPON is the preseovatf the Ethernet framing format, which carries
variable-length packets without fragmentation. ¢mtcast, both BPON and GPON break the packets
into multiple fragments. BPON uses ATM Adaptaticayer 5(AAL5)[109] to break a packet into cells

at the transmitting end and to reassemble multelepayloads into a complete packet at the rengivi
end. GPON employs the GPON Encapsulation Method\{J5E08] to enable packet fragmentation.
This method uses a complicated algorithm to deteeariable-size GEM segments and reconstruct the
packets at the receiving device.

In the previous chapter (5) a study of real trafftatistics was presented. The results of the study
revealed that a great majority of internet traficcarried by packets with a size between 55 bytes
700 bytes. Knowledge about characteristics of therhet traffic can be very helpful in the desigl a
evaluation of PON improvements that are relatedbta encapsulation methods.
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The standard EPON frame structure is presenteidunef 61. The downstream traffic is segmented into
fixed interval frames, which each carry multiplerighle-length packets. Each packet is formatted
according to IEEE 802.3 standard and it consistshedder and error detection field. Clocking
information, in the form of a synchronization matkie included at the beginning of each frame. The
synchronization marker is a 1-byte code that iagmatted every 2 ms in order to synchronize the
ONUs with the OLT.

. Downstream Frame
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s M NSHITHE~ Bzl _!\_,.

Synchronization
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field

Variable-Length
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Figure 61: Downstream EPON frame

The EPON upstream traffic is multiplexed in timengon onto a common optical fiber in order to
avoid collisions between the upstream traffic freach ONU (Figure 62). The upstream traffic is
segmented into frames and each frame is furthemeeted into ONU-specific time-slots. The
upstream frames are formed by continuous transomisetervals of 2ms. A frame header identifies the
start of each upstream frame.

Upstream
frame
|2 ms)

< g
1|2|3|4|H|1|1|3|4|N|r12|344|n

ONU-specific time slots

Upstream :

B B N

OMU-4 Time-Slot

Header !

Variable-Length Packet

Error
detection
field

Figure 62: Upstream EPON frame
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The ONU-specific time slots are transmission irdéswvithin each upstream frame that are dedicated
to the transmission of variable-length packetstfup518 bytes in length) from specific ONUs. Each

ONU has a dedicated time-slot within each upstré@me. For example, each upstream frame is
divided into N time slots, with each time slot asponding to its respective ONU, 1 through N.

The TDM controller for each ONU, in conjunction twitiming information from the OLT, controls the
upstream transmission timing of the variable-lenggickets within the dedicated time-slots. Figure 2
shows an expanded view of a ONU-specific time @etlicated to ONU-4) that includes two variable-
length packets and time-slot overhead. The timeeslerhead includes a guard band, timing indicators
and signal power indicators. When there is noitrati transmit from the ONU a time-slot may be
filled with an idle signal.

As shown above, downstream traffic has the forrtbiernet broadcast where destination ONUs pick
their packets based on the header information. ref@st transmission has much higher level of
complexity because the EPON allows for variablgterEthernet packets and packets fragmentation.
The EPON frame has a constant length but sincadh&er and length of the packets is variable and
each packet may come from different ONU, the eiffeciess in scheduling algorithms and bandwidth
allocation to each ONU becomes an issue.

Bur st-mode characteristic of thetrafficin PON

Another important note on PON encapsulation isféioe that both EPON and GPON transmitters can
be considered as burst-mode devidd® main difference between burst-mode receiversaaddard
receiver is that bust-mode receiver is typically-Bdtipled and the threshold setting of the receiver
circuitry must adapt to the amplitude of the reedisignal in a very short time. Secondly, clock and
phase recovery by a burst-mode receiver must derpeed very quickly in nanosecond timescale. In
PON the OLT transmitter works in continuous modesidownstream transmission is broadcasted to
all ONUs while its receiver is burst mode. In castr ONU needs burst mode transmitter and
continuous mode receiver.

The burst-mode transmitter prototype for 10G EPQi¥ wresented by Mitsubishi Electric Corporation

in July 2010 [110]. It had the form of a standarBPXplug-in module that integrated the following
components: Bi-Directional optical module (BIDI),
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Figure 63: Burst mode transceiver for 10G EPON 110

DC-coupled burst-mode transmitter circuit and anesr circuit. The BIDI module consisted of a high
output power DFB-LD with the wavelength of 1270 rarhigh-sensitive APD-TIA, a WDM filter, and
a 1577 nm optical band-pass filter (BPF) (Figu®. &he device had the power consumption 2.8 W.

The waveforms representing time that are requisethb transceiver to turn-on and turn-off the laser
are presented in figure 64. The turn-on time tak@sns and it does not exhibit dependency on
temperature. However the turn-off time varies frdms to 7 ns, depending on the temperature.
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Figure 64: Measured LD turn-on/off waveforms [110]
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The burst-mode receiver prototype for 10G EPON prasented by Hitachi Corporation in September
2010 [111]. The developed prototype is compatihith the standard IEEE802.3av1, which defines the
maximum receiver settling time as 800 ns and th&imam CDR synchronization time as 400 ns,
which means the total maximum overhead length shbel 1200 ns. The receiver consisted of an
avalanche photodiode (APD), a transimpedance aip(ifl1A), and a limiting amplifier (LA) (Figure
65). The receiver was connected to a serializezft@zer (SerDes) which was connected to a MAC
Logic circuit.

The receiver required a burst-reset signal toale its condition. AC coupling was used in bdtle t
TIA-LA and LA-SerDes connections. The TIA-IC hadyain switching function and the ATC had a
boost function, which enabled it to achieve a wdgeamic range and a fast receiver settling time Th
LA-IC had a differential stabilization circuit ardfunction that detected loss of signal (LOS).
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Figure 65: Burst-mode receiver prototype desigme#iitachi Corp. [111]

The MAC Logic circuit is constructed using FPGA.hids a burst-mode receiver control function,
which sends a burst-reset signal to the burst-medeiver. The role of the ATC boost was to quickly
synchronize with the input signals. It convertsirgle-ended signal into a differential signal. het
initial phase, the ATC circuit’s time constant &t $0 a small number in order to respond fasteh¢o
rising edge of a signal, whereas if the input sigealetected in the LA, the time constant is seat
large number to settle its amplitude. The prototypeeiver achieved a BER of tbat the signal
sensitivity of -27 dBm and a wavelength 1303 nm.

Aqility of the PON to dynamically allocate bandwidth

The third important characteristic of PON is theliggwhich specifies an ability to rapidly adapt
bandwidth allocation as traffic demand varies. Aowon issue of the standard IEEE 802.3ah (EPON
standard) is the Dynamic Bandwidth Allocation (DB&yorithm. DBA schemes have been considered
as a way of handling bandwidth and Quality of SE¥V{QoS) requirements in EPON. Most of the
existing DBA models are based in a centralized rétlym that runs at the OLT and allocates
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transmission windows to every active ONU.

One of the oldest bandwidth allocation protocolsigieed for EPON is Interleaved Polling with
Adaptive Cycle Time (IPACT) [112]. The IPACT protuds where the OLT distributes the bandwidth
on-the-fly according to each ONU's request and autitonsidering the effect of other ONUs on that
distribution. This algorithm uses an interleavedipg approach where the next ONU is polled before
the transmission from the previous one has arri&xedther algorithm designed for PON was presented
in [113]. This method provides a uniform distrilmutiof slots over the cycle according to the cldss o
service (CoS). It guarantees delay and bandwidththa not very efficient and requires a complex
calculation. A third method of bandwidth allocatiomas proposed [114]. This other approach
implements the calculation of a fair bandwidth mlsttion by taking into account all the ONUS'
requirements in the network. In this case, a waiperiod is required after each cycle of transrorssi
in order to acquire all the information from thetref the ONUs, which may lead to more delays.

The problem of delay in bandwidth allocation mecdkians was addressed in [115]. The model is called
Bandwidth Guarantee Delay Sensitive Dynamic Bantwidlocation (BGDS-DBA) and it calculates
bandwidth based on a combination of three varialgaaranteed bandwidth according to the service
level agreement (SLA) with the subscriber, the qubrbetween two consecutive ONU bandwidth
windows, and the time when the last report from@U is received by the OLT. This method allows
each ONU to accommodate traffic with a differemissl of service (CoS).

Changes in bandwidth allocation and schedulingrdlgos did not experience dramatic changes since
the first EPON was deployed. Most of the change3B®\ were applied as evolutionary improvements
that address certain drawbacks in existing teclyiesoand algorithms.

Transparency of the PON for thetransmitted data

Since PON is a network that is unaware of type aadtent of transmitted data it is virtually
transparent to end users. IP packets are encagduldab variable-length Ethernet packets and those
packets are then encapsulated into constant |de@@N frames, also called time slots in the case of
TDM-PON. All the encapsulation procedures, as vasllincoming frames extraction processes, are
performed without end user awareness. It also doeswolve any end user applications such as web
browsers, file transfer programs, Video on Demdrmhtsoftware or VolIP software.

This transparency feature is very important from perspective of developing new deployments of
PON. The proposition for implementing PON as aroptical extension of metro WDM infrastructure
was published in [116]. The proposed architectliava PON to be not only an extension of Metro
Area Network (MAN) but also it can work as a sultwwrk within its own network domain (Figure
66).

In this architecture the central office is a gehénzb that interconnects! PONs. Each PON has
ONUs which is equal to the splitting rat of the passive coupler. The valMeis largely determined

by the configuration of the CO whilb has a physical limitation because of the powergetd
limitation. The power budget determines the allowalesses on the path between a source and
destination for a given transmitter power and nemesensitivity. Typical commercial PONs uSe=
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32 orN; = 64 as the maximum splitting ratio which givepawver loss oflOlog(N)dB plus excess
losses. Considering the typical distances in umegions, the distribution fiber has a length ofrfh k
and a feeder fiber a length of 4 km. Separatedrditee used for upstream and downstream
transmission, and the operating bit rate is 1586ps (STM-1).
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Figure 66: PON implemented as an extension of WDKNV116]

Architectures like this one show the great potémiZ?ONs transparent data transmission. It opgns u
new opportunities for PON to be implemented asxension of existing optical network infrastructure
regardless of the data being transmitted.

The description provided in the above discussionfiooed that PON does have a number of
similarities to the AAPN network. It is agile, tsparent, all-optical and transmits data in the fofm
frames (or time slots). In addition, the data floan be presented as a burst-mode transmission.
Considering this fact, PON can be represented par@cular example of the Agile All-Photonic
Network.

Agile-All Photonic Network (AAPN) with the bur st-
aggregated traffic

AAPN overview

To better understand the importance of the sinigsribetween PON and Agile All-Photonic Network
(AAPN) a more thorough discussion on AAPN is regdirAn AAPN is a wavelength division
multiplexed network that consists of several ovdridars that are formed by edge nodes that aggrega
traffic, interconnected by buffer-less optical coes that perform fast switching in order to julev
bandwidth allocation in sub-wavelength granulasi{i&l7] (Figure 67).
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Most proposals for photonic networks envisage ahnte@gology, which distributes the load over many
switches. However, in the AAPN, the photonic comdtches have an enormous capacity, which
permits a simpler star topology that has been prdeefavorably compare with mesh architectures
[118]. The AAPN is mainly characterized by its agijlthat is, the ability to rapidly adapt bandwhidt
allocation as the traffic demand varies.

Customer Edge Customer
Subnetworks 9 Edge Subnetworks

Node Node S
-

Figure 67: AAPN in a basic (single core node) ogunfation

One important feature of AAPNSs is that most of ¢hatrol and routing mechanisms reside at the edge
nodes, which play the role of points of presend@RPfor customer networks. The fully optical data
transmission between edge nodes and the transpasétiee core nodes make the AAPN core unaware
of data content, which allows different types obisetworks (IP, ATM, FR, X.25, etc.) to be connected
to the POP. Since there are a limited number atalpports in the core node, the AAPN may use a
selector to effectively expand the port count Bgwaing the connection of more than one edge node to
one port of the core node (Figure 68).

selector

A

edge node

core node

Va4

3%

Figure 68: Implementation of selectors in AAPN [[L19

Although ideally the core node would switch indiwad packets to give the finest possible bandwidth
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granularity, this would require a switching time thve order of nanoseconds, which is very difficalt
achieve with today's technology. A more realistiergrio is to aggregate several packets with tihreesa
destination address (the same destination edge) notte larger units to allow an increase of the
switching time on the order of microseconds, whiglalready available with today’s technology for
small port counts and is being intensively resesdtdbr large port counts.

The AAPN is designed to work in one of two possifsledes: Time Division Multiplexing (TDM) or
Optical Burst Switching (OBS). In the TDM mode, alag transmitted in the form of fixed size units
called “slots”. In the OBS mode, data is transmditie very large units called bursts, which can be
either a constant or variable size. Both modesiredhe edge node to aggregate and encapsulate the
variable sized packets from surrounding subnetwarts slots/bursts that will contain packets from
the same flow. A flow in this context is definedthe traffic that has the same source and desimati
edge nodes.

In the OBS mode, the core switch is configuredasponse to requests by burst headers issued in
advance of the arrival of a burst payload or bgmeation requests signalled by edge nodes in aédvanc
of the transmission of the burst. In the TDM maa@eriodic sequence of core switch configuratiens i
calculated to adapt it to traffic demands as regubliy the edge nodes. The core node controller is
responsible for assigning bandwidth to the diffeféows after a request has been received from them
which is based on the traffic measured at the edge or even predicted with a suitable algorithm.

Once the bandwidth for each flow has been calcdjatee core node controller sends, to each edge
node, the respective schedule; i.e., the informatibout the number and position in time of the
assigned slots. The core node controller is alspamsible for changing the configuration of theecor
optical space switches for every slot in order tovygle the bandwidth calculated and to effectively
send the slots to their correct destinations (&witching the light paths every slot). Several dwaialth
allocation methods for AAPN have been investigateld 20] and [121].

The main feature of the AAPN is its transparencymy customer subnetwork connected to an edge
node. It plays a similar role to that of traditibbackbone networks such as ATM or Frame Relay and
can be seen as a single, transparent switch; whahbe conveniently MPLS enabled or otherwise.

Role of Edge Nodes

The role of the edge node is to provide the abibtynterface the customer subnetworks to the aptic
domain of the AAPN core. It is therefore a hybrittotro-optical system that performs traffic
encapsulation into bursts or TDM slots, traffic iedhg and monitoring, signaling and issuing of
bandwidth requests among other functions.

A data packet arriving from outside the AAPN domuaiti first be interrogated to determine its cotrec
destination edge node. It will then be assemblea shot or burst together with other packets that a
destined for the same node. Once assembled, thevaits for transmission enqueued in a buffer that
corresponds to the destination edge node, whiclalisd flow buffer. From the flow buffer, it willd
read and then sent to the core on the assignedlemaie and time slot (wavelength, frame and
position in the frame in the case of TDM-AAPN).
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A data slot/burst arriving from the AAPN core wilist be deserialized and then sent to a flow bitfie
wait to be disassembled into its constituent packite packets will then be sent to the attachatero
so they can reach their destination subnetworthdfedge node is to perform the tasks of the rager
well, then the packets must be interrogated to tifeeach packet’s destination subnetwork and
enqueued for transmission in the correspondingebufd be sent out in accordance with that
subnetwork’s protocols.

Traffic aggregation requires efficient buffers dlekible queuing methods as well as a flexible ifole
mapping customer addresses into buffers. In additioee AAPN is expected to be fully compatible
with MPLS subnetworks and this characteristic pdaae additional requirement on the edge node
design as it will also be responsible for propéelaecognition.

The AAPN protocols will be used to exchange infalioraamong the edge nodes about the customer
networks connected to AAPN POPs. A look-up tableugt to map the addresses of incoming packets
onto the appropriate buffers.

Data aggregation and encapsulation

When a packet arrives from a customer subnetwarkyili be processed by a preprocessing unit
(software or hardware) in order to be routed to tlerect destination edge node based on its
destination IP address and directed to the ap@tepfiow buffer. The MPLS label can be used instead
if the AAPN works as part of an MPLS domain. Thekeaup table is dynamically updated at each edge
node when changes in the network topology occur;efcample when customer subnetworks are
attached to or detached from an edge node or whenddmain address of one of the customer
subnetworks changes. The exchange of informatia@utathese changes is performed by signaling
mechanisms.

If the AAPN edge node is attached to a router, ekak-up and the task of assigning MPLS labels to
IP addresses is off-loaded to the router (or theers in the subnetworks) and the edge node may be
considered as a ‘linecard’ that interfaces theawotd the photonic network.

When OBS is used, the burst assembly mechanisrhecéimer-based, threshold-based, or a composite
of both [122]. In a timer-based burst assembly aagh, a burst is created and sent into the optical
network at periodic time intervals; hence the nekwmay have variable burst lengths, which may be
undesirable (too short or too long, depending andfiered load). In a threshold-based approach, a
limit is placed on the length of each burst andstthe network will have fixed size bursts, but the
aggregation delay experienced by the packets magdlong if the arrival rate is low. The composite
method combines both approaches, with the timemally set to the largest value commensurate with
the tolerable delay. The vast majority of bursestaen of a maximal (fixed) length.

When TDM is used, the incoming traffic is aggredaiteto fixed size units called envelopes or slots,
which are equal in size to the time slots. The grenbince objective of the TDM-AAPN is to have 10
us time slots, which corresponds to 100 kb enveldpea 10 Gb/s link. A simple way to build the slot

consists of aggregating an integer number of vieialze packets without performing packet division.
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This method is fast and relatively easy to maintairt it does not fully utilize all the available
bandwidth, because each slot may be left with sempty space. Besides, the slot size must be set
equal to the maximum possible packet size, which pgatoo large.

A second method would consist of segmenting vagigdahgth packets into fixed length cells, then the
cells are packed into slots. Cells should be josgér than the smallest possible packet size. Tdte s
may now be an integer multiple of the cell size ethcan be smaller than the longest length packet.
Bandwidth may still be inefficiently utilized due voids within cells.

A third possible method would divide incoming paiské/ariable length packets are packed into slots
and they may cross slot boundaries without introdpeoids. Effectively, variable length packets are
transported ‘natively’ (unchanged), with the slotisg as a ‘block size’. This method is more comple

It introduces a slight additional processing dedag more complex buffering requirements, especially
at the destination edge node, but it significanthproves the bandwidth utilization and therefore
decreases the overall delay.

To prevent excessive delay for packets from low fliws, provisions must be made to time-out the
slot aggregation process. In this case, if thevalrmate of the packets is low the edge node mdy no
have enough data to fill-up a slot before a timeamcurs, so slots may leave the edge node wige lar
empty spaces. All methods will then have the drakbaf inefficient bandwidth utilization for low
input loads.

Control information for the packet aggregation/dgagation protocols will be sent within the same
slot. Each slot of data, a ‘data slot’, has its dweader with information about the number and size
encapsulated packets, which will be used to prgpanpack the envelopes and reassemble packets at
the destination edge node.

The envelope that represents a single data slsistsrof a header and a group of encapsulated {zacke
The first bits of a slot must be a pre-amble tdbéméurst mode receivers to lock onto the bit saqag
i.e., slot/packet level synchronization to slottede (bit level synchronization will not be usedhe
first bit of the header (Figure 69) is a singleyflait ‘ctrl.flag’ that differentiates data slotm control
slots. The source and destination nodes fieldevollvith their corresponding numbers. If an AAPN
consists of, for example, 128 edge nodes then teldsf 7b-long, are required to identify the edge
nodes. The next field is the slot identificatiommher.

header

e

— —

|/5ync‘|1b| 70 | 7b [2b] 1D [sub header| encapsulated packets |
[ R

I
dest.
address

source
address

ctrl. division
flag

Figure 69: Time slot structure in the AAPN [119]
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The division field indicates if the slot carriesyadivided packets. Two bits would be enough since
there are four possibilities: “no divided packetSitst packet is divided”, “last packet is dividednd
“both packets are divided”. This field will be usbyg the destination edge node for extraction of the
encapsulated packets to determine which packetddsbe kept in cache memory for reassembling.

The information about the number and sizes of timpsulated packets will be stored in a subheader
field, which will be the last element of the headethe slot. This information can be encoded ia th
form of a group of numbers that will define the iioss of the boundaries between packets. If a slot
carries M encapsulated packets then the positidntheo M-1 boundaries have to be stored. The
maximum size of the header is dictated by the woossible scenario of the encapsulation procedure:
when all the encapsulated packets are of the sshaltessible length (24B header + 1b of data in the
case of IP traffic).

Quality of Service implementation

There may be two approaches to QoS provision: praviby the core controller and provision by the
edge node. In the former approach it is the baniwatlocation algorithm that deals with this issue.

The method would most probably involve the useepfasate buffers for the various levels of QoS for
each flow. The edge node would only be concerneld thie number of levels being used so that the
correct total number of buffers can be implementaiffic requests/allocations would therefore

consider not only the flow, but also the QoS ledndwidth is requested for the triplets source-
destination-QosS level.

To provide QoS at the edge node independently tr@rbandwidth allocation methods, the incoming
packets from different subnetworks could be dirécte temporary buffers separated not only by
destination edge node but also by QoS level. Thts skould already be built with the appropriate
percentage of packets from different classes acupitd the QoS rule (e.g. 50% from gold class, 30%
from silver and 20% from bronze). The bandwidtlmedtion method would proceed normally, without
any additional consideration for QoS. However, gaaflivision and header information would be
significantly more complex with this method of epsalation.

Scheduling

Once the incoming packets are aggregated and stotbeir respective flow buffers, the edge nodg ha
to perform the appropriate scheduling of slotsl{orsts) to send the data to the core en routeeo th
destination edge nodes.

The scheduling Processing Unit (PU) receives thedaling information from the core controller and
then reads the slots/bursts from the buffers (k& multiplexer) in the order preset by the global
bandwidth allocation method. In the TDM mode, thenber of slots read from the same buffer for
each frame depends on the bandwidth assigned twthesponding traffic flow.
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Receiving frames by the edge node

The first task in the receiving module is to desleré the 10 Gb/s incoming data stream to obtain
several lower rate data streams that can be pmetdsg slower processing units in parallel. A 1:8
deserializer can be used, with its outputs beir&p I5b/s (it is also possible to use it in the 1:16
configuration [123]). The lower rate streams caentlbe examined to separate the control slots from
the data slots and to send the data slots toapeiropriate flow buffers (organized by source edgge

in figure 70). Control slots are directed to th@mpriate processor in charge of maintaining lopk-u
tables, schedulers, etc.

Data slots are sent to PUs for packet extractiehraassembly using the information in the slot leead
The memory needed in the processing unit for pagkigaiction and reassembly could be implemented
as additional external cache memory (similar toPARC64 CPU architecture with 2 MB external
cache) and its depth will depend on whether ortine@toandwidth allocation algorithm guarantees that
there will be no mis-sequencing of slots. Note #raindividual star guarantees in-sequence deligéry
slots even when flow level load balancing is usa@ss its wavelengths.

When the allocation method in used it does not anutae in-sequence delivery (bandwidth allocation
algorithms that act over several stars), the etitnatteassembly buffers will have to be deeperriheo

to accommodate for more than one packet fragmeritingato be completed. If a suitable load
balancing technique is used, it is possible to tivedbuffers depth.

flow extracting
Li?fgés buffe_rs CPU
e N — T
1o6es = M || switeh e b
""" to customer
----- subnetworks

CPU to scheduling CPU

Figure 70: Packets extraction in the AAPN [119]

The extracted packets are sent from the PUs toudkgut buffers that correspond to their destination
subnetwork via an internal packet switch. If the P edge node works as a line card attached to a
router, then the buffering of the packets accordmgheir destination subnetworks is a task for the
attached router and not the AAPN line card.
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Signalling processes

Control information exchanged between the edge :1add the core node can consist of several types,
including bandwidth requests, bandwidth allocatemd network topology changes (but not slot
aggregation information, which will be includedtire header of the same slot).

It is possible to have the control information @néd within the data slots. However, this would
introduce unnecessary complications in the prongssf arriving slots. The use of separate control
slots (as opposed to data slots) to carry thisrinébion is a more straightforward approach. The
control slots would be the same size as the data ahd must have a high priority to be transmitted
and processed upon arrival.

The theoretical architecture of the AAPN has thgeedodes and the core nodes as completely separate
entities. In practice, however, an edge node wltbllocated with the core node in such a way et
control slots with bandwidth requests will be desti to this edge node, which will serve as the core
controller (using either the same PU or a secomdiiomecessary to simplify the software and/or divi

the processing burden).

There are two possible implementations for signglthe control slots. The first method is out-ofitha
signalling (Figure 71) which involves a separate&@ngth channel dedicated only to the transmission
of control slots. The links consist of two separsid-links: the data channels consisting of several
wavelengths that transmit only data, and a cowrtiahnel for control information only.

i
| control &

data | signaling

data
R — — ——— —- data
BN control & ol — — — —— 4 EN
signalin ' control & ~—E=2
9 i CN signaling

Figure 71: Out-of-band signalling in the AAPN [119]

The second signalling method is in-band signalliwgich consists of sending both data and control
slots on the same wavelength(s).

Signalling consists mainly of bandwidth requestndwidth allocation and network topology changes.
In a TDM-AAPN, regarding bandwidth request/allooati(the bulk of signalling data), only one
control slot will be sent from the edge node to ¢bee node and one will be received in every frame.
Considering this, the out-of-band signalling optiwauld be wasteful and therefore is unlikely to be
used.
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Traffic flow monitoring

It is necessary to monitor in real-time the traffltat arrives at the edge node from customer
subnetworks. The statistics of the traffic arrivingm outside the AAPN will be used to calculate th
bandwidth requests that will be sent to the cordrodler.

Traffic monitoring at each edge node will be a Iybof hardware-software functionality. It is
necessary to have counters for each of the flodelsjfwhich will register the number of slots that
arrive at the buffer. These counters will be raadegular time intervals, followed by the resettofg
the counter. Traffic statistics calculations wi# performed based on the information read anden th
simplest case it will only add the numbers readnftbe counters. The bandwidth allocation method in
use may also require knowledge of the length obitlféers at any time in order to account for bagklo

in the queues. Alternatively, counters registetiinumber of slots departing may also be usethisr
purpose.

Both measurements (arrivals and queue lengthg)sarally provided by the memory management. For
buffer implementation with the QDRII memory, thendggh of each queue will be measured
automatically if the appropriate software is loaded the memory controller (a custom Field
Programmable Gate Array, FPGA board).

Prototype of data encapsulation system for PON

Based on the characteristics of PON and AAPN ligteprevious chapters, a number of features that
are identical (or similar) in both networks can pevided. The similarities play a key role in
transferring certain AAPN technologies and modete PON infrastructure in the form of extensions
and modifications.

AAPN and PON are both transparent networks fortfaesmitted data. Therefore they are not aware of
the protocol that is implemented in customer sulbogts. In addition, both AAPN and PON can
interconnect subnetworks that have different ngbnagocols. This is possible when Edge Node (ONU)
is equipped with the appropriate interface for aatimg to customer subnetworks.

AAPN and PON are both agile networks from the pecspe of dynamic bandwidth allocation. Both
AAPN and PON have implemented technologies thaiatdge nodes (ONUS) to create requests for
bandwidth assignment.

Both network infrastructures have implemented tetdgies for data encapsulation. Packets received
from customer LAN are encapsulated into nativess(&thernet frames) and the transmitted along the
optical path. Edge Nodes (ONUSs) are responsiblal&ba aggregation followed by the encapsulation
process. Additionally, they are responsible foragheg of incoming slot/frame and customer data
extraction.

Both network infrastructures have traffic flow titain be represented as burst-type transmissiorrewhe
the entire link between the specific EN and CN ¢fppe ONU and OLT) is dedicated to the data
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transmission within a defined time interval.

Considering the number of similarities between bofrastructures, there is a new suggested approach
for design and implementation of hardware and saiwfor ONU and OLT that can significantly
reduce their costs of manufacturing and maintenafie low cost technologies that were originally
proposed for AAPN can also be accommodated in ER@Bistructure.

Since EPON transmits 2 ms long bursts that accorateapproximately 250 kB of data at 1 Gb/s, it is
possible to implement a low-cost hardware that dessgned for generic personal computer (PC) as an
engine that performs the tasks of burst aggregdtraffic aggregation, queuing, encapsulation, €xc...
To evaluate this proposal an innovative EPON pypitwas designed and built. The prototype was
based entirely on low-cost PC components and ftsvace application was written in C, compiled in
two different optimization models and runs in theux operating system.

Benchmark of the cost-efficient encapsulation system

Since it is desirable to use off-the-shelf techggl@.e. commercially available) as much as possibl
lower the costs, several tests have been perfotmedaluate the capabilities of current technology
the market. In particular, commercial multi-CPU tanicould be used to perform parallel slot
aggregation/deaggregation. To estimate the viglofithis option, two types of tests implementedCin
language were performed. The first test is a bemackrthat measures the maximum speed for writing
and reading sequences of bytes from multiple bsiffarthe RAM. The second test is a software
implementation of the scheduler that emulatesitragfjgregation and slot assembling in the Edge
Node. Both tests were performed on several PCs difterent memory and CPU configurations,
namely:

* Intel Celeron 1.7GHz (128KB cache)
Memory: 256MB RAM (SDRAM) 100MHz bus.
OS: Mandrake Linux 10.2 (kernel: 2.6.11_6mdk).
Compilers: Intel C v9.0, GNU C v3.4.3

* Intel Pentium 4 2.8GHz (512KB cache)
Memory: 768RAM (SDRAM) 133MHz bus.
OS: Mandrake Linux 10.1 (kernel: 2.6.9 + MPLS vBp4
Compilers: Intel C v9.0, GNU Cv3.4.1

* Intel Pentium 4-HT (dual core) 2.8GHz (512KB cache)
Memory: 2GB RAM (DDR) 133MHz bus.
OS: Mandrake Linux 10.2 (kernel: 2.6.11-smp).
Compilers: Intel C v9.0, GNU C v3.4.3

All PCs have an implemented Linux operating systenensure efficient memory management. All
system services that were not required for perfognbenchmark processes were disabled to unload
CPU from unnecessary tasks.
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Read from/write to multiple buffers

The benchmark test consisted of writing to/readnogn 64 buffers of 100 kB, 300 kB or 500 kB in
length. The length of the buffers was chosen tduata system performance for aggregation of bursts

with lengths smaller, bigger and similar to thasglemented in EPON.

To ensure the benchmark reflects the conditiont@feal IP traffic load, buffers had assigned gsou
of IP addresses extracted from packets that wereiea from the commercial LAN. The buffers were
filed according to size and destination addredb®tarlier captured packets.

The test measured the total time taken to fillmpty the buffers. The results are presented ondgu

72 and 73.
64x100kB 64x300kB 64x500kB

Hardmace Write | Read | Write | Read | Write | Read
[Gb/s] | [Gb/s] | [Gb/s] | [Gb/s] | [Gb/s] | [Gb/s]

Celeron /1CC 1.4 5.96 136 | 596 | 122 | 611

Celeron/ GCC 0.5 1.16 q.49 L.J5 0.45 015

Pentium4 / iCC 2.8 9.54 2.8 1022 | 2.74 9.54

Pentium4 / GCC 0.87 1.91 0.86 1.96 0.86 1.92

Pentium4 HT /1CC | 298 | 795 | 292 | 894 3.1 9.17

Pentium4 HT /GCC | 0.57 | 1.16 | 038 | 0.66 | 048 | 095

Figure 72: Memory access speed benchmark test (@€} C, GCC: GNU C)
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Figure 73: Memory access benchmarks comparisd: (itel C, GCC: GNU C)
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When standard software implementation is deployed the hardware platform the speed of writing to
buffers is about 500 Mb/s and reading from buffe¥raches 1 Gb/s. This result indicates that this
particular low cost hardware-software configuratman possibly serve as ONUs with five Ethernet
ports (100 Mb/s each) connected to customer LANd,a1 Gb/s optical trunk that connects ONU to
the OLT. This configuration reflects the performarmé commercial ONU supplied with 1G EPON.

The recompilation of the software application fdwe tparticular type of used CPU significantly
improves the use of embedded cache memory in addibi speeding up the data transfer between the
CPU and RAM. After this modification, the speedwvaiting to buffers exceeds 2.9Gb/s and reading
from buffers exceeds 10Gb/s. This result indic#ites a well optimized combination of software and
low-cost hardware is suitable for implementationONU with one 10Gb optical trunk to OLT and
three 1Gb Ethernet ports (electrical or opticah)reected to customer LANS.

The performance of a low cost system has been pravéde sufficient to be considered as a valid
candidate for implementation in ONUs for 1 Gb EPONe implementation off the shelf technologies

that were originally designed for low-cost persoc@iputers may significantly decrease retail cdst o
the ONU. In the year 2010, the average cost of2XN& with three Ethernet ports (100 Mb/s each) and
one 1 Gb/s optical EPON port was $370 USD. Thig owsy be potentially decreased to about $200
USD if PC-based components are used to build th&) QN addition, such architecture would offer an

additional advantage of improved configuration ity thanks to software based implemented

algorithms for traffic aggregation, encapsulationd acheduling.

The benchmark test results also show that the esingte Pentium4 CPU performs slightly more
efficiently than the dual core Pentium4-HT. Thisthe result of the lack of synchronization between
both cores in the HT CPU, since the binary code matsoptimized for parallel computing. This,
however, can be easily fixed when the next promigpdesigned.

Traffic aggregation and slot assembling

The previous chapter presented a study on low-Bé3tbased architecture limitations related to
memory access required for successful data aggvagand data buffering. To provide more detailed
knowledge about performance of the proposed hyaidware-software architecture, additional study
of data aggregation and encapsulation was perfarmed

The additional emulation was designed and impleatetd evaluate the system performance under the
full load of traffic flow processing. Emulation dhe encapsulation process consisted of 32 input
gueues and 32 assembly buffers 12500 bytes lori@@akb time slot in AAPN). Two models were
used; the first model consists of a CPU performatigthe tasks: receiving incoming IP packets,
directing packets to the appropriate input bufiecoading to its destination, transferring packetsrf
input buffers to assembly buffers and encapsulgtenxkets into slots. The second model consists of a
CPU performing only 2 tasks: transferring packetsnf input buffers to assembly buffers and slot
assembling.
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The traffic used was a group of 5.5 million IP petskcaptured from the LAN at the University of
Ottawa campus. The information about packet heaslasssaved on hard disk and then used for packet
generation in the emulation.

aikaas Full load 2 tasks only
| Mb/s] | Mb/s]
Celeron / GCC 119.5 129.9
Celeron /1CC 680.7 947.2
Pentium4 / GCC 196.1 211.22
Pentium4 / 1CC 11918 2093.24
Pentium4 HT / GCC 1944 21425
Pentium4 HT / iCC 981.83 2065.29

Figure 74: Emulation of the encapsulation proc&€(Intel C, GCC: GNU C)

The emulation results presented in figure 74 indithat the proposed low-cost hardware and software
combination exceeds 1.1 Gb/s of traffic processipged under full load, and exceeds 2 Gb/s under

partial load.
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Figure 75: Performance comparison of the systenemfudl and partial load
(iCC: Intel C, GCC: GNU C).

Figure 75 confirms the advantage of the hardwardkcdéed binary code over the generic universal
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code. It shows as well that the CPU responsiblg & slot assembling and bandwidth monitoring
performs almost twice as fast than the fully loaded for the Pentium4 / iCC combination. This resul
indicates the great advantage of having the maamdoof the Edge Node with a separate CPU working
as the input scheduler designed for receivingréfid and directing it to the appropriate inpuffieus.

The emulation test results proves that low-cost lioation of multipurpose hardware (PC

components) and a well optimized software applicats capable of performing tasks such as traffic
aggregation, encapsulation and queuing, that weually implemented in more expensive dedicated
hardware platforms in ONUs. The processing perfoceathat was achieved with this prototype is
comparable to commercial gigabit network processoih as NPA CPU manufactured by EZ Chip
Corp. [124]

The results are also promising from the perspeativdesigning new OLT architectures. In the year
2010 an average cost of OLT with two EPON gigabitgwas in the range of $10000 USD (example
price quotation obtained from Enablence Corp in@00he device had implemented expensive
hardware (similar to those used in multi-gigabiiteys) that was responsible for all computing tasks
that are required to serve EPON trees. Implemerdirpmbination of multipurpose CPUs, DDR3

RAM [125] and software application (optimized fbwg particular hardware configuration) would be a
good candidate for new low-cost OLT.

Multi-CPU architectures had been the subject ofyretndies in the past, mostly due to their poténtia
applications in scientific computational tasks. Daghe high cost of multi-CPU systems and the fact
that most of the user-level protocols were devedope single-CPU platforms, parallel processing
systems did not find their way to commercial netwdevices.

A significant reduction of design and manufacturcwsts of multi-CPU systems allowed for wide
range applications in network devices. In [126}ytdescribed, analyzed, designed, implemented, and
evaluated a parallel version of a user-level praltteyer on the two-CPU Alteon Gigabit Ethernet NIC
implemented in Pentium-IIl PC with Linux operatisgstem. This prototype network node achieved a
total processing bandwidth of 964 Mb/s.

Although this particular prototype was a signifit@uccess considering the achieved bandwidth, the
whole system was still strongly dependent on deedcanetwork CPUs rather than generic
multipurpose CPUs. The network CPU was a 388-pinlCAShat consisted of two MIPS
microprocessors running at 88 MHz, an internal mgntas with interface to external SRAM, a 64-
bit, 66 MHz PCl interface, and an interface to atemal MAC.

While the traffic processing tasks were performkdost solely by Ethernet dedicated CPUs in [126],
the prototype presented in this chapter performettadfic processing tasks in the low-cost generic
CPU, which makes it an innovative approach. Thelsimultipurpose CPU exceeded 1.1Gb/s under
the full load, and it also proved that the perfomce would certainly be improved if dual CPU
hardware configuration was applied with softwarat ttiuly supports multi-tasking processing. Such
configuration could possibly reduce the cost of @b The range of $5000 USD.

In addition, it is highly possible to further reduthe costs of design and manufacturing OLTs and

ONUs due to new technologies that have been rgcdatlieloped. In February 2011, the subsidiary of
the Intel Corporation in Haifa (Israel) publishedpaototype of an innovative multi-CPU chip
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manufactured in 32 nm technology [127]. The presgnthip consists of four processing cores, a
DDR3 memory controller and an 8 MB cache. In additit can be manufactured in a small size BGA
package for low-power devices. Technologies sudh time are very promising candidates for
significant reduction of the costs related to mastiring and design new generation of OLTs and
ONUs.

Implementation of improved ONU data encapsulation prototype with
off-the-shelf components

The prototype of ONU evaluated in the previous tdiapxhibits performance that is sufficient for
implementation in a 1 Gb EPON and at the same itipp@ints to a direction for cost efficient desigh
new generation ONUs and OLTs.

To evaluate low-cost architecture of ONU that sutgp@rocessing bandwidth above 2 Gb/s, a new
hardware configuration is proposed. Memory accessill one of the key issues to be solved when
using off-the-shelf technology to provide multi-gigt processing bandwidth. QDRI memory with 1
Gb/s data rate is a promising option but is notwieiely commercialized and is still expensive. DDRI
memory with 533 Mb/s data rate could be used iasf£28].

Parallel processing in a multi-CPU main board sticag used in the Edge Node, especially for the
encapsulation/extraction processes. There are aetygres of multi-CPU main boards designed for
AMD and Intel CPUs that are in mass production. Mendors offer dual-CPU boards.

One possible configuration for an improved ONU ptgpe could be:

* Main board: Tyan Thunder KBQW(S4881) [129]. Thiswrhbard supports 4 processors with 64
bit dual core architecture in the basic configunatiThe extended configuration allows the use
of 8 CPUs by applying the M4881 add-on processardhdt has one PCI164-133MHz slot and
two PCI64-100MHz slots that can be used by optigébit interfaces, as well as embedded
dual Gigabit Ethernet LAN ports that can be useddémote monitoring and maintenance. It is
equipped with 16 DDR DIMM slots, grouped in 4 slgier CPU. This feature enables
association of groups of memory with CPUs.

« CPU: AMD Opteron [130]. This CPU has 64 bit duarea@rchitecture and an embedded
memory controller that supports up to 8 registddddMs. This feature allows all the CPUs on
board to access in parallel their own groups of orymOpteron has also implemented the
HyperTransport technology [131] that allows up ® @b/s aggregated data transfer in both
directions between the CPU and I/O devices in tifiai channels. Other important features are
the 1MB L2 cache memory that can be used for fagteues of packets/slots, and the 64 KB
L1 cache that can be used for high speed aggregattipackets into slots.

* Memory: 2 GB 400 MHz DDR ECC Registered CL3 (3-3-BIMM Dual Rank
(KVR400D4R3A/2G) [132]. This memory has a maximurated rate of 400 MHz with a
throughput of 3200 MB/s. There can be up to 8 GBneimory per CPU using these DDR
modules.
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Using the above components there can be up tod@lglgorocesses for the various tasks of the edge
node and the maximum extended configuration is ldapaf maintaining 16 parallel processes. The
load of each CPU can be balanced by software. Anosisue to be solved in this configuration is the
realization of the 10 Gb/s output stream (slotg s@the core). Even using a dedicated 64 bit C&U f
slot scheduling and a PCI64-133MHz interface faadeansmission between the CPU and the optical
transmitter, the maximum data rate is only 8.5 GWsvertheless, the quickly growing demand for
high data transfer between CPU and I/O devicegwm applications should force vendors to implement
a 166MHz PCI164, which will offer a 10.5 Gb/s daditer

The hardware implementation that bridges optiaigmission and software is a very challenging task,
with the main issues being the need to processltdat streams (10 Gb/s) and the fast memory access
required to buffer packets and slots at this sp&edallel processing of packets and slots will be
required to avoid the use of very costly devices.

Regarding traffic encapsulation and extractions iessential to make the most effective utilizatodn
bandwidth. Efficient and short slot headers witfoimation about the number and the boundaries
between packets in the slot are necessary to ache:

The new QDRII technology is a promising solution fiast buffers implementation given its very short
access time, but this is still a new technologywioiely commercialized. This implementation regsire
FPGA boards with embedded memory controllers. Theaatage of this technology is the available
programmable logic that can easily maintain severtédial queues in one physical memory chip and
already performs several functions for traffic ntoring. However, the main drawback is that the
memory embedded on the board is not easy to upgnade/ery costly to do so (changes in physical
configuration very often require replacing the FPIBard altogether).

The results of the ONU prototype evaluation givesaumeasure of the capabilities of off-the-shelf
CPUs to perform the encapsulation of real IP tradind the scheduling of slots. A single Pentium 4
working at 2.8 GHz with a 133 MHz system bus isealal handle up to 2 Gb/s streams. The use of
several CPUs with several parallel processes allugiser bit rates to be processed. The results also
emphasize the importance that the source code gt@utompiled using a native compiler designed
for the particular type of CPU. A software implertegion on commercial CPUs in standard C language
has the advantage of being easily optimized andgbeortable when the hardware is upgraded.
Something to keep in mind, however, is that sonwglypecers of CPUs provide their own functions for
certain operations like memory access or optimorabf cache memory utilization; those functions
will therefore have to be changed if the CPU israpgd.

Bandwidth use in burst mode ONU

The previous chapters shown that off the shelf aomepts implemented in desktop PCs can be
considered candidates to build low-cost ONU anderafome improvements, also OLT. The
processing power of CPUs that are used in consumaeket products is certainly sufficient to support
1 Gb EPON and 10 Gb EPON.

Technical capabilities of PC-based ONU prototype thiorks in burst mode transmission are proven
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and the next issue that has to be addressed m-adst burst mode ONU is how efficient the avaiabl
bandwidth is used.

One of the techniques that are implemented in AAPNhe Optical Burst Switching (OBS) as a
method of traffic aggregation and transmission setbe network. OBS is a technique where several IP
packets with the same destination and other comattiibutes such as Quality of Service (QoS)
parameters are assembled into a burst and forwahdedgh a buffer less network as a one entity
[133]. The idea is to use no buffering at the imediate nodes and to send the header and the
associated payload on two different wavelength obEnwith the header being sent slightly ahead in
time.

Since similar techniques of burst aggregation aeslun both: AAPN Edge Node (EN) and PON ONU,
analysis of traffic encapsulation in OBS-AAPN arery useful to understand efficiency of the
encapsulation process in the ONU. The traffic aggtien and encapsulation process has direct impact
on efficiency of the bandwidth use in the propolesadcost ONU prototype.

One important design issue in an Optical Burst &veitl Network is the burst aggregation method. The
burst assembly mechanism can be timer-based oshibicebased [134]. In a timer-based burst
assembly approach, a burst is created and senthietoptical network at periodic time intervalspbe

the network may have variable length input bur§tee major drawback of this approach is that the
scheme might produce undesirable burst lengthsffaereht loads. In a threshold-based approach, a
limit is placed on the length each burst; hencentgtevork will have fixed size-input bursts [134].

The problem of this approach is that it does ngegny guarantee on the assembly delay that the
packets will experience during the burst aggregapoocess. The objective of this chapter is to

evaluate in the context of OBS networks and TDM-P@¥wvorks a third approach that combines the

timer-based and threshold-based approach into glesicomposite burst assembly mechanism to

address the aforementioned deficiencies.

The practical implementation of this composite bueggregation method is introduced as
“encapsulation” of the incoming streams of varial@degth packets into constant length units called
“envelopes”. In those networks based on the tinmaalo switching model, the envelope represents the
length of a single timeslot and consists only ddffic with the same destination. The traffic
encapsulation is presented as a practical emulatidhe composite burst aggregation method with-
and without IP packet fragmentation. The emulabbithe traffic aggregation is performed using real
IP packets captured from typical everyday Intetraffic and measurements of the average bandwidth
utilization are performed.

In an OBS network, if the burst size is too largent it will occupy the network resources for a long
period of time and block the transmission of othersts. On the other hand, if the load on the input
line is too low, then gathering enough packets &ixena burst of certain predefined length may take a
unacceptably long time. Therefore, a limit has éoptaced both on the maximum burst size and the
waiting time of the packets in the burst assembdgimanism. To perform all these functions propexly,
composite burst assembly mechanism can work asafsil

1. Alogical queue is associated with each destinatahe edges of the burst switch network.
2. Atimer is started whenever a packet arrives iem@pty queue.

95



3. Aburstis created and queued for transmissioreeitthen the elapsed time equals the burst
completion time limit (which could be adaptive teettraffic conditions) or when the size of
the queue reaches the maximum data burst size.

4. After the burst is queued for transmission, theetims reset and only restarted by the arrival
of the next packet with the same destination.

Contention for output ports at the core switch caault in burst drops and hence the relevant
performance parameters are the blocking probalaliy the waiting time. It is possible to eliminate

blocking by reserving resources at the expensaaeased waiting time but a consideration of this i

outside the scope of this paper.

Analytical model for Poisson arrivals

The thorough analytical model of the burst aggregamethod was published in [122]. The analysis
was done in the context of IP packet arrivals thette represented by Poisson process. The analytical
model of burst aggregation with Poisson arrivals wamerically evaluated by Matlab code. The mean
arrival rate was set to 50000 sec. The maximumt beingjth was 32 packets and the time out was 0.7
ms. Figure 76 show the probability distributiontbé delay experienced by a packet (averaged over
burst locations) considering only the length-oudl éime-out approach, respectively with a sampling
interval equal to 13.8s.
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Figure 76; Probability distribution of the delaypexienced by a packet [122]

Figure 77 shows the probability distribution of tihelay experienced by a packet (averaged over burst
locations) combining both the length-out and tim-oechanisms into a single composite burst
assembly mechanism. It can be seen that the appatxiequations provide a good qualitative
description of the exact distributions.
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Figure 77; Probability distribution of the delaypexienced by a packet considering the compositst bur
assembly mechanism with a sampling interval equaBt3is [122].

The results of the analytical model and Matlab walitons were confronted with network simulation
that was built using commercial tool OPNET Modeldre example OBS access network consisting of
12 users, 12 edge nodes (ONUs) and 1 core node) (@43 implemented using OPNET Modeler and
the analytical model was used to verify its accyrét this simulation, bursts were created and qudeu

for transmission when either the size of the bursté€hed its maximum size or the time-out occurred.
All the available sources generated Poisson traffid the transmission speed was 10 Gb/s. The packet
size was fixed to 1500 bytes. The maximum bursitlemas set to 32 packets and the time-out was 0.7
ms. Figure 78 shows the numerical and OPNET dehfsiigtions together, where it is shown that there
is a good agreement between the analytical resdltthe simulation result for the composite burst
assembly mechanism.
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Figure 78; Comparison between the numerical arsbsd the OPNET simulation result [122]
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The difference between the analytical model andstimeilation result arises from the assumption @ th
analytical model that the inter-arrival times andcket lengths are independent. In the OPNET
simulation, each source contains a built-in trassion buffer that queues the generated packets when
there is a transmission overlap (i.e., when therartival time is shorter than the last packet)size
which yields a slightly different arrivals process.

The blocking probability of the composite bursteasbly algorithm was also observed and compared
with the length-out and time-out approach. The mmaxn burst size was set to 6396000 bits (533
packets) and the time-out was fixed to 10ms. Figi@&eshows the simulation result at different loads.
The observed blocking probability for the lengthit-only mechanism is systematically lower than the
blocking probability for the time-out only mechamisThis is because the time-out only mechanism
results in variable length bursts and thereforeetla@e more bursts generated for the same throtighpu
compared to the case of fixed maximum length buiidte greater number of bursts for the time-out
only mechanism is directly responsible for the @ased blocking probability. In the composite case
and for large burst maximum lengths there is ashiensition between the essentially time-out
mechanism only and the length-out mechanism wfen B.xWhere/ is the mean packet arrival rate,
Bmaxis the maximum burst length in packets (assumestifsize) and is the time-out.
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Figure 79; Blocking probability for the differentitst aggregation approaches [122]

For the parameters given, the transition betweenhigher time-out only mechanism limit and the

lower length-out only mechanism limit will be stdtat 40% load and it will be completed at ~50%
load. In practice, the parameters would be setigh & way that this transition occurs at much lower
loads and hence the higher blocking probabilitesoaiated with the timeout mechanism (timer-based
approach) would not be observable.
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Encapsulation method

In a TDM-AAPN the incoming traffic to the Edge No¢g@milarly to ONU in EPON) is aggregated in
fixed-size bursts, called “envelopes”, which areaqn size to the time slots using the same proeed

as used for burst aggregation described in pre\geason albeit with different parameters. In anS9B
AAPN core switch, resources are released immegi&édbwing the end of the burst. In TDM-AAPN,
resources are only released at the end of a titn@stbhence the relevant performance parameters are
the efficiency of bandwidth utilization and the tag time. There are two main methods of performing
the encapsulation. The first method consists ofeggging an integer number of variable-size packets
without performing packet segmentation (Figure )8B&hough this method is fast and relatively easy
to maintain, it does not fully utilize all the aladble bandwidth, because each envelope may beikit
some empty space.

a. variable-size packets b. variable-size packets

[ | 1 | i ] | . P ) ] AN

[ [ I J [ [ 1] ey B
constant-size envelope constant-size envelopes

Figure 80; Encapsulation model without (a) and wiicket segmentation (b)

The second method permits the segmentation of imgpmackets. The envelope is filled with an
integer number of packets and the space leftledfilvith the first part of the next packet in thew
(Figure 80b). The second part of the segmentedgbasknserted at the beginning of the next enwelop
This method is more complex and introduces a skglaitional processing delay, but it significantly
improves the efficiency of bandwidth utilizationcatnerefore decreases the overall delay.

Both solutions require information about the encégied packets in each timeslot (their number and
size) to provide a way of extracting packets frdma envelope at the destination EN (ONU). This
additional information can be transmitted in thenfaf a header added to each envelope or as a signa
in a dedicated control link. The first solutionriatively easy to implement and to maintain but it
reduces the size of the payload in the envelopéessodata can be transmitted. The second solution
does not reduce the size of the payload in envelbpeit requires additional synchronization betwee
incoming envelopes filled with packets and theiresponding control signals.
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Encapsulation emulation

To evaluate efficiency of bandwidth use in low-c@&NU prototype that was operating in burst
aggregation mode, PC-based prototype of the ONUdeagyned and built similarly to the prototype
presented in the chapter 6.6.1. The prototype OBdUthe following configuration:

- Hardware: Intel Pentium IV 2.8 GHz + 512 MB RAM

- Operating System: Linux Mandrake 10.0

- Kernel: 2.6.3_7mdk with implemented Multi Protbtabeling System (MPLS) v1.9

The encapsulation system was a fully software swluwritten in C under the Linux Operating System
(Figure 21). The system was built from three meduThe first module is a scheduler responsible for
destination address recognition, and for assigthiegncoming packets to the appropriate queues. The
second module consists of 128 buffers that reptegen output queues in the EN of the AAPN
network. The buffers can also represent address@é28 ONUs in PON tree, or addresses of 128
subnetworks that PON tree has access to througDlifieThe third module implements buffer serving
and timer initialization to ensure that no buffeaits longer than the given time-out. This time timi
prevents buffers from waiting too long when thera iow load of packets with the same destination.

I N «——
stream of vanable size packets

128 output buffers
scheduler
(_/ C | t ]
stream of fixed-size time slots

Figure 81; Traffic encapsulation system

The source of the traffic was 11 min variable dRepackets that had been captured in LAN at the
University of Ottawa during week days and savedxit2file system.The purpose of using real traffic
for encapsulation testing was to ensure the testr@mment reflected as much as possible real
conditions of traffic load in commercial networKsis approach was innovative because it considered
distributions of packets size and their types nathan their arrival times (as it used to be impated

in past) At the first stage of processing, the file with daptured packets was taken under a first quick
scanning procedure to recognize the IP addressesM&LS labels). The recognized addresses were
gathered into groups, and each group was assignede output buffer (Figure 81). The next stage
consisted of streaming all the captured packeta scheduler that directed them to the appropriate
buffers (one for each destination ONU/subnetwork).

Two encapsulation models were implemented. The fireliminary model consisted of a simple

streaming of packets that were then encapsulatstreams of bursts without considering destination
addresses and without segmentation of packetsr@-ig82). This model was used to easily check with
an experimental method if the average size of thptg space in the time slots is stable at a certain
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traffic load, and how it varies with increasingfti@load. The size of the buffers was chosen €000

b, which represents a 13 time slot in a 10 Gb/s link. There were no tinmesamplemented in this
model so the buffers were served (i.e., the eneetefeased) when the size of the next packet assign
to the buffer did not fit the space left in thegivtime slot.

Stream of variable-size packets
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Figure 82; Simple traffic streaming

The second model consisted of the encapsulatiocegtwe with full scheduling; IP/MPLS address

recognition, and timers (Figure 83). It was impleteel with- and without packet segmentation. A
timer was associated with each buffer, which inidahe last time the given buffer was served. The
timer information was compared to the real timethy scheduler at regular time intervals. When the
difference between the timer and the real timelreddhe time-out given in milliseconds, the given

buffer was served, no matter whether it was futhvpackets or not.

=

Stream of variable-size packets
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Figure 83; Encapsulation with packet scheduling

The second model gives a more detailed view of Wwadttl utilization depending on the time slot size
(the maximum burst length) and the time limit fggeegation (the time-out). Because the emulation of
the full encapsulation procedure with schedulind ame stamping was performed using a Pentium-IV
machine with a speed of 300 Mb/s, the

size of the buffers were chosen as variable frdkbh #b 30 kb, which represent time slots sized 13.3
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to 100us in a 300 Mb/s link. The time-out was also choaem variable between 10 ms and 70 ms to
be able to study the impact it has on bandwidtization.

The results obtained with the simple packet stragmodel without address recognition and without
packet segmentation are presented in Figure 84. érftapsulation was performed for a 100 kb
envelope and the average speed of the encapsuteitioedure was 1822.74 Mb/s (1.78 Gbl/s).

Traffic load [MB] MNumber of packets | Total empty space [kB] | Average empty space [%5]
17.41 63316 206.45 313
19.03 169976 611.54 1.16
89.13 958858 7063 0.77
17117 1892152 122536 0.69
178 44 1917716 141195 0.77
34243 3781268 2489.68 0.71
51595 5508952 413855 0.78
678.58 7372045 5452.85 0.77
855.14 92346658 6769.56 0.77
103098 11080952 810999 076

Figure 84; Results of the simple packets streaming

The above results show that for low traffic loachieh is very rare in real networks) there is ovés 3
of unused space in each envelope, which gives appately 54.7 Mb/s of wasted bandwidth in a 1.78
Gb/s link. For higher loads the average amountroptg spaces was stable at the level of 0.77%
(Figure 85). Considering 1.78 Gb/s of the theoettmutput link, this amount of unused space in
envelopes results in an unused bandwidth of 14.6M
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Figure 85; Stabilization of the unused space sizetimeslots

The bandwidth utilization measurements from thé &rcapsulation procedure performed on real
Internet traffic without packet segmentation aresented in figure 86 (envelope and time slot lage t
same entity expressed in different units; bits amdroseconds, respectively). The table shows the
relation between the percentage of the underutilizendwidth, the maximum size of the envelopes
and the time-out. It shows that in the case of pswlation without segmentation, for the shortesteti
slot the under-utilized bandwidth is relatively d&awith the average value of 36.5%, which gives
109.5Mb/s of wasted bandwidth in a 300Mb/s linktfWihcreasing maximum sizes for the time slot,
the wasted bandwidth varies non-monotonically.

Figure 87 compares stabilization of the unusedespatmesilots for different lengths of the timeslo

is visible that for shorter timeslots (& and 33us) the size unused space becomes stable when
timeout reaches 20ms and it does not change muarhwkien timeout is significantly increased. This
comparison indicates also that shorter time slotsiges better encapsulation efficiency for shorter
timeouts, but as soon as timeout exceeds 15 mgdHermance of longer timeslots significantly
outperform shorter timeslots when the timeout iases.

Erelope Time-out [M3] Time slat
M 1 2 3 44 5 6 1 s
4000 37.43% 36.601% 36.47% 26.35% 26.29% 306.25% 36.23% 133
500 11.18% 10.10% 9.8%% 9.74% Y.e5% 5.60% 4.58% 16.7
10000 12.55% 10.21% S§.72% ©0.33% 69.12% 9.00% 8.93% 333
15000 12.38% B.B5% 8.10% 7.50% 7.15% 6£.892% &.75% 50
000 12.86% B.24% T.20% 6.40% 5.88% 5.5%% 5.36% 66T
29000 15.36% 9.45% B.00% 6.93% 6.32% 5.97% 5.el% @33
30000 17.59% 10.60% B.91% 7.65%% 6.89% o©.42% 5.68% 100

Figure 86; Measured unused bandwidth for full sciiad (no segmentation)
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Figure 87; Stabilization of the unused space sizetimeslots (no segmentation)

The amount of underutilized bandwidth reaches tveett values for time slots of lengths0and
66.7us for all values of time-out. For a constant lengithe slot, the amount of unused bandwidth
reaches a minimum for the very large time-out om&) which will result in long buffering delays.

The results of the encapsulation procedure perfdramereal Internet traffic with packet segmentation
are presented in figure 88, where it is shown that relation between underutilized bandwidth,
maximum envelope/burst length and timeout reprasannonotonic function. For every size of time
slot, the wasted bandwidth decreases as the timmaeases. It is also easy to notice that theusrino
of wasted bandwidth increases with increasing maxrintime slot length for constant values of time-
out; the smallest percentage of unused bandwid#srished for short time slots and long time-outs.

Emelope Time-out [Ms] Tire slat
[} 10 20 0 40 50 60 70 [15]
4000 @ 2.04% 0.86% 0.65% 0.50% 0.41% 0.37% 0.35% 133
o0 2.51% 1.06% 0.B2% 0.e4% 0.53% 0.48% 0.44% 167
10000 4.85% 2.36% 1.83% 1.46% 1.18% 1.07% 1.00% m33
15000 7.58% 3.71% 2.97% 2.36% 1.97% 1.78% 1.65% 5
200 10.04% 5.23% 4.15% 3.33% 2.80% Z2.55% Z2.30% 6b6f
200 12.92% 6.77% 5.40% 4.35% 3.70% 3.34% 3.09% 833
J0 15.64% 8.33% 6.61% 5.40% 4.54% 4.18% 3.80% 10

Figure 88; Unused bandwidth during full schedulipgcket segmentation)
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The data on bandwidth utilisation was collectedeskpentally by measuring empty spaces in slots
released by the scheduling mechanism for diffesshieduling models, different length of slot and
different timeouts.
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Figure 89; Stabilization of the unused space sizetimeslots (packet segmentation)

Figure 89 compares changes in encapsulation peafurenfor different lengths of the timeslot. The
comparison shows a significant difference in amaintnused spaces in timeslots for shorter timeouts
The encapsulation performance increases rapidlyallolengths of timeslot when timeout increases
from 10 ms to 20 ms. The performance improvementadiocre when timeout is in range 20ms-40ms
for timeouts longer than 40ms the unused spaceniestots decays very slowly and the differences in
wasted bandwidth between different lengths of tiotedoes not exceed 1%.

The emulation results obtained for the simple paskeaming model without scheduling confirm the
assumption that the amount of wasted bandwidtalaively stable during the encapsulation procedure
when real Internet traffic is considered. For escdgition without packet segmentation, the sizehef t
envelope must be at least equal to the largestepacke in the network; otherwise these packetaatan

be carried (or must be fragmented after all). Enmaresults show that the bandwidth utilizatiorais
non-monotonic function of time slot size that fid#creases but then starts increasing again for the
larger sizes of time slots. This indicates thas thiethod is inefficient when the full range of l&cket
sizes is present in the network (the maximum pasdibpacket size is 64 kB, which is larger thaa th
basic 100 kb=12.5 kB time slot but was not pregettie used LAN traffic) and therefore segmentation
will be necessary.

The emulation results for encapsulation with paslegimentation clearly present bandwidth utilization
as a monotonic function of time slot size and tioog-value. The decreasing amount of unused
bandwidth when the time slot size decreases fanatant time-out value suggests that the intevalrri
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times were long compared to the time-out (trafiad was low), hence bandwidth utilization can be
improved by using shorter time slots. In the casemger time slots the traffic was not enoughitio f
up large envelopes in a short time, which is thesoa why high bandwidth waste, 15%, has been
observed. In this case the bandwidth utilization lba improved only by using larger time-out values,
but the improvement will not be significant (3.8%r fthe 15 kb envelope with 70 ms time-out
compared to 0.35% for 4 kb envelope with identizak-out) and the delays would be longer.

Low-cost optical switching node prototypes for PON

Passive optical networks by definition should censif only passive optical components deployed
along optical line between OLT and ONUSs. The readditions where commercial PON infrastructure
is deployed and maintained required often impleadént of active devices such as optical amplifiers.
One of passive components deployed in PON is deptater. This device has form of standalone box
that is deployed in the field near end user presiiSplitters are rated usually 32 or 64 ports in
commercially deployed networks and each arm of $pétter introduce additional loss to the

transmitted optical signal. AAPN architecture cetsf similar device called selector [119].

Although selector plays in AAPN a similar role tdhat splitter does in PON, there is an important
difference between those devices. Selector is tiweadevice that is remotely controlled and moratbr

by the control node that is usually collocated wvatlcore node, and splitter is a passive uncontrolle
device. Replacing passive splitter by the activiecapswitching device in PON may bring number of
benefits to network infrastructure. Active devicancbe remotely controlled and monitored, active
switch can prevent a data transmission from/to unakioning ONU. Implementation of active switch
may also introduce a change in the way how dowastrdata is transmitted In case of passive splitter
downstream traffic is broadcasted to all ONUs tfeeeeit is responsibility of each ONU to pick-up it
own data from the data stream. Implementing optwatch in PON for downstream traffic would
release ONUSs form task of examining every incontimgslot for its destination address.

There was published number of works related to @mgnting optical switching devices in access
networks. In [135] an FPGA based control processoOptical Burst Mode 3x3 switch is presented.
The processor has embedded burst control packeP)RB@ocess and mechanisms for wavelength
switching. The control processor is implementetlerilog and deployed in Xilinx’s Virtex4 FPGA that
runs with 200 MHz clock and serves traffic flow bfGb/s. The scheduling time is about 50ns and the
whole processing time of a BCP in core node is ath8Q ns. Although this work presents a significant
progress in development new technologies thatedaged switch controlling and scheduling it does no
address architecture optical switch fabric.

In [136] proposal of core optical 10 G/s packettsiwvis presented. The proposed architecture censist
of Array Waveguides (AWG) as optical routing comeots and FPGA system as a control unit. The
wavelength modular packet switch architecture esented on figure 90. Extracting optical header and
determining output port is done by a number of gwitg sub-components placed in parallel and an
advanced control mechanism.
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Each switching sub-components receive arriving ptckn the same wavelength channel and supports
switching to any output port at any wavelength. cgpswitching of the packets inside the switching
element is achieved based on wavelength convemmahselection through an arrayed waveguide
grating (AWG). Directing packets to the designabetput port is achieved by converting each packet
to an appropriate wavelength, thus, establishingzath to the required output port according to the
routing properties of the AWG.. Therefore, the aension wavelength controls the switch path. A
second stage of converters is deployed at the bafmach switching element, in order to recontiest
packets to wavelengths compatible to the netwaidnorresolve contention.

Data processing such as address recognition, waytblgéuning for the converter, and new header
generation, is performed electronically, but heagddraction is achieved all optically using DPSK-
based scheme. Additionally, the use of electrofticghe control is compatible with the implemeraati

of the higher layer MPLS control-plane mechanisime Tontrol mechanism is implemented in FPGA
Xilings Virtex-1l Pro. After the header is extradtethe decoded optical signal is converted to the
correct input levels for the FPGA. In order to soppasynchronous packet transmission, the use of
preamble bits at the beginning of the header isiireq for the FPGA to lock to the phase of the
incoming bit stream and identify the start of thtormation. During the locking procedure, the heade
bits may be shifted by a maximum of 1-bit headeation (Figure 91).
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The wavelength conversion is realized by a gratisgisted co-directional coupler with sampled

grating reflector (GCSR)-type laser. It is a foecon laser diode where one section is used ttraon

the gain and three tuning sections, namely coupdéiector, and phase are low current inputs used f

coarse, fine, and ultrafine tuning, respectivelgcérate wavelength tuning is achieved by injecting
currents only into the reflector and coupler sewiof the laser, while the phase section is fixed.
Tuning currents can vary between 0 and 20 mA awednsists of 1024 different values, which offer a

fine resolution for the wavelength tuning. Thetptgpe of the optical switch with the control urst

presented on figure 92.
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The prototype is fed with four asynchronous optipackets with different lengths and distances
between them, which are repeated. The payloadsarsmitted at 9Gbit/s and consist 6£2 PRBS,
while a unique 40-bit header at 3.1Gbit/s is as=iigR0Ons in front of each payload. The payloads and
the header are generatedigt(1562.8 nm). At the input of the optical packetitsty, a tap coupler
separates a 10% copy of the incoming signal for OP®ader decoding through a passive 1-bit
delayed interferometer (DI). The extracted headmes converted to electronic using a 6 GHz
photodiode and then they are directed to the cbpém of the FPGA.

Application implemented in FPGA processes the heads in parallel in order to identify a 10-bit
unique pattern inside each header. The identifiattepns in headers are compared with the
“wavelength” and “new label” look-up tables to paep appropriate tuning sequence for the
wavelength converter and assignment of the new, ledspectively. Each tuning sequence (a pair of 10
bits in parallel) is converted to the two curreaues for the reflector and coupler sections of the
tunable laser, which in turn tune the laser to dipgropriate control wavelength. The introduced
processing delay for the label due to the electsors 42 ns.

Although above design address issues of switchdf@ochitecture and switch control module it's very
early stage of prototyping does not consider cdstproduction in larger scale. The proposed
architecture offers switching four 10 Gb/s dataatns and it ensures scalability by adding internal
switching components. Unfortunately the relativielgh complexity of the early stage design does not
gualify it as a promising candidate for commereaijaplications.

The prototype the optical 4x4 switch fabric compunevas presented in [137]. The switching
component was build in the form of 16 interconnéaiptical switch cells integrated on InP substrates
Each single cell involves two passive waveguidaessing each other at a-9@ngle. The passive
waveguides are made of wider band gap materialhawveé low loss at the operating wavelength of
1550 nm. Each cross waveguide point consists ofaetive vertical couplers (AVC) (Figure 93). The
active couplers have feature of either signifidast or gain to the optical signal concerned, dvad t
the gain/loss and refractive index can be modulbgecurrent injection.
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Figure 93; Architecture of the optical 4x4 switd87]
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A total internal reflection (TIR) mirror cuts vertlly through the active waveguides and diagonally
across the waveguides intersection, allowing threr8@irection of the optical signal. The switchirgg i
done through by simultaneous refractive index aath/gbsorption modulation. The prototype has
physical dimensions 2.5mm x 2.5mm and works withtdwng current 250 mA and 1.5 V signal
(Figure 94).
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Figure 94; Packaging of the switch prototype [137]

The device was successfully operating with switghfirequency 1 MHz when 2W TEC component
was applied to the device. The designed comporenvéry small physical size and that qualifies it t
be integrated with other photonic components. Altffosmall size of the component and simplicity of
switching control make it very attractive candiddte commercialization it does need to have
addressed problem of cooling when switch is scalpdto larger number of ports, for example
256x256. The temperature monitoring of each swiightomponent is a key issue that has to be
addressed to ensure reliability of the systemlong term operation.

There are more works related to optical switching eouting architectures such as [138], [139], [140
[141]. The reported research projects focused manlonly one aspect of the optical switching such
as control mechanisms, electro-optical signal cosigr, low scale optical switch fabric, switching
algorithms or temperature monitoring. Very few patg were accomplished to address all aspects of
the switch design and development and thereforg few fully functional prototypes have been
developed.

Great majority of the prototypes that qualify fanemercialization implement electro-optical signal
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conversion where receiving and transmitting datalaose in optical domain while packet header
analysis and internal routing between ports isqraréd in an electrical domain. The hybrid electro-
optical architecture is also often implemented iptical switching devices that are already
commercially available, but due to their high mawifiring cost they are mainly deployed in entegpris
network infrastructures.

Gigabit optical Ethernet switch

An innovative prototype of the low-cost 2x2 optisalitch was designed, built and tested at the @entr
for Research in Photonics at the University of @g&aNumber of constrains were considered during
design process to ensure that final product isomb¢ compatible with existing optical technologies
implemented in optical access network but alsoaih de built using existing widely available
components.

The following constrains were included in opticaitsh design:

e Compatibility with existing fiber optic gigabit E#hnet standard IEEE 802.3z [142]. The clause
38 of this standard defines optical infrastructiinat operates at 1 Gb/s in O-band (1260-1360
nm) over the single mode fiber.

e Compatibility with existing copper gigabit Etherrstandards

* The system has to be manufactured with a veryéinitudget (not exceeding $2000 US)

* Device has to be built from widely available ofetkhelf components that require minimal (or
none) modifications

e The final product has to have form of key-readytaysthat can be immediately deployed in
existing access network

* Maintenance of the system should be simple arubiilsl not require any sophisticated training

e The system has to be upgradeable to higher spe&@ Gb/s according to the standard IEEE
802.3ae [143].

e The optical switch has to be capable of commumgatvith O-band (1260-1360 nm), E-band
(1360-1460 nm), S-band (1460-1530 nm) and C-bab@D1565 nm) devices.

e The switch should have embedded technology thaiwall for remote monitoring and
configuring

The PC platform was chosen to be the hardware ftiordfor the system. This is flexible and multi
purpose hardware framework that allows for buildiog-budget systems. The hardware platform that
was used in prototype was:

o Motherboard: Asus P2B-F with five PCI 32 bit intesés that operates at 66 MHz clock

o One 100Mb Ethernet port for remote monitoring aodfiguration

o Processor Intel Pentium Il 266 MHz with 512 KB cachemory

o RAM: SDRAM 256 MB

The configuration implements processor that isigantly underpowered when compared to average
standards in consumer computing products suchtas@ore 2 Duo 2GHz. This drawback had to be
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accepted due to the requirement of main boardve haultiple minimum five PCI interfaces.

The optical interfaces were implemented using fxthit PCI Ethernet extension cards with transceiver
Optoway TRS-7110-EM (Figure 95). The transceivert®m.25 Gb/s signal on 1310nm wavelength
with output power -3dBm and detects wavelength®I1-1600 nm with sensitivity from -21 dBm to
-9 dBm. The maximum transmission distance for ¢hisl is 10 km.

Figure 95; 1.25Gb/s optical Ethernet card with 68| interface

The gigabit Ethernet cards were down-compatibldn \82bit PCI interface and they had SC optical
dual-connector for two SMF fibers.

The operating system chosen for the switch wasX_Mandrake 10.1with modified kernel. The kernel
modifications were implemented to remove unusecdtfanality from the core of the system and
therefore to make it lighter on memory usage andenresponsive. Kernel had also embedded
functionality that allows packets forwarding, rawgiand filtering based on content of MPLS, Ethernet
and IP headers.

The switch had implemented software tools for #ed time monitoring number of characteristics such
as: traffic load in optical input and output portsgmory use, processor load, system processegactiv
speed of traffic processing and internal routinge Tswitch was capable of sending and receiving
control and monitoring signal in in-band and outdbanodel. In the out-band model the control signal
can be transmitted through dedicated 100 Mb Etlgroet that is not involved in switching or routing
process. In the in-band model the control signalloatransmitted through any of the optical portd a
Ethernet frames that carry control data are auticalbt redirected to process hat is responsible for
configuration and monitoring tasks.
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The switch functionality has been implemented ia form of software applications to ensure its
flexibility and easy upgrade. The optical Etherfratnes are examined upon arrival for the content of
the header. The decision is takes if the frame istm®f a regular data or a control information. If
control information is detected the packet contentorwarded to the configuration module that is
responsible for general switch configuration. l&ipl data is detected the frame is forwarded to the
routing module that is responsible for appropri@mevarding the frame to the output port based on
content of the destination address field. The mrdkrouting table can be static (created manuallthke
network operator) or dynamic (created and moditeethe-fly based on information about addresses
reported by subnetworks/nodes connected to thelsyirts.

The switch can operate in any of the three preddfimodes (or their combination) depending on the
addressing scheme implemented in the network wdweiteh in deployed:

» Raw Ethernet In this mode switch is not aware of contentha tlata field content in the frame
except when frames carry control data in in-barshifan. The addresses of ports are Ethernet
only and internal routing table consists of Etheaddresses only.

» |IP over Ethernet In this mode switch examines content of Ethefretes and analyzes IP
headers of packets encapsulated in frames. Thenahteouting is performed based on IP
packets addresses (subnet addresses).

 MPLS over Ethernet In this mode Ethernet packet is examined forcingtent of MPLS [144]
labels and internal routing is performed accordmyIPLS labels.

To evaluate performance of the PC-based switch xqeranental optical network was built and
configured as shown on figure 96. The optical dwittalled also core node, (CN) was connected to
four client workstations through 20 meters longg@nmode fiber and it was also connected to
monitoring and control node through copper EtherBath edge node workstation (EN) was equipped
with optical Ethernet interface identical to theenfiaces that were implemented in the switch (Fegur
96) and one copper Ethernet interface for conneaetith the monitoring node.

Cirl. and monitaring
workstation

CH o Pentiurell 266MHz + 256MB
EN1: Pentiurely 2.8GHz + 256MB
EMZ PentiurelYy 1.8GHz + 256MB
EM3: Pentiurely 2.4GHz + 256MB
EM4: PentiurmeV-HT 2.8GHz + 2GH

optical link
electric link

Figure 96; Test network built to test the switclifpenance evaluation
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To estimate the CPU load a benchmark was perforoyesivitching several logical links established
between edge nodes. The data was transmittedaish#oh: "everyone to everyone", where each source
was transmitting data to two destinations and edegtination was receiving data from two sources.
There were 23 logical channels deployed over 4 iphldinks. The source of the traffic was data
collected from real LAN described in chapter 5.

There were performed two types of measurementssnnetwork: total CPU load in the switch and
total data rate of the traffic flowing through egobrt in each direction. The measurements provided
information about the benchmark that can be achlievieh this particular configuration of the switch
and combination of software and hardware.

The results of the benchmark test are presentdgyune 97. When standard MTU 1500B Ethernet
frame is applied the CPU in the switch exhibits 3@%rocessing load and 184Mb/s data rate per port.
When MTU 9000B frame (large Ethernet frames intemtlin IEEE 802.3 to reduce CPU utilization)
is applied the CPU total load drops down to 16% @skrved data rate per port increases to 224 Mb/s.

Ethernet frame size CPU load Data rate per pgrt
(one direction)
1500B 36% 184 Mb/s
9000B 16% 224 Mb/s

Figure 97; Optical switch benchmark test results

Considering that each port was receiving and tratisgntraffic then total throughput per one porasv
rated at 368 Mb/s for 1500 B frames and 448 Mir9690 B frames.

The obtained results indicates that PC-based I@t aatical switch that has implemented an outdated
low-budget processing unit can handle edge nod@$UE) with data rate exceeding 220Mb/s of

downstream and upstream transmission. This da&isabver twenty times higher than data rate
offered by existing commercial xDSL infrastructuriéhis is a very good result considering limited

budget and resources that were available to bluigdprototype.

There are number of modifications that can be duoed to the optical switch to improve overall
performance. Those modifications do not requiraiigant financial investment but they can bring th
prototype that can be a good candidate for commleration.

Data rate transfer between optical ports and psiecgsinit

The data inside of the switch was transmitted 3Rkt bus that worked with 66MHz clock. This bus
can transmit total 2112 Mb/s (66 MHz x 32bit) oétaggregated data between all components of the
system that are connected to the bus. The totactgpof the bus is shared by number of components
in the switch such as: memory, USB controller, pesor, PCI extension cards, hard drive controller
and graphical processor unit (GPU). Since PCI bishared by so many system components there is a
limited bandwidth available to optical interfacesm the internal data transmission. This particular
hardware configuration had approximate 896 Mb/24x Mb/s) of bandwidth occupied by optical
ports for data transfer and that represents alitft df total PCI bandwidth.
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The solution for this problem can be implementingigher clock rate to the PCI bus. By increasing
clock to 133 MHz there can be a significant totahd¢hwidth increase to 4256 Mb/s (133MHz x 32bit)
and bandwidth available to optical interfaces Ww#l increase to 1.7 Gb/s if the 42% factor is applie

This in result will provide each optical port withbandwidth of approximately 446 Mb/ for each

direction of the data transfer.

Internal bandwidth available to optical interfaces

The PCI bus that was used in the prototype hadwat of 32bit but extension cards with optical
interfaces were designed to work with PCI 64bit.blise downgrading data width to 32bit forced
optical interfaces to work in a bottle neck corais. Implementing 64bit PCI interfaces will increas
total internal bandwidth to 4224 Mb/s if 66 MHz clkois applied, and 8512 Mb/s if 133MHz clock is
applied. This solution can increase bandwidth abéa for optical interfaces to approximately 3.55b/
if 42% factor is considered. This would provide 89B/s of available internal bandwidth to each
optical interface.

Central processing unit (CPU)

Although speed of the main processor is not agatitor the switch performance as the bandwidth of
the internal bus, its impact on overall sped oftslwing can not be totally neglected. Since almdist a
the switching functionality has been implementedthe form of the software, there has to be an
appropriate CPU provided to the system to enswakdt software tasks are performed as efficient as
possible.

Interrupt requests (IRQ)

An interrupt request (IRQ) value is an assignedition where the computer can expect a particular
device to interrupt it when the device sends thepater signals about its operation. IRQ is gendrate
by hardware device and it forces CPU to stop im@ry tasks to provide service to the device that
generated the IRQ. In certain circumstances tooyngemerated IRQs may significantly slow down
CPU therefore it is generally recommended to des#Rl that are assigned to unused devices such as
USB, RS232, Bluetooth, keyboard, mouse, floppy.disk

The presented switch prototype successfully praa@tcept of the low-cost active switching device
that not only is compatible with existing opticalhEBrnet technologies but also can be built using
widely available of-the-shelf components. The shiie transparent for the transmitted data therefore
can work in a stealth mode where network is notraved its presence. It can work as router or switch
as well as it can provide content routing serviwbere traffic is routed/switched based on the agunte
of the optical packets. The switch prototype presetiso an innovative concept of hybrid electro-
optical node that provides bridge functionalityveeén interconnected PON trees.

The electro-optical signal conversion is a fundataleiechnology that switch is build on. Althouglisth
conversion does introduce certain delay to thdi¢rafocessing it allows for number of operations t
be performed on packets headers or their contat asi content routing, MPLS forwarding, firewall
and traffic filtering.

The switch prototype presents innovative approaatiesign and developing low cost network devices
that introduces affordable form of combination ogtiand electrical network interfaces. In additibn

offers great flexibility of supporting Data Link yar (Ethernet) and Network Layer (IP) and
hybridization both layers (MPLS). It also offers glamentation additional functionality such as
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packets and frames filtering, and content switchAlthough there are commercial products that offer
electrical and optical interfaces, they have nundbdéimitations such as:

- number of optical interfaces is limited to two

- switching functionality is limited to Ethernet fras

- content routing is not available

- gigabit optical ports are used mainly as trunk Ithlat interconnects sub-networks (bridging

functionality) therefore device work as Ethernetitplexer rather than regular switch

The example of the commercial device that provilestro-optical Ethernet switching functionality is
TC3845 that is built by TC Communications Inc. Tdevice comes with four 100Mb copper Ethernet
ports and two 1G optical Ethernet ports (SFP). @bshe device exceeds $3500 and the device only
supports Ethernet frames.

The switch prototype has certain disadvantage gif ppwer consumption (approximately 300W) that
exceeds power consumption in off-the-shelf comna¢rdevices (100W), but this aspect can be
addressed when new generation energy efficient oaps are implemented.

Migration to 10Gb/s

Although optical switch presented in previous smttdoes provide low-cost switching and routing
functionality within gigabit optical access netwsrincluding PON) its basic configuration does not
support optical 10Gb Ethernet. To ensure the svatgports 10 Gb/s optical transmission there have t
be introduced significant changes in hardware gométion.

Optical Ethernet interface

To ensure 10 Gb/s compatibility the appropriatecaptinterface cards has to be implemented. New
generation of PCI-X and PCI-E extension cards cageipped with optical 10 Gb transceivers.
Example of the 10 Gb optical interface is presemefijure 38. It is a dual-port optical interfabaild

on 64bit PCI-Express extension card Intel SR 82599.

Figure 98; 10 Gb/s optical extension card (Intel&R99)

The 10 Gb/s extension cards come in variety of igarditions with up to four optical ports. Ports are
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often implemented in the form of SFP or XFP plugsamponents therefore they provide flexibility of
choosing wavelength and optical output power.

Internal communication bus

Since capacity of basic PCI bus can not providedbadth sufficient for 10 Gb internal routing there
has to be implemented an alternative technologly witler bandwidth and/or higher clock rate. There
are two good candidates to fulfill this requiremd?€lI-X [145] and PCI-E buses.

PCI-X is a 64bit communication bus rated with cle¢iom 66MHz up to 533MHz that allows for data
transfer up to 34Gb/s. Since PCI-X 2.0 standarddloase limitation related to data transfer speed of
operation there are allowed only specific configgora of the hardware. For the clock speeds of:
66MHz there are allowed up to four expansion cacligk speed of 100Mhz allows for two expansion
cards, and clock speed of 133MHz, 266MHz, 533MHawa only for one expansion card. To ensure
that PCI-X can support 10 Gb/s data rate a cordigum with 266MHz or 533MHz will be appropriate
(one card with multiple SFP interfaces).

PCI-Express [146] (PCI-E) is a 64bit communicatlmrs that offers total bandwidth of 64 Gb/s in
version 1.0. The PCI-Express is favored over th&X 8y hardware manufacturers because it can be
implemented in serial configuration (instead of pltallel configuration used n PCI-X) that alloves f
much higher clock rates.

Central processing unit

When data rate of 10Gb/s is considered a highergssing speed is demanded from CPU to handle the
traffic flow. Good candidate for low-cost procegsumit for 10Gb/s data flow is AMD Opteron. This
CPU has 64 bit dual core architecture and an endukademory controller that supports up to 8
registered memeory modules (DIMMSs). Opteron haseiimgnted also the HyperTransport technology
[130] that allows up to 25 Gb/s aggregated datasfea in both directions between the CPU and I/O
devices in 16 virtual channels. Other importantuess are the 1MB L2 cache memory that can be
used for fast queues of packets / slots, and thB6U1 cache that can be used for high speed
aggregation of packets into slots.

117



Migration to 40Gb/s and beyond

Optical Ethernet interface

To ensure that optical switch satisfies data ré@e&#/s and higher a new type of extension card with
optical interface has to be implemented. The nemvrnercially available interfaces are implemented in
PCI-Express 2.0 cards with 40 Gb/s XFP plug-ingcaivers (Figure 99).

Figure 99; 40Gb/s optical PCI-Express 2.0 extensad (ConnectX-2)

Internal communication bus

Ultra fast communication bus is required in PC-dasgtical switch to ensure it can handle processing
and internal routing frames that arrives in 40 Gldta rate. Good candidate is PCI-Express 2.0. This
bus offers data transmission up to 64 Gb/s in I@liegh lanes. Another commercially available bus
technology is PCI-X 3.0-1066 that supports 40 Glats transfer.

If switch is deployed in a network where data rat@ches 100 Gb/s then the PCI-Express 3.0 bus will
be required. This particular bus offers 128 Gb/gregated data rate in 16 parallel lines. The newest
bus technology that will be present soon in commekeomputing devices is PCI-X 3.0-2133. This
particular bus technology should exceed 160 Gb/glaih rate but it is still in a research and
prototyping stage.

Central processing unit

When data rate reaches 100 Gb/s a high end prooasisas required to handle efficient processirig o
traffic flow. The promising candidate is Intel iktteme Edition [147]. This CPU runs with 3.7 GHz
internal clock and it offers approximate 200 Glf/data transfer to/from external devices.

The market of consumer computing devices is dynallgicchanging and constantly brings new
technologies that offer overwhelming computing powdis is an excellent source for wide range of
components that can be used to build next generatiototypes of low-cost network devices that will
be able to satisfy requirements related to mutiait optical access networks without expensive and
complex all-optical packet processing.
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Certain drawback of developing hybrid multi gigablectro-optical switching devices is significant
increase of energy consumption when throughputaseased. 40 Gb/s electro-optical switch build ion
PC platform would require approximately 400 W ofweo supply to satisfy the processing unit.
Although power consumption is a challenging issleey cost hybrid technology is a promising

candidate for transition from old all-electrical igshing to the future energy efficient all-optical

switching technologies.

Optical amplifiersin PON

This chapter presents a study of innovative apgtinacommercial grade Semiconductor Optical
Amplifier (SOA) that was implemented in three diffat configurations in OC-48 PON: power booster
(located at the beginning of the optical line)jnel amplifier (at the half way of the optical linkhd
preamplifier (located before photo receiver). Tewee that test system reflects natural conditidns o
commercial infrastructure a section of the pul#ie¢communication network in the City of Ottawa was
used as optical line for amplifier evaluation ahé talso reflects an innovative approach to test be
systems design and configuration. Comparison of S@&rformance in different configurations is
presented and drawbacks of each configuration\ai@&ed. The chapter presents also implementation
of DWDM technology to improve SOA performance andrease capacity of PON.

The chapter provides also a study of innovativeliegipons of SOA as an optical switching
component. The prototype of a SOA-based opticatchivig device was built, its performance is
evaluated and its signal response is characteriZedain effects that were observed in SOA signal
response had not been published before. The chdpsaribes observed effects and proposes their
possible explanation.

The chapter reports also an innovative energy iefficcontroller for the SOA based switch. The
controller is built using low cost FPGA componerisd consists of a software application for
generating 81 parallel signals for 9x9 switch rdigumation. The controller supports 47Gb/s data rat
with the frame-by-frame optical switching mode. Tperformance of the switch is evaluated and
available methods of further decreasing its physicaensions and improving its energy consumption
are also presented.

As it was pointed out in previous chapters, opttei@communication networks suffer from a number
of drawbacks that require certain modifications amjrades to ensure the network is ready for
expansion. The main issue to be dealt with whenohtecal network infrastructure is designed and
deployed is signal loss. The signal loss can beezhuot only by the length of the optical fiber blso

by interconnections, splitters, splices, fiber adegpand fiber line imperfections such as damages a

excessive bending of the fiber.
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General characteristics of commercial solutions

There are two models in which the optical signansplified in telecommunication infrastructure. The
first model involves implementation of a deviceledlarepeater[148] [149] that implements electro-
optical signal conversion. In this scheme, an inognoptical signal is detected by the photoreceiver
and the information it carries is decoded into katteical digital signal. The electrical signaltaken
under the process of noise filtration and thereéds the device for optical modulation in the @tic
transmitter (Figure 100).
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Figure 100: General architecture of the opticabegpr

This model provides certain flexibility in configatton and maintenance because it allows for modular
design of the repeater where each element candyaealaced in case of failure. The drawback of thi
model is requiring a dedicated power supply folheammponent: photo receiver, noise filter, ampljfie
light source and optical modulator.

This model of signal amplification also carries #m@w drawback which is that the repeater can only
support a limited data rate. The data rate of tlseming optical signal must match the data ratthef
electrical circuit to ensure sufficient performarmfethe amplification system. The sensitivity oeth
photo receiver should be at a maximum at the wawggheof the incoming optical signal. Increasing the
data rate in the optical line or changing the wangth usually requires significant modificationtoé
repeater which will increase the operational co$tbe device.

Another issue that should not be neglected is aydeitroduced by the opto-electricahd electro-
optical signal conversion implemented in the repedthis delay may be critical for the transmissabn
data such as real time audio/video.

A different model of signal amplification implemsrdn all-optical approach that does not require any
electro-optical or opto-electrical signal conversiolhis model provides a gain medium that is
transferred to a high energy state by a pump lasérthen releases the energy in the form of raudfiati
that has a wavelength equal to the wavelength eftébecommunication signal. The commercial
devices that implement this model are: the fiborenBa amplifier (FRA) [166], erbium doped fibre
amplifier (EDFA) [166], erbium doped waveguide aifipi (EDWA) [166] and praseodymium doped
fibre amplifier (PDFA).
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Fibre Raman Amplifier

Fibre Raman Amplifier (FRA) uses glass fibre asgha medium. The optical signal amplification is a
direct result of the non-resonant and inelasticcgss called stimulated Raman scattering (SRS).
Energy is transferred to the telecommunication aigrom a shorter wavelength pump via the glass
molecules that are excited causing them to vibrBRA has a lower gain per unit length when
compared to EDFA and therefore it requires longbref spans than EDFA to provide a similar
performance. The FRA guides light at both the pamg signal wavelengths and it is normally a single
mode to ensure the best overlap of all travelingesaThe highest gains are achieved by using fibres
with small effective areas and low losses. Ramangng can be co-directional, contra-directional or
bi-directional with respect to the signal. To miigmthe transfer of relative intensity noise (Rm

the pump laser to the signal, a contra-directidaahching is often preferred. Moreover, backward
pumping averages out any polarization-dependent gai

One of the biggest advantages of FRA over the EBFhat FRA does not require special dopants
embedded in the optical fibre. The common type efedommunication fibre or dispersion
compensation fibre can be implemented as an anrgifgnedium. In addition, Raman scattering is
inelastic and it occurs as a shift to a band oflofkequencies (i.e. longer wavelengths) from thep.
Therefore, the gain can be provided at almost aayelength by appropriate selection of the pump
laser. In SiGe (silica-germania) fibres, the peaikt $s about 13.2 THz from the pump and it hasila f
width at half the maximum bandwidth of about 7 TAzingle channel gain in the telecommunications
C-band (from 1530 nm to 1565 nm) requires the ptonpave a shorter wavelength by about 100 nm.
Similarly, by using pump lasers with suitable wavgjths and powers, Raman amplification can be
obtained in any part of the S-band (from 1460 nrh580 nm) or L-band (from 1565 nm to 1625 nm).

Commercial FRAs are usually sold in the form ofandard 1U size slide-in module that is compatible
with telecommunication racks. Figure 101 presemiseaample of a commercial amplifier FA-
RAMAN-3-15 that is made by Passcomm Corporatiore &mplifier operates in the wavelength range
of 1530-1562 nm and its optical gain is 15 dB.dhavork within an optical input power range of -
40dBm to +5 dBm, and the maximal optical output pove 700 mW at a noise figure of less than -1
dB.

Figure 101: Optical Raman amplifier FA-RAMAN-3-15
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Erbium Doped Fibre Amplifier

Erbium Doped Fibre Amplifier (EDFA) [150] is builtom a single mode optical fibre with a core that
has been doped with trivalent Erbium iorf'EThe amount of the dopant is usually in the raofja
few hundred parts per million. The gain is providbtbugh a stimulated emission, similar to a laser.
The dopant ions act as a three-level energy systemhich the main participants are tfas;» ground
state, the'l,s, first excited level and th&ly1, second excited level [151]. The net gain is olediby
pumping to achieve a population inversion*1as;, with respect td'l;s,. The *113, level has a long
lifetime in the range of 10 ms (in silicate fibr@yhich enables high population inversions with low
pump powers. Upon achieving inversion, the stinradamission exceeds absorption and so the signal
at the wavelength corresponding to the energy reiffee betweefil;3, and *115; is amplified. The
*113 - *115, energy differences correspond to wavelengths ardif50 nm and those wavelengths
experience signal amplification.

Figure 102 presents an example of a commercial EBRglifiers built by Nuphoton Technologies
Corporation. It provides an amplification of 27 &B a noise figure of 5.5 dB and it works with
telecommunication L-band and C-band. The unit ipmd as a standard 1U size module to be
mounted in a telecommunication rack.
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Figure 102: Optical EDFA amplifier NP2000PR

Erbium Doped Waveguide Amplifier

Erbium Doped Waveguide Amplifier (EDWA) [151] [152perates mainly on the same principles as
EDFA. The main difference between EDWA and EDFAhat EDWA has the form of a planar glass
waveguide offering potentially lower production tosand the prospect of integration with other
components, such as splitters and multiplexers. s glass for the Erions is selected to enhance
the pump absorption and gain profile. Germanoaicand phospho-silicate are common choices. In
glasses that permit it, the increased refractidexnrequired to define the waveguide can be actieve
by doping with metal ions.

The main issue in the EDWA design is providing sight gain within a small form factor structure.
The three main methods are:
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e Using Er3+ doping levels that are an order of mtagia higher than in EDFAs to increase the
useful pump absorption.

e Fabricating waveguides with a high refractive indékerencesn.

e Designing the waveguides as folded spiral strusttmanaximize their overall length.

High 4n waveguides can have a smaller bend radii whicbleaareater folding, but they have higher
fibre coupling losses and this creates great diffies in designing the interface to compensate for
those loses. The high density of Eions enhances the pump absorption and therefaredses the
population inversion, but it can cause an ion-iteraction that reduces the population inversioasi
commercial EDWAs operate only in the C-band. Theain applications are in metropolitan and access
networks where the number and power of the charamelselatively low [153] [154].

Although EDFA and FRA amplifiers have proven thdiigh effectiveness in commercial
telecommunication applications and their wide allity place them in a top position among optical
communication devices, they do have number of deak$ that give network operators a strong push
to seek new, more efficient solutions for optiagghal transmission.

Power consumption issues

EDFA amplifiers are equipped with optical pump kasthat are the only external source of energy for
the process of signal amplification. The pump las@isually implemented in the form of a Fabry-Rero
or FBG stabilized laser that is hermetically sealeda butterfly package (Figure 103). The laser
operates in a wavelength 980 nm or 1480 nm andutput power is in the range of 300 mW. The laser
requires a power supply for its lasing operatiohibalso needs a second power supply for its il
thermo-electric cooler (TEC). Since the pump lasen active photonic device it does require its1ow
electronic driver circuit which monitors and corsrthe functionality of the laser. This driver régs

its own power supply. The total power consumptibthe EDFA is a total sum of the power consumed
by all the internal components implemented in tmgliier.

Figure 103: EDFA pump laser diode made by QphosoGiarp.

Because EDFA requires multiple power supplies to all of its internal components its power
consumption very often exceeds 20W at 4A. The coruoiale telecommunication EDFA Cisco
OptoStar 64667C (Figure 104) requires 25W of posugaply at 5A to achieve 24 dB amplification of
the 1550 nm signal.
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Figure 104: Cisco EDFA OptoStar 64667C

Integration with other photonic components

EDFAs and FRAs consist of long sections of optidale to ensure sufficient amplification of the
optical signal. Since optical fibre has very linditeending capabilities, the amplifier requires iaya
large enclosure to accommodate the long spooboé fipump laser, electronic control and monitoring
electrical circuits. Because of their significamtes EDFAs and FRAs are difficult to integrate with
other photonic components. A typical commercial BOiat is offered as a subcomponent for a larger
optical system has an enclosure with dimensiorZ56fmm (L) x 150 mm (W) x 30 mm (H).
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Figure 105: EDFA module built by Opto-Link Corp.

Figure 105 presents an example of an EDFA manukedtas a subcomponent of a larger optical
system. The device offers 15dBm of optical outpawer at 1550 nm. The enclosure is equipped with a
standard 20-pin Samtec interface to connect theepmupplies for the pump laser, driver circuit,
power/gain control and monitoring system.

Semiconductor Optical Amplifier (SOA)

Semiconductor Optical Amplifiers (SOAs) are amplif which use a semiconductor to provide the
gain medium. In SOAs, the population inversion, updiich the gain depends, is between the broad
energy bands of the semi conductor material. Indgatium arsenide phosphide (InGaAsP) crystals
are used in which the required energy band-gapested by the appropriate adjustment of the materia
composition within the device's active layer. SG#e excited by direct current injection and they ar
fabricated as single transverse mode waveguidesiimize their power confinement.
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General characteristic of commercial grade SOA

The good example of the commercial grade SOA iscde@PB1010NCFA produced by Kamelian
Corporation which is available as a stand-aloneicgewith pigtailed input and output fibers. The
device has the form of the butterfly package withuanber of electrical connectors to provide power
supply and to monitor and adjust the temperatutbefievice (Figure 106).

Figure 106: Commercial grade Kamelian SOA

SOA amplifiers have a similar structure to FabryePdaser diodes except for the anti-reflection
design elements which are located at the end-f&®@A. designs include anti-reflective coatingsetlt
waveguides and window regions which can reducefacelreflection to less than 0.001%. Since this
creates a loss of power from the cavity which isaggr than the gain, it prevents the amplifier from
acting as a laser. SOA amplifiers are often usetklecommunication systems in the form of fibre-
pigtailed components that operate at optical wangthes between 0.85 pum and 1.6 um and generate
gains of up to 30 dB (Figure 107).
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Figure 107: Optical gain of OPB1010NCFA SOA at 1550
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The first important characteristic that SOA exltshig an optical gain. Commercial grade SOAs can
achieve gain from 22 dB at 40 mA of power supplytaB0 dB at 140 mA power supply. The maximal
gain is limited by the saturation effect that ugualepends on a combination of the current supply,
optical input power and temperature. Figure 10B8gmes measurement results of the commercial grade
SOA OPB1010NCFA manufactured by Kamelian Corporafidhe measured gain (at wavelength 1550
nm) reaches the saturation level at power supmyrat 150mA and temperature 30°C.

SOA, similar to a laser diode, requires an eledtrdniver that regulates the supply current as asll
monitors and adjusts the device temperature. Prigpeperature regulation plays an important role in
achieving optimum working conditions where SOAswvie high gain at very low current supply and
at the same time maintain a safe margin from thea@on conditions.

Figure 108 presents changes in SOA temperaturettandain in relation to changes in the supply
current. This figure also presents the effect ah gdnange when the device temperature is adjusted
through the cooling current. When the optical gaiached 30 dB at a supply current of 155 mA and a
temperature of 20°C, the cooling current was imedafrom 200 mA to 260 mA. In this way,
temperature of the SOA dropped down to 13°C andjéne increased to 32 dB. The gain also reaches
28 dB at a supply current 110 mA. At this point tbeoling current was adjusted to decrease
temperature from 19°C to 17°C and this event catlsedptical gain change.
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Figure 108: Optical gain (at 1550 nm) vs. temperin OPB1010NCFA SOA
This result suggests that although SOAs do exlsbime dependency between optical gain and
temperature, this dependency is not critical to Sfpération and it does not require a sophisticatetl

expensive cooling system. As long as SOA operatidkept away from its saturation conditions the
required power consumption can be maintained awddvel.
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Figure 109: Gain vs. optical input power in OPBINOFA SOA

Another interesting characteristic exhibited by S0#é a near linear dependency between optical gain
and optical input power for a constant supply aurr&igure 109 presents measurements of gain vs.
optical input power at a supply current of 50 mAeTnear linear characteristic of gain as a funatibn
input power allows for easy prediction on how thepéfier will behave when the optical input power
fluctuates. This feature makes it easier to dedigyers that can automatically adjust the SOA syippl
current to ensure that the optical output powéejst stable.

Problemsrelated to application of SOA in commercial
network infrastructure

Although SOAs seem to be a very competitive altdraato existing EDFA technologies, they do
possess certain drawbacks that require attentidaxisting SOA devices do not offer equal
amplification for both polarizations of the opticsignal. Although intensive work has been done to
achieve the polarization independent configuratibReflective SOA (RSOA) [155], more research is
required to ensure polarization independent charnatits of SOAs. In addition, manufacturing
processes for SOA prototypes differ significantlgni manufacturing processes for commercial large
volume production. Therefore positive results aftptype tests do not guarantee identical results in
mass produced devices.

Another important issue which must be addresse8O® design is the patterning effect. A standard
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application of SOA is as an amplification unit usedpost amplification, inline amplification, arule-
amplification purposes. In an ideal situation threfipe of the output optical signal should be an
amplified replica of the input optical signal. leatity, however, the combination of the opticaluhp
power and specific pattern of input data can cdwesery saturation of the SOA. Since SOAs have a
finite recovery time, a specific pattern of highwmy optical input data can be injected into the SOA
this way the amplifier will not have enough timerexover from the saturation state. This means that
binary content variations of input data signal miagult in an amplified output signal that is not
uniform, leading to performance degradation.

One of the proposed solutions for reducing theepateffect consists of direct amplification of the
digitally coded pulses. It is based on the fact tha strong gain saturation (responsible for tateon
effect) is also responsible for self-phase modoia{iSPM) and subsequent spectral broadening of the
data carrier to longer wavelengths [156]. The sssfte prototype of the pattern effect suppression
system was presented in [157]. The prototype hadeimented the spectral elimination technique with
a birefringent fibre loop (BFL).
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Figure 110: Prototype of the pattern effect camatielh system for SOA [157]

This method was used to compensate for the patéiett on a 10 Gb/s return-to-zero (RZ)
pseudorandom binary sequence (PRBS) amplified (§@#. The prototype of the system is presented
in figure 110. It consists of a 1550-nm tunableefasource that is amplified by an EDFA and
subsequently modulated by an electroabsorption matmu(EAM) and a LINbO Mach—-Zehnder
modulator (MZM). The MZM is driven by the internalsynchronized clock (CLK) and data output of
a BERT. The signal is amplified by an SOA (Kameliamodel OPA-20-N-C-FA) with a small-signal
gain of 23 dB that drops by 3 dB when the input o 7 dBm. The SOA had a gain polarization
dependence of 0.5 dB, and a gain recovery timdofia75 ps at 1550 nm. The prototype successfully
achieved a significant reduction of pattern ef{gure 111).
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Figure 111: Results of pattern effect cancellaiiothe prototype system [157]

Another important issue that must be addressdueispgontaneous amplification emission (ASE). Since
SOA is built in a similar way to the laser, it ddesve light emitting capabilities when no optiagbut
power is present. Figure 112 presents the optiogdudb power of radiation emitted by commercial
grade Kamelien SOA for a broad range of valuesngction current with no optical power input
present.
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Figure 112: Total optical output power versus itigt current when optical input power is not prasen
(Kamelian OPB1010NCFA SOA)

It is obvious that the output power is significgntising from —9.5 dBm to over -1 dBm when the
current rises from 39 mA to 140 mA. Although thetpad power seems to be very high, it is not
associated with any particular wavelength but disributed across broad range of spectrum. Figure
113 presents the captured optical spectrum ofigmalkthat is emitted by Kamelian SOA when supply
current is 100 mA.
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Figure 113: Spectrum of the optical signal emitigdamelian SOA at 100 mA with no input optical
power present.

The picture of the emitted spectrum indicates thatSOA spontaneously emits a range of wavelengths
at approximately 1300 nm to 1700 nm. This emissimay introduce unwanted noise to the optical
system and create difficulties in proper signakdebn after transmission over the long distancle. A
possible solution to this problem is to implemeW@ filters that are located after the optical
amplifier. In this way, only the original wavelehgémitted by source will pass through before being
amplified by the SOA.

| mplementation of SOA as optical switch and modulator

In section 6.6.4 there was presented a low-codbiye of the gigabit optical switch that was built
from widely available off-the-shelf components.dtigh that particular optical switch has proved to
be capable of handling 1Gb/s Ethernet traffic aad bhown great potential of being upgraded to
10Gb/s, it was a hybrid electro-optical architeettirat requires the incoming signal to be processed
an electrical domain.

There is a limited number of technologies that @b mequire the electro-optical conversion of the

signal to perform switching tasks. These techn@egnclude optical microelectromechanical systems
(MEMS-based switching), thermal optical switchinglectro-optic switching, and acousto-optic

switching technologies [158].

Optical MEMS are hybrid devices that have optiedkctrical, and mechanical functionalities at the
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same time. They are fabricated using batch praeessiques derived from microelectronic fabrication
[159]. The most important characteristic of MEMS I®w~v crosstalk, wavelength insensitivity,
polarization insensitivity, and high scalabilityhdre are two main subgroups of MEMS-based optical
switches: the free-space switching group that hgdemented mirrors [160] or membranes and the
waveguide switching group that has implementedaplamving waveguides.

Another type of optical switching devices is therthal optical switch that is based on the waveguide
thermo-optic effect or the thermal phenomena ofemmt. The big advantage of these types of
switches is their polarization-insensitive openat@and switching speed which is in the range of a
millisecond. Switches based on waveguide thermaoeftfect are called thermo-optic switches

(TOSW) and can use well-established planar ligheaavcuit (PLC) technology [161]. TOSW devices

are divided into two basic types: digital opticalitthes (DOSs) and interferometric switches. The
thermal effects of materials can be used in theopiac switching devices, such as thermo-capillarity
optical switches [162], and thermo optic switchHest implement coated microsphere resonators [163].

A third type of switching devices are electro-ogtiswitches that perform switching functions byngsi
electro-optic effects that offer faster switchingié¢ than thermo-optical effects. The main materials
used in electro-optical switches are LiND@164] , liquid crystals [165], electroholographiEH)
materials [166], and Bragg gratings [167]. The LO® switch is based on the large electro-optic
coefficient of LINbQ. The most important application of this crystahi2x2 directional coupler. Its
interference coupling ratio is regulated by chaggime refractive index of the material in the caogl
area [168]. The big disadvantage of using LiNW®a coupler is the high insertion loss and high
crosstalk. Another electro-optic material that das used in switching devices is lead zirconium
titanate, doped with a lanthanum (PLZT). PLZT [168] a material with a higher electrooptic
coefficient than LiNbQ@ therefore is can be used in a digital optical slvifDOS). Optical switching
can also be achieved by implementing liquid crgstalC). These devices control the polarization of
the light by the electo-optic effect. The electyio coefficient in LC is much higher than in LiINBO
which makes LC a very efficient electro-optic mater

All-optical switches belong to a relatively new gpoof devices that realize switching functions
through the intensity-dependent fast nonlinearcogtiiect in optical waveguides. The nonlinear dffec
that can be used to perform optical switching twe-photon absorption, self phase modulation (SPM)
induced by light wave self action, four wave mixi(lWM) induced by the Kerr effect, and cross
phase modulation (XPM).

There is number of parameters that define the padnce of optical switching devices across all the
described technologies above. The first paramstte insertion loss defined as the optical powss |
when optical signals pass through the optical s$witconsisting of coupling loss, waveguide
propagation loss, and excess loss. Insertion lostsithe scalability of optical switches and ireses
the system cost.

Another parameter is the switching speed. This mater is defined as the time period from the
moment the command is given to the switch to chatsggtate to the moment the insertion loss of the
switched path achieves more than 90 percent éheasvalue [160]. When the range of switching time
is considered there are three groups of commeswigathing applications:

* multimillisecond switching time for protection apgation

* nanosecond switching time for packet switching iagibn
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» picosecond switching time for bit-level optical grdivision multiplexing (OTDM) application

The third important parameter is the crosstalksTgarameter is described as the ratio of the power
leaked to the wrong output and the power corredpuwiuand it is used to measure the signal
interference between channels. Low crosstalk argh hextinction ratio indicate small signal
interference or high signal quality. Typically, tbesstalk value is around 40dB.

The fourth component of optical switching perforroais polarization sensitivity. It is used to maasu
polarization dependence. The high polarization iseitg has a negative impact on transmission
reliability, and it requires constant monitoringdathe application of dynamic compensation techrsque
Another parameter is the bit rate and protocolgpanency. This parameter has a direct impact on the
flexibility in configuring network where the switdh deployed. The last parameters to be listedrere
wavelength dependencies, which determines if th&clsvean perform switching at each wavelength
independently or if it switches the optical sigredardless of the wavelength.

Physical characteristics of switching technologies are implemented in optical devices have actlire
impact on the cost of production, implementatiod amaintenance. These characteristics also play a
decisive role in making the switch capable of flitfg certain requirements related to the network
infrastructure such as: ability to multicast, plegsidimensions of the switch, scalability, non-iiog
ability (the flexibility to route or reroute any pat channel to any unoccupied output channel),
repeatability (the length of all the paths acrass switching fabric should be identical), power
consumption and temperature conditions.

The publication [158] provides a detailed list @fsting commercial switching technologies as wsll a

presenting a thorough comparison of those techmedoffom the perspective of insertion loss,

switching speed, crosstalk, polarization dependem@velength dependency and transparency for
telecommunication optical windows. The system leafgilities of switches are also compared with

respect to multicasting functionality, physical @ev dimensions, scalability and non-blocking

switching. The insertion loss varies from about @&for the MEMS based switch to nearly 10dB for

the liquid crystal based switch. The switching spearies from 120 ps for the semiconductor space
switch based on MMI couplers [170] to over 100 ros the thermo-optical switch with embedded

coated microsphere resonators [163].

Semiconductor optical amplifiers (SOA) belong te tjroup of electro-optical devices that switches
between ON/OFF states by imposing changes in thg &irrent. SOAs offer the capability of all-
optical switching while the electrical domain igjuéred to only provide proper configuring, contiadj
and monitoring of the switching device and a prqup@wer supply.

The SOA switching time is in the range of 200 pd & input loss reaches 0dB. Implementing SOA as
an optical switch is not a totally new idea andvds published in the early 1990s in the form of

theoretical modeling and simulation. An exampletrft optical switches that implement a matrix of

integrated SOAs was discussed in [171]. The prapesatching device was based on a three-stage
optical switch with SOA gates. The work analyzes tiain saturation under both unidirectional

(isolators inserted) and bidirectional (no isolajopropagation of spontaneous emission noise, tand i
evaluates the noise figure penalty associatedtwélabsence of isolators.

The problem of crosstalk in a SAO-based switch pr@sented in work [172]. The switch prototype
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was built based on a packaged 4 X 4 SOA gate swigtnix in InGaAsP/InP. To distinguish cross talk
from amplified spontaneous emission, a lock-in teghe was employed for the experiments. The fiber
delay lines for the co-propagating signals are iplel$ of 300 meters, which exceed the transmitter
coherence length by far. In this way all signalsdme mutually phase uncorrelated and the three cros
talk signals were combined incoherently, as woypically be the case in a real network. The switch
was examined in 84 different switching configuraiowith an input power of -10 dBm to all four
switch inputs. The observed mean cross talk wag -@B with a variance of 6.0 dB.

In recent years there has been an observed incdaisgerest in SOA implementation as optical

switches due to significant progress in technoldier manufacturing integrated semiconductor
devices. The innovative integrated 4x4 SOA-basdt@switch with low insertion loss was presented
in [173]. The prototype switch had an active regwdmich incorporated a 5 Quantum Well AlGalnAs

structure which was grown on an InP substrate usiBg&. The SOA gate structures in the cross-point
are ridge waveguides and they are interconnectddbeam splitters formed with tapered waveguides
and deep etched mirrors to form a broadcast-aretitsabn-blocking tree architecture as shown in
Figure 114.
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Figure 114: Prototype of 4x4 integrated SOA-baseitch fabric [173]

The input and output SOA waveguides were each @iasecommon to provide gain blocks to
overcome coupling, splitting and waveguide lossdsle the middle gating SOAs were each biased
individually. The lengths of the paths through swatch vary from 1.55 mm (path 1-1 and 4-4) to 2.8
mm (path 1-4 and 4-1). The chip had a very comfmatprint of 2.04 mm x 1.54 mm, 10 dB fibre-to-
fibre gain at 1550 nm and a 3 dB gain bandwidtarofind 30 nm was observed. The switch input and
output SOAs were biased at 150 mA and 320 mA, aisdy. The middle gating SOAs for the seven
paths were biased between 35 mA to 70 mA to actaevensaturated fibre-to-fibre gain of 0dB, with a
coupling loss of 3 dB per facet. The transmissesis were done using eight de-correlated PRBS 10
Gbit/s channels, at wavelengths between 1548.5an@b%4.2 nm with 0.8 nm channel spacing. The
observed BER was T0with a power penalty below 2 dB.
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Although there are number of projects that addtassproblems of design in SOA-based optical
switching devices, they usually focus on the dgwelent of new switch fabrics with integrated
multiple SOA components rather than taking advamtaf) existing SOA technologies. Most of
successful switch fabric prototypes were desigmetifabricated in recent years and they are stithén
early stage of prototyping and testing which daogtsforecast any upcoming commercialization process
and mass production in the near future.

In this project there is a focus on evaluating #wasting SOA technologies that are already
commercially available and incorporating those tedhgies into low cost and energy efficient devices
that can be deployed in existing optical networfkastructures.

The commercial SOA that was available for reseavah Kamelian model OPB1010NCFA packaged
in a butterfly enclosure with embedded cooling med&igure 115). The package had pigtailed optical
single mode fibers (SMF) in input and output paiesminated with standard FC connectors.

Figure 115: Commercial SOA model OPB1010NCFA

The figure 116 presents detailed dimensions oSB4, distribution electrical in- and output porteda
their functionality. The device was rated with 286 of maximum current supply.
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Figure 116: Detailed schematics of the Kamelian SOA
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The SOA was mounted on the universal lased dio@g Qutterfly socket Thorlabs ML14S&quipped
with two 9-pin communication ports for LD driver@&mEC driver (Figure 117a).

a) b)

Figure 117: Butterfly socket Thorlabs LM14S2 tamperature controller WTC3243 (b)

The commercial SOA required an effective tempeegataonitoring system. To ensure the temperature
was monitored accurately and in a real time fash@ooustom temperature controller was built based
on the commercially available WTC3243 Thermoelecffemperature Controller (Figure 117b)
designed by Wavelength Electronics Inc [174]. Thevick sensitivity is 0.01°C. The temperature
controller was connected directly to the SOA caigro

At the time when the benchmark test was perforrhecetwas no commercial driver available for SOA
based devices in the laboratory. The custom ddeeice for SOA was designed and built to meet the
following requirements:

* built from widely available low-cost electronic cponents

» ability to deliver supply current to SOA

» ability to deliver cooling current to TEC

* provide interface to connect to the temperatureitoong device

» provide interface for standard TTL signal to pemfiorn/off modulating

* provide protection in case of accidental curremt aoltage fluctuations

The SOA driver had implemented single-chip Analogviobes ADM1611 switch in 16-Lead Thin

Shrink Small Outline Package (TSSOP). Because My ltad a very small size it was difficult to

integrate it manually with the other electrical qmments of the driver. To convert it to a universal
exchangeable module, the chip was surface moumedli&SOP16-t0-DIP16 adapter (Figure 118).
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Figure 118: ADM1611 switch surface mounted on DIRdépter

The SOA driver had the form of a single-board piygie system with dedicated terminal ports to
connect to power supplies with a SOA current antbaling current. The board also implemented
potentiometers for manual tuning values of the SADA cooling currents (Figure 119). The supply
currents were provided by the DC power supply Tekik PS280.

Figure 119: Custom designed low-cost driver for SOA

The benchmark tests of the SOA working as a switghklievice were performed using the digital scope

Agilent DSOX91604A. The source of the modulatingnsil was the function synthesizer and generator
Hewlett Packard HP3325A (Figure 120).
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Figure 120: DSOX91604A and HP3325A used in SOA berark tests

The source of the optical signal was the JDSU ldsste, 1550.32 nm with 0dBm output power. The
output optical signal was directed to the fast phexteiver New Focus 1592 (Figure 121). This receive
has InGaAs photodetectors and its bandwidth <5343, its rise time is in the range of 115 ps asd it
sensitivity is 950 nm-1630 nm [175].

a) b)

fta: 1550nm _ Fider: 9/125 Current: 40mA _ Light: OdBm

Figure 121: JDSU laser diode (a), New Focus 15%2quhceiver (b)

Figure 59 presents the experimental setup for émetimark test of the SOA. The driver was fed with a
square shape modulating signal with a LO level\aia@d a HI level at 1V. The SOA current supply

was set to 100 mA and the temperature of the devasestabilized at 13°C with cooling current of 120

mA (Figure 122).

137



WTC3243

JOSU NewFocus ch.1 D30OX
1550nm SOA 1592 916044
ch 2 ch.4
Driver modulation
SyNnc
PS280 HF3325A

Figure 122: Experimental hardware setup for thecberark test

The benchmark was performed as follows:

» Current supply for SOA was set to 100 mA

* Frequency of the output (modulating) signal frone fianction generator was gradually
increased starting from 400 kHz (the photo receivas designed for high frequency optical
signal and it did not provide a good responserequdencies lower than 400 kHz)

* The response signal from the SOA was comparedahtime to the original modulating
signal on the scope

* The length of the LO and HI start of the respongead was recorded

* Any delay between modulation signal and resporggeasiwas recorded

The highest observed modulating frequency thatweltb the SOA to have an undistorted signal

response was 2.31 MHz. The measured response $sigda 224 ns length at HI state and 208 ns at
LO state. The time of the falling edge was 17 nd the time of the rising edge was 29 ns. The
observed delay between the modulating signal asplorese signal was in the range of 222 ns for the
falling edge and 202 ns for the rising edge (FidLza).

When the modulating frequency was increased beyo8®? MHz, the LO state of the response signal
was heavily distorted by an additional peak of agpnately 60 ns width in its half maximum
(FWHM). Figure 124 presents the SOA response a4 with visible distortion at the LO state of
the response signal.
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File Control Setup Trigger Measure Analyze Utilities Help
Acquisition is stopped.
80.0 GSa/s 86.0 Kpts 1.00 GHz

2 Jun 2011 5:58 AM

More

(10f2)

Delete Rise time(le) Fall time(1+4)
All Current 29.81850 ns 17.44171 ns

Mean 28.006306 ns 17.176788 ns
Min 22_.16649 ns 15.872568 ns
Max 31.68950 ns 19.72269 ns

Figure 123: SOA response signal (upper) and 2.3 ktiddulating signal (lower)
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( = 2.40113397 MHz

Figure 124: Distorted SOA response signal (uppe2)&MHz modulating signal (lower)
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A significant difference was observed in the leisgththe LO and HI states of the optical signahat
SOA output port (Figure 125). This difference wag nonstant and changed across a spectrum of
applied frequencies. The HI state had a longertketigan the LO state in a range of frequencies
between 400 kHz to 1.6 MHz. Both states becameleqoand 1.605 MHz. The LO state was longer
than the HI in a range between 1.61 MHz to 2.3 MH®e way SOA responses to different modulation
frequency exhibit feature of finite gain recoveiye that is the main reason for visible asymmetry i
length of state HI and state LO.

1400 ~

1300 + —LO (0OmA)
——HI(100mA)
— HI/LO modulating signal

1200 +

1100 +

1000 +

900 -

800 -

700 -

600 -

500 -

Length of the LO/HI state [ns]

400 -

300 4

200 4

100

350 550 750 950 1150 1350 1550 1750 1950 2150 2350
Modulating signal frequency [kHz]

Figure 125: Changes in the length of the LO stat@f) and HI state (100 mA) in the SOA response
signal across modulating frequencies

The phenomena of asymmetric time intervals whesee_th and HI states have different lengths may be
caused by the SOA driver or the SOA itself. To eatd if this phenomenon is caused by the driver
additional measurements were preformed. The ouiptit of the driver was connected to the scope
through the probe, modulating signal, and the drowgput signal was compared across a spectrum of
the applied frequencies (Figure 126). The testndidreveal any extraordinary distortion of the driv
output signal. Although the monitored driver sign@xhibited some irregularities caused by
imperfections in the driver electric circuit, ithagpe and timing were well aligned with the original
modulating signal.
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File Conftrol Setup Trigger Measure Analyze Utilities Halp 2 Jun 2011 11:08 PM
Acquisition is stopped.
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Rise time(ls) Fall time(l+)
Current 9.92625 ns 9.13858 ns
Mean 17.6829688 ns  16.6875268 ns
Min  7.15551 ns 7.42995 ns
Max 23.68898 ns 27.489681 ns

Figure 126: Comparison of the 1 MHz modulating aigbottom), driver signal (middle) and SOA
response signal (top).

The results of the driver signal test indicates tie SOA was the source of the response signal
distortion rather than the electrical circuit oktdriver. The benchmark was repeated with identical
experimental configuration except that the currempply for the SOA was lowered 40 mA. The
modulating signal had a frequency in a range fr@® Bz to 3.3 MHz. Above 3.3 MHz the response
signal of the SOA was significantly distorted.

The results of the benchmark test are presentédure 127. The results show that lowering the galu
of the current supply allows for an extension te frequency range where the SOA provides an
undistorted signal response. In the frequency raofgg00 kHz to 650 kHz the observed response
signal was near symmetric and the difference betviee Hl and LO states did not exceed 10 ns. At
frequencies of 700 kHz to 1.1 MHz there is a visillifference in the length of HI and LO states but
this difference does not exceed 50 ns.

Although asymmetry in the response signal varietbsac the frequency spectrum, there were an
observed number of certain frequency values whieeerésponse signal became symmetric. Those
frequencies are approximately: 400 kHz, 550 kH@5 MHz, 2.305 MHz, 2.325 MHz, 2.550 MHz and
2.8 MHz.
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Figure 127: Changes in length of the LO (0 mA) &h@40 mA) states in the SOA response signal
across modulating frequencies.

The benchmark results indicate that this particG&A has capabilities of signal modulation in the
range of 2.8 Gb/s in ON/OFF keying and a returadm fashion (RZ). This may place the SOA as a
good candidate only for low speed access netwbikisdo not exceed 3Gb/s data rate.

The observed asymmetry in the SOA response sig@gl lbe caused by the effect of finite gain
recovery time in the SOA device. Applying high fueqcy modulation does not allow SOA to return
fast enough from state HI to state LO. Figure G&spnts the measured characteristics of this pkaticu
device. There is a visible nonlinear pattern in tdvege of 5 mV to 500 mV where the supply current
exhibits a strong fluctuation. When the modulatignal is applied, the SOA is forced to work with a
rapidly changing supply voltage and those changedalowed by nonlinear changes of the supply
current. The first benchmark was operating in ayeaof 0 mA to 100 mA and the second benchmark
was operating in a range of 0 mA to 40 mA.

When both ranges are compared with figure 128s ivisible that they both fall into the highly
nonlinear region. A possible solution to avoid tienlinear fluctuations that disturb the symmetry of
the response signal would be to apply a static tmate SOA current. If the supply current is up-
shifted about 120 mA, the SOA is moved towardslithear part of the characteristics. If this happens
there must be an implemented modification to th& 8€ver to allow the amplifier to work with a 120
mA current when the modulating signal is at LO estabhd a 200 mA current when the modulation
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signal is at HI state.

The significant drawback of this solution is thag¢ supply current is associated with the HI sthth®
modulating signal which may have a value near Htaration level of the SOA. If that happens the
SOA may become very fragile with possible pattegreffects.

280
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Voltage at SOA [mV]

Figure 128: Measured nonlinear characteristic efA (TEC=130 mA)

Although the observed frequency limitation is angigant obstacle in implementing SOA as a
modulating device in a multi-gigabit optical netwprthe benchmark results position SOA as a
promising candidate for high speed all-optical shiitg devicesTo evaluate the potential performance
of the SOA-based switch, a representation of POMeBEet frame in the time domain must be done
(Figure 129).The standard Ethernet frame is 1518B in length witreoutbyte preamble and a 1-byte
start frame delimiter (SFD) or 1526B length if theeamble and SFD are included [176]. Since the
payload field in the frame can be variable, theeEtbt frame can vary from 72B to 1526B. The full

size Ethernet frame can be represented as a trssismitime interval from about 12 ms at 1 Gb/s to
122ps at 100 Gb/s.

Representation in time domain
Ethernet frame [B] 1Gb/s 10Gb/s 100Gb/s
1526 (preamble + SFD) 12.2 ms 1.22 ms ig2
72 (preamble + SFD 56 57.5us 5.75us
1518 12.1ms| 1.21ms 12%
64 510us 51us 5.1us

Figure 129: Representation of the Ethernet frantbeartime domain
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Ethernet frame representation in the time domais wampared with results of the SOA switch
benchmark test. If the HI state of the responseasis considered as the state when the SOA iadett
traffic flow through, then the minimal size timeoslength allowed to be transmitted through switch
varies from 66 ns to 1.675s. If the frame-by-frame switching scheme is impdated and the full size
frames are transmitted, those timeslots repres8at96 Gb/s and 7.228 Gb/s, respectively. This
indicates that the SOA is capable of performingniesby-frame switching in a network infrastructure
with a data rate of 184 Gb/s. This result not aadgeeds all existing commercial 40G optical switghi
systems, but also ensures that a SOA-based aflab@witch can support future networks that may
exceed 150 Gb/s.

FPGA controller for SOA-based optical switch

In the previous chapter a commercially availableASfnplifier was implemented as an all-optical

switching device that features low power consunmp#ad the ability to support optical networks with

a data rate exceeding 150Gb/s. Although the SO& standalone butterfly package has significantly
larger physical dimensions than the SOA integrabedswitch fabric, it can be successfully

implemented in an optical switch assembled in a @tJ2U-size enclosure that is compatible with
standard telecommunication racks.

Figure 130 presents an example configuration of2it all-optical switch based on SOA amplifiers.
The connections between the fibers are realizedphifters 1x2 with a splitting ratio of 50/50. e
switch has a higher density (above 2x2) then gmiittatios should be adjusted according to the g&in
implemented SOAs.

|-

Input 1 —4
Output 1
:D / Output 2
Inputz/ ~— utpu

[

controller |

Figure 130: Example of a 2x2 all-optical switchimitnplemented SOAs

Every optical switch requires a controlling mectsamithat ensures timely reconfiguration of the switc
according to the traffic flow. The switch configogi mechanism is usually implemented in the form of
an electronic controller that is collocated witkine switch fabric in the same enclosure.
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A prototype of a low-cost universal controller fibve all-optical switch has been designed, built and
tested. Before any work on the controller desiggame a number of requirements and constrains were
listed to ensure the controller prototype would mtee requirements related to deployment in
commercial optical network infrastructure.

The following constrains and requirements weredgtrior to work on the design:

» The controller should be small and compact so it lca installed with switch fabric in a
single 1U or 2U enclosure.

* The device should have low power consumption arsthauld be able to be powered by a
battery when the main power supply fails.

» It should not need any additional cooling mechasism

* The controller should operate autonomously anddbeta boot up after a failure.

* The controller should be remotely controlled andfigured.

» Uploading the configuration to the controller shibble possible through the same optical
link that carries the network traffic.

» The controller should be built from widely availalomponents.

The development platform chosen for the contrgil@totype was Altera NIOS-II development board
with a field programmable gateway array (FPGA) t8treP1S10F780C6 (Figure 131).

Figure 131: Altera NIOS-Il development board witinaEx FPGA

The Stratix FPGA has 10570 logic elements (LEDSP blocks and 426 user I/O pins. The board is
equipped with a number of off-chip peripheral desgicsuch as: 8 MB flash memory, 16 MB
synchronous dynamic random access memory (SDRAM) EMB static random-access memory
(SRAM). The board allows for design and implemeantabf customized signal processing and data
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processing systems that are crafted and optim@edsier-specific applications.

The connection with the external world is providbcbugh a 100 Mb/s Ethernet network interface, 9-
pin console port, and number of I/O pins that carclesstom configured. The board requires a 1A power
supply at 9V DC and it can boot from a compacttflaard without requiring uploading software from
a PC. The physical dimensions of the board arend®5(L) x 105 mm (W) x 15 mm (H).

Features such as low power consumption, small diiaes, the capability of operation in autonomous
fashion, a variety of on-board communication irdeels and high configuration flexibility make this
board a very attractive candidate for the develagmkatform.

The controller prototype has three-layer architec{lirigure 132) where the first layer is the handwa
platform with FPGA, memory and communication porifie second layer is the NIOS-II 32bit
processor with a defined on-chip memory and driversll the on-board components located on the
development board. The third layer is the softwardten in C/C++ code which provides all the
functionality required to reconfigure the switclbifie.

User applications, ON/OFF signal modulation
NIOS CPU, on-chip RAM, devicedrivers, IRQs, memory addresses, timer
FPGA, SDRAM, SRAM, Ethernet NIC, I/0 pins, Compact Flash, clock, RS232

Figure 132: The three-layer architecture of thedwcontroller.

The components of the NIOS are presented in figlreThe processor was designed and built using
the Altera System on a Programmable Chip (SOPCIdBuiThe created processor is a complete and
universal platform that can accommodate a variétgamtrolling applications. It has a 32bit CPU,
timer, an interface for flash memory, Ethernet pmtierface for LCD screen, DMA, SRAM, SDRAM,
RS323, 8 LEDs and two 30-bit long parallel 1/0 nféees with the option for two additional 12-bit
long I/O interfaces.

The NIOS process chosen for this system was NI@SEIPU with a performance 57 DMIPS at
50MHz clock [177]. This CPU consists of 64KB of ohip memory and it occupies 1800 logic
elements on the Stratix chip. This CPU provides miast universal and flexible processing unit
available for this prototype.

The controller can address up to 84 switching campts (SOAS), in parallel, in the switch fabric
using TTL signals. This provides the ability to trmhthe 9x9 optical switch with 81 SOAs.
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Use |Co.. Module Mathe Description Clock Base End Tags| IRG
v pll PLL clk 0x032440c0 0x03Z440d£
I cpu Mioz Il Proceszor pll_cO 003243800 Ox03Z43f£f
¥ sys_clk_timer Irterval Timer pll_c0 0c03244040 0x03Z4408f
I sysid System 1D Peripheral pll_c 003244150 Ox03Z244157
¥ reconfig_request_pio PO (Parallel 1100 pll_c0 003244020 0x03Z440ef
v jtag_uart TG UART pll_c0 0x03244158 0x0324415%
I ext_ram_bus Avalon-hh Tristate Bridge pll_c0

™ high_res_timer Iriterwal Timer pll_cD 003244060 0x0324407 £
v ext_flash Flash Memory Interface (CF)  |pll_cD 002300000 OxO0ZffEfEf
™ ext_ram IDT71W 416 SRAM pll_cD 003100000 Ox031f££££
v lan91c111 LANSC111 Interface pll_cO 003220000 Oxz03Z22££££
rd led_display Character LCD pll_cO 0203 2440£0 0x03Z4401£fF
I~ uart1 UART (RS-232 Serial Port) pll_cO 003244080 0x0324409 £
I button_pio PIC (Paraliel 000 pll_c 003244100 Ox03Z24410fF
¥ led_pio PIC (Parallel 1100 pll_c0 003244110 0x03Z24411fF
v seven_seg_pio PIC (Parallel 1420 pli_cD 003244120 Ox0324412%
¥ tightly_coupled_instru... |On-Chip Memory (RAM or B (mraftipfe muliipla muliiple
™ tightly_coupled_data_... |(On-Chip Memory (RAM or R |mraftiple meléiple multiple
v performance_counter  Performance Counter Unit pll_c0 003244000 Ox03Z24403F
¥ onchip_ram On-Chip Memory (RAM ar R |pll_cO 003230000 Ox03Z3£f£F
v sdram SOREAM Cortraoller pll_c0 001000000 OxOlffEfEf
rd dma D& Contraller pll_c0 Oxc032440a0 0x03Z440bf
v pio_0 PIC (Parallel 110) clk 003244130 0x0324413%
I pio_1 PIC (Parallel [0 clk 0303244140 Ox03Zd4414f

Figure 133: Detailed configuration of the NIOS pssor

The software application that controls output matloy signals was written in NIOS 11 9.0 (Figure
133) Integrated Development Environment. Since #pplication was written in high level
programming language it may face difficulties iroper timing of the generated control signal. To
ensure accuracy in the timing of the generatedasigncustom function was created to generate time
intervals based on the time required by the CPpktéorm a single instruction.

The function was characterized using the DSOX916848pe (Figure 120). The accuracy of the
generated signal was measured for a wide numbmstifictions from 0 to 1000, and the linearity of

the characteristics were evaluated. Figure 134eptesthe measured characteristics of the timing
function in the controller; the length of the HidahO states of the generated signal were measored f

a different number of processor instructions.

The timing function exhibits a near-linear charastee dependency between a number of instructions
and lengths of HI/LO state of the generated sifoah 3 pus to 300 pus. When the length of time ot i
further reduced below 3 ps the linear charactesastecome slightly disturbed and lengths of the HI
and LO states are not equal. Below a length of :1p4.0 state becomes approximately 65 ns longer
than the length of the HI state.
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Figure 134: Accuracy of the timing function in tRBGA-based controller
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The speed benchmark of the modulating signal isgmted in figure 135. The result indicates that the
highest available speed for this particular prqtetis 1.785 MHz with a HI state length of 258.%nsd
a LO state length of 298.9 ns.
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Max ? 2.2042218 MHz 7 71.85517 ns 3.81384 ns

Figure 135: Speed benchmark of the FPGA-basedaitartr

The difference exhibited in the lengths of the Mda.O states confirm the results of the timing
function characterization. In addition, the meaduising and falling edges of the control signakeve
approximately 3 ns and 4 ns, respectively.

If the length of the optical Ethernet frame is 1B26cluding the preamble and SFD (Figure 66), and
the 258 ns long HI state represents the lengthefite slot, than this switch controller prototygsm
support a network at a 47 Gb/s data rate withrtdsmé-by-frame optical switching fashion.

The configuration of the controller can be loadeshf a Compact Flash card, RS232 port or Ethernet
port. The Ethernet port may be used for remoteigardtion and monitoring of the controller. The
configuration data can be sent via the same oplicklthat transports data in PON. In this case,
configuration data is sent through an additionavelength that is separated at the remote node by a
DWDM filter and directed to an opto-electrical sigiconverter (Figure 136).

149



O

filter
/ FioMN data Switch
trunk fabric
K configuration
O/E converter FPGA controller

Figure 136: Controller configuration through theiogl trunk. Controller can be collocated with
optical switch in the remote node.

The switch fabric, controller and O/E converter bancollocated with DWDM filter in a single 1U size
enclosure that has a size compatible with a stanggcommunication rack. If the control signahct
collocated within the data transmission band (1% than the DWDM can be replaced by a low cost
1500/1300 multiplexer such as the commercial CUBB9L(Figure 137). This solution would allow

the sending of a 1300 nm control signal throughsidi®e trunk that accommodates the 1500 nm data
signal.

Figure 137: Commercial grade MUX/DEMUX (1500nm d&00nm) CUBO-1659

The total power supply for the optical switch wollel the sum of the power supplies required by the

switch fabric (dependent on the number of SOA elgs)e FPGA controller, TEC and O/E media
converter.

To further reduce the power consumption of the ratlet, the Stratix FPGA development board may

be replaced by the new generation energy efficiavielopment board that implements Cyclone IV
FPGA (Figure 138).
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Figure 138: Small factor Cyclone IV FPGA developtiemard MicroSDK

The BeMicroSDK[178] is an example of the new generation smalé sievelopment boards with
Cyclone IV EP4CE22 FPGA that consists of 22000dagements, 64MB DDR RAM, 16MB serial
flash memory, a Micro SD card reader, 100Mb EtheMkKE and a temperature sensor. The board
consists of an interface with 80 I/O pins thatallihe control of an 8x8 switch with 64 SOA elements
The total power supply requirement for this devigdess than 500mA at 5V. The dimensions of the
board do not exceed 130 mm (L) x 30 mm (W) x 20 (hih The significant reduction in physical size
and power consumption make this board a very #tteacandidate to be applied as an autonomous
controller of the optical switch.

The dimensions of the controlling system and ite/groconsumption can be further improved if an
optical Ethernet port is integrated with the depetent board and unused components such as certain
memory chips, LEDs and DIP switches are removenh fitee board.

SOA asan amplifier

Power budget considerations in CWDM /TDM-PON

To better understand the importance of proper jpositg of the optical amplifiers within the network
infrastructure there should be an analyzed powdgéiin the optical network and its evolution when
the semiconductor optical amplifier is implemented.

As presented in previous chapters, GPON is onbeofrtost popular standards in North America while
EPON and GEPON standards are very popular in Asdh EEurope. The 10-GEPON standard has
already attracted a large number of network vendiws to its planned support of DWDM
transmission. The reviewed standards carry seligrightions;

e Alimited number of ONUs (32x in EPON, 64x in BP@Nd 128x in GPON).

e The transmission distance without any additiongplémation systems is limited to 20 km.

e The significant lack of compatibility between IEEEhd ITU standards such as different
transmission speeds (1Gbit/s GEPON vs. 2.488 GGIFON) and different encapsulation of
the transmitted data (modified Ethernet in EPONGEM in GPON).
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Several improvements have been developed by desndors. Huawei Technologies Ltd. provides
APONSs with a split ratio of 64x [179] (in compansto the standard 16x); AD-net Technology Co.
offers 1Gb/s EPONs with a split ratio of 64x (imgearison to the standard 32x) [180]; Flexlight and
Infinera offer GPONs over 130 km with the DWDM ex$en (in comparison to the standard GPON
limited to 20 km) [181]. Although number of commiaticmodification has been implemented to
overcome PONSs limitations most of those improvememte not properly standardized and they
represent proprietary solutions.

Several transmission impairments have to be coreider the PON link design in order to ensure that
the received signal power is large enough to miminga required BER performance under all
conditions. Power budget calculations are madeitmtyfy such impairments.

A general PON link includes a transmitter, fibgslitteer and receiver for both down and upstream
transmissions between the Optical Line TerminalTodnd the Optical Network Units (ONUs). Some
of the main issues regarding the different linkssigbems are:

» Transmitter: output power, bit rate, modulation niat (binary or multilevel, phase or
amplitude), extinction ratio, signal modulation hed (direct modulation at the ONU or with
an external modulator at the OLT), suppressionordii single mode source is used),
wavelength, chirp, forward error correction (FE@xer line width (to reduce the phase noise),
relative intensity noise (RIN) and jitter.

* Fiber impacts: attenuation, return loss, polaraatmode dispersion, chromatic dispersion,
scattering and other nonlinear effects.

* The technology used to assemble an optical link hlings several sources of loss such as:
bends, splices and connectors.

* Long reach links usually require amplification dms. Optical amplifiers have several
limitations that can affect the overall performamée¢he optical path: output/input power, gain
per channel, gain flatness, noise figure (NF).

» Optical splitters have a number of limitations tdatrease the network overall performance.
The most common are insertion loss, cross tatkyjgnd polarization dependency loss.

* Receiver: the type of detector used (PIN or APDjedrines the bit error rate (BER),
sensitivity, jitter, preamplifier noise, bandwidjhter and signal to noise ratio (SNR).

* A margin for each subsystem should be considerextdar to allow for ageing of sources and
other components, extra splices (cable repair),rages in the bit rate or advances in
multiplexing.

The link design in this analysis is based on thieyong parameters:

5 CWDM wavelengths are used: 1270, 1290, 1310, ,1&39 1350 nm
One wavelength for upstream and four wavelengthdda/nstream
Average downstream bit rate: 100 Mbit/s,

Average upstream bit rate: 25 Mbit/s

Transmitter launch power: 7 dBm

Extinction ratio: 8 dB

Receiver sensitivity: -32 dBm

BER: 10"

Fibre type: SMF-28

© *PNok~wNhE
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10. Average OLT-ONU distance: 50km.

11.Connector pairs: 2

12.Splices: 1

13. Splitter insertion loss: -13 dB

14.Modulation type : NRZ-ASK

15. Mux/Demux insertion loss: 2 dB

16. Amplifier (BW): 100nm, G: 10, PDG: 0.5, NF: 6 dB)
17.Number of ONUs: 100

18.PON topology: star (Figure 139)

Figure 139: Topology of the analyzed PON

The estimated (calculated) power penalty in respedhe each impairment can be considered as
following:

* Transmitter power margin (dB):
o chirp margin: 0.5
o extinction ratio margin: 1.4
o ageing margin: 0.25
o electrical response: 0.5

* Multiplexer/demultiplexer power margin (dB):
o polarization dependency: 0.1
o cross talk: 0.3
° insertion loss: 2
o ageing: 0.2

* Fiber power margin (dB):
o dispersion: 2
o self phase modulation: 0.5
o cross phase modulation: 0.5
o polarisation mode dispersion: 0.5
o Raman effects: 0.5

* Amplifier power margin (dB):
o gaintilt: 3
o polarization dependency gain: 0.5
o inputloss: 0.1
o ageing margin: 0.5
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* Receiver power margin (dB):

o

o O O

In total, the

input loss: 0.1
electrical response: 1
sensitivity tilt: 0.5
ageing: 0.5

link power penalty is around 17 dBgufe 140 illustrates the corresponding link power
budget. Adding new ONUSs to the network will increake total splitting loss. This table shows that
there is a trade-off between fiber loss (fiber yp@nd splitting ratio (number of ONUS).

Parameter Value [dB] Power budget [dB]
Transmitter power 7 +7
Receiver sensitivity -32 +32

Margin 17 -17

Fiber loss (50km) 17 -17
Splitter loss (32 ONUS) 15 -15
SOA gain 10 +10

Figure 140: PON power budget

The CWDM wavelengths used suffered different atatiom and dispersion in the fiber. Figure 141
presents the dispersion and attenuation of the 381ftber. As shown in this figure, the first CWDM
channel (1.24m) has 0.084 dB/km more loss than the fifth charfhed5um). In other words, for a
fixed length of fiber (50 km) and the same tranggnipower, the fifth CWDM channel can serve twice
the number of ONUSs than the first channel (50 krd88.(dB/km) = 10log(2)).

5

Dispersion ps/nmkm)
o

0.4

o
[#3]
Attenuation(dB/kim)

1.28 1.3

1.32

1.34
Wavelength(um)

Figure 141: SMF-28 fiber characteristics [182]

The network topology consists of a remote node (RNt contains several cascaded splitters,
multiplexers and possibly an amplifier. The optitiak between the remote node and each of the
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ONUs is called an “optical arm”. Each arm has daterpower budget that can be distributed over all
the elements of the arm.

For a typical optical path length (e.g. 50 km) andnber of ONUs per wavelength (e.g. 32), the
assigned power budget for loss and splitter is B2Fbr a constant power budget in the PON, the
impact of the optical path length on the maximurmrmbar of ONUs (from the power budget point of
view only) is presented in figure 142. The graphsvedtained using VPI simulation software and
network assumptions that are listed earlier.

100

—B—1270nm | =~~~ 7]
—<— 1290 nm
—#— 1310nm
—<— 1330nm

Number of ONUs

Fiber length (km)

Figure 142: Limit of ONUs based on available powargin

A real network deployment usually does not haveribof equal length between the OLT and the
ONUs. The variable length of the fibers leads ttedent signal losses and power levels for both the
upstream and the downstream signals. The most consuolution to this problem is to use power
equalization (via attenuator or amplifier). In arde reduce the loss, the wavelengths with lower
attenuation should be assigned to the ONUs locttedrom the OLT while the wavelengths with
higher attenuation are assigned to the shorteartist.

More efficient management in terms of power andacdp is needed to optimize the available power
margins. As indicated in figure 142, a shorter ffilegth transfers part of the power budget towards
larger number of end users. Figure 143 illustrétesBER variation as a function of fiber length for
splitting ratio of 32.

ITU recommendations define the maximum acceptablaydfor VoIP services as 75 ms in one way
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[183]. The maximum acceptable delay for IPTV isinked as thelelay factor(DF) and it is one of the
components of thenedia delivery indexMDI) [184]. A typical value of DF is between 9 nasd 50
ms. The discrepancy between these two values ribuddd to a wide variation in the quality of
available IPTV receivers (the recommendations arelifferent receiver buffer sizes).

BER versus Distance
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Jed ded ced Ted
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Figure 143: BER as function of fiber length forfdient CWDM wavelengths
(splitting ratio of 32)

EPON provides a timeslot of 2 ms for each ONU.rfyoone wavelength per one way is used, the
maximum number of ONUSs is limited to 37 (75 ms/ & ror VoIP and 25 (50 ms/ 2 ms) for IPTV. By
implementing 4 wavelengths for downstream transionissthe maximum number of ONUs is
increased to 148 and 100 for VoIP and IPTV, respelgt

It is apparent that the EPON frame-length placesanger limitation on the number of ONUs than on
the power budget. To take advantage of the availgbherous power budget, the bit-rate has to be
increased so that each data frame will take a shtme to be transmitted and therefore more tiotesl|
will fit within the maximum acceptable delay intatv

This chapter presented analysis of several impaitsne PONs, with an emphasis on power budget
issues. A PON design for 100 ONUs (each with aweraig rates of 100 Mbit/s and 25 Mbit/s for
downstream and upstream transmission, respectivagd on a 5-channel CWDM/TDM technique at
a bit rate of 2.5 Gbit/s is presented. The impéc¢he link length on the maximum number of ONUSs is
shown, as well as the dependency between the nuohleerd users and the number wavelengths used
for data transmission. The link power budget ansljBistrates that the number of ONUs is limited
when the TDM time-slots are large. Increasing tamber of CWDM channels as well as the bit rate
(in order to decrease the length of the TDM tinwsyl will also allow an increase in the number of
ONUs in the PON design presented.
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Power booster in gigabit Ethernet infrastructure (IEEE 802.3z)

Operators and maintenance staff in commercial abtietworks frequently deal with the deterioration
of the transmitted signal due to number of imperbes along the optical line such as: interconmadi
and splices, too long optical fibre and low radilsse bends. These imperfections may introduce an
excess of optical loss and leading users to comp&bout low quality, slow and erroneous
transmission.

In certain circumstances the elimination of thosgarfections may require very expensive and
complex modifications of the existing network irftaicture. Although those modifications usually are
technically possible, their cost could be unbear&it the network operator. In such situationstehs

a need for a low cost solution that can be implaedem the network infrastructure without expensive
modifications. A possible solution would be the ldgment of optical amplifiers at both ends of the
optical link that exhibits excessive loss. In th@nfiguration amplifiers will work as power booster
located near optical transmitters.

The commercially available amplifiers are basecE@FA. It was presented in previous chapters that
EDFAs are relatively large sized devices and thegyuire significant power supply. EDFA may be a
sufficient solution from the technical perspectivet its implementation may not be economically
justifiable due to its high power consumption angdmpintegration with existing optical components.

Network operators may seek out a small size, logt;anergy efficient alternative to EDFA that will
be able to counterbalance the excessive losesioghcal link. The semiconductor optical amplifier
(SOA) may be a good candidate when such charaateras small size, low energy consumption and
low cost of implementation are considered.

An experimental setup was built to evaluate SOAaagower booster deployed in optical gigabit
Ethernet infrastructure. The experimental confitjaraconsisted of a laptop with the Linux operating
system that was custom configured to work as aapt@tnetwork monitoring workstation and the
source of the Ethernet frames. The JDS SFP OCd&amimunication grade transceiver (output power:
0.7dBm at 1551 nm) was chosen as the source afab@ignal and it was implemented in the media
converter Omnitron iConverter GX/TM (Figure 144a).

The laptop was generating traffic in the form oME packets and raw Ethernet 802.3 frames and
sending it through the media converter along thecalploop with a date rate of approximately 1Gb/s.
The returning signal was analyzed on the AgilentAB&100B oscilloscope and network monitoring
software installed in the laptop. The optical powass measured using a JDS power meter.
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Figure 144: Media converter (a) and SFP OC-48yballe attenuator IDS MV50 (c)

The optical loop deployed a splitter 60/40 andegdtiunable attenuators JDS MV50 (models MH6182
and MH6187) to create a near realistic environnwérthe network infrastructure with a significant
optical loss (Figure 144c).

The figure 145 presents the configuration of thpeexnental test bed. The laptop was sending data
through the media converter and 40% arm of thettgpliThe returning packets and frames were

analyzed for any data loss. The output power ofSRE was 0.7 dBm and the output power from 40%

splitter arm was -11.755 dBm. The introduced oplimss (about 11 dB) represented approximately 22

km commercial SFM.

- JDs
H power meter

ATTN ATTN
MH6182 MH6187

Media converter

Laptop

1Gb SFP |
Ethernet

SYNC

Figure 145: Test system for evaluation of SOA-bgs®aaer booster

After the MH6182 was added to the loop, the meakaptical output power was -17.890 dBm and the
eye diagram was examined (Figure 146). The ICMRadig/as received with no data loss. The added

attenuator introduced 6.1 dB of additional opticak that represents approximately 12 km commercial
SMF.
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P=-11.755dBm P=-17.890dBm

Figure 146: Eye diagram of the optical output signeasured after the splitter (a)
and after MH6182 (b)

Although significant loss of the signal was obserntbe data was received from the loop with no
disruptions. The second attenuator, MH6187, wag@dal the loop and its loss was tuned until the eye
diagram became deteriorated beyond the sensitifithe scope. The eye diagram was lost when the
optical output power at the MH6187 decreased to5U% dBm, but the ICMP signal was received
successfully. This result shows that the impleng&EP transceiver is sensitive enough to succégsful
detect an optical signal traveling along path vexier 26 dB loss (approximately 50 km distance).

The SMF spool (-11 dB loss) was inserted into tipgical loop after the MH6187 to introduce
additional optical loss. The ICMP signal was lostew the optical output power decreased to -37 dBm.
After the loss of the ICMP signal occurred the coencral grade SOA OPB1010NCFA was deployed
in the test system between the optical splitter @nedattenuator MH6182. The supply current of the
SOA was tuned until recovery of the eye diagraml@MP signal was observed.

Although the ICMP signal was recovered when thgoBupurrent reached 70 mA and the output power
was -34dBm, the eye diagram was not yet recovérbd.low level of optical output power can be

explained by SOA characteristics of output powerimput power that was presented in figure 109.
Further increasing the SOA current to 150 mA alldvier the recovery of the eye diagram (Figure
147). The eye diagram became quite visible wherctineent approached 190 mA which was close to
the saturation level.

The result of this test confirmed that SOA canrelemented as a low cost power booster in optical
gigabit optical Ethernet infrastructure (EPON). Thmall physical dimensions and low power

consumption makes SOA an attractive candidate tmrhe an amplifier that is easy to deploy and
maintain.
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[(SOA)=150mA I(SOA)=190mA

Figure 147: Recovered eye diagram of the opticadadiafter implementation
SOAin the test system

The results also exhibited a certain drawback efS®A. The recovered eye diagram is not as clean
and wide open as the original diagram measured thigesplitter arm. This indicates that SOA injects
to the optical link a certain amount of noise thas a negative impact on the transmitted data.

Power booster in 0C-48 infrastructure

The previous chapter presented the successfulcapiph of the SOA as power booster in optical
gigabit Ethernet infrastructure that was compatibigth GE-PON. Although SOA provided
counterbalance for the optical losses that thestrégsion link suffered from, it also showed thatASO
injects a limited amount of noise which becomesrgily pronounced when the supply current for SOA
approaches the saturation level.

OC-48 connections are used as the backbone of negynal Internet Service Providers (ISPs). This
chapter examines the performance of the same cocrahgrade SOA when it was implemented as a
power booster in OC-48 infrastructure at a 2.488&@Glata rate. The experimental test bed considted o
a continuous wave (CW) JDS LD with an optical otitpawer of 0.5 dBm at 1551 nm, an external
electro-optical modulator and two spools with comeia grade Lucent 20 km length SMF (Figure
148).
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Figure 148: Test system for evaluation of the polmsster SOA in OC-48 network

Figure 148 presents a test system with the implémle®C-48 transmission. The Agilent 4906B was
used as a OC-48 source of optical Ethernet frareegergted at a 2.488 Gb/s data rate. Fiber spools
Lucent #1 and Lucent #2 have a measured loss ofiB.and 9.7 dB respectively at 1551 nm. Both
spools when connected together provided a 19 dBitowtal that included the loss at the SC/SCrinte
connector between spools.

There were two O/E modulators used in the teseaygbne at the time): JDS 10020447 and Lucent
2623NA with measured insertion losses of 9.5 dB aBddB respectively. The eye diagram of the
optical signal was analyzed in different locatiasfsthe optical link using the oscilloscope Agilent

DSOX. The optical power of the transmitted signalswneasured with the power meter Anritsu ML-

910B.

Before SOA was deployed in the optical link, thépa power of the optical signal and its eye diagra
were analyzed to evaluate the loss and distorfiogure 149 presents a comparison of the optical
output signal measured after spool #2 with theioalgOC-48 modulating signal.

Lucent O/E _ JDS O/E

Figure 149: Comparison of the eye diagram OC-48ufatithg signal (1.8V) with output optical signal
after the spool #2 (top). No amplifier applied.

Visible signal distortion occurred when the Lucembdulator was implemented. This negative effect
was caused by the temporary fiber adapter usethteninput port of the modulator to replace the
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original FC adapter that had been damaged.

After SOA was implemented in the optical link beeémehe modulator and spool #1, optical power was
measured at the end of the link and the eye disgrasere compared with the original OC-48

modulating signal. Figure 150 presents a comparifaiie eye diagrams for different values of the
SOA supply current.
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Figure 150 Comparison of the eye diagrams OC-48utatidg signal (bottom) with output optical
signal after the spool #2 (top) for different vaued SOA supply current.

Results presented in figure 150 exhibit the presefmoise in optical signal in both configurations
with Lucent modulator as well as with JDS modulatbhe main sources of the noise were
imperfections of signal modulators used in the w®gtem. The Lucent modulator had applied a
temporary fiber termination that replaced the daedagC connector in one of the optical ports. This
modification caused additional optical noise anohdreased insertion loss from 6 dB (guaranteed by
manufacturer) to 12 dB. The JDS modulator is aaf ymit that was intensively used in the laboratory
This device exhibited certain aging effects suchsig®al response deterioration that was strongly
exhibited at modulating frequencies above 2.3 GHz.

An interesting effect was observed when the Luceodulator was implemented; the signal noise was
more intensive at lower values of the SOA supplyaent than at higher current values. It is alsg/¢as
notice that this noise was much higher at any SOkent than the noise exhibited when the JDS

modulator was applied.

Figure 151 presents the changes in the opticaubpipwer of the modulated signal (measured after th
spool #2) when the SOA supply current was tunee. gtarting point of the graph is marked as 0 mA
which indicated the status of the output power whemmplifier was implemented.
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Figure 151: Changes in the optical output powerm@©A supply current was tuned.
For | = OmA, an amplifier was not present.

This graph indicates that the characteristics efdptical signal for both modulators follow the gsam
path except the Lucent device which introducegadriloss than the JDS device. There are visibbe tw
sections where both characteristics exhibit newai behavior: below 40 mA and above 50 mA of the
supply current.

Although significant noise was observed in the nea optical signal caused by imperfections of the
signal sources amplified by SOA, the eye diagrars ey@n for certain values of the SOA current. This
result indicates that SOA can be successfully impleted as a power booster in OC-48 infrastructure
under two conditions:

» The sources and modulators of the optical signalishnot generate additional distortions
or noise that would be amplified by SOA and thems$mitted over the whole optical link.

* SOA should not work in its maximal amplificationgren because this causes significant
increase of ASE.

Inline amplifier in 0C-48 PON

Previous chapters presented results of implement&OA in optical network as power booster. Those

results proved that SOA is a good candidate forlempntation in power booster devices under two

conditions: SOA supply current does not reach \athat could cause an extensive optical noise and
the technique of light modulation does not insdditonal signal distortion to the optical system.
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Another configuration, where optical amplifier che deployed is a middle of the optical path where.
In this configuration SOA works as an inline amlifand it amplifies optical signal that has been
already partially deteriorated. It was discussegrievious chapters that SOA has tendency to emit a
significant amount of noise when supply curreninigeased beyond certain threshold. This threshold

depends on number factors such as: how SOA wagrigsiand manufactured, what materials were
used.

To evaluate influence of the SOA noise on the aeptsignal a test system was built with SOA
OPB1010NCFA implemented as an inline amplifier. Tigeire 152 presents architecture of the test

system that is very similar to the one describethénchapter 7.7.2, except the SOA is located batwe
two spools of the SMF.

Lucent #1 Lucent #2
JDSU O/E @ S04 MNewFocus DE0X
1551nm modulator i 1592 16044
20km 20km
| | Anritsu
ML-9108
OC-481 PRES SYMNC
generator

Figure 152 Test system for evaluation inline SO®@-48 network

The experimental test bed consisted of continuoagew(CW) JDS LD with optical output power
0.5dBm at 1551nm, external electro-optical modulatod two spools with commercial grade Lucent
20km length SMF. The Agilent 4906B was generatir@€r438 optical Ethernet frames at 2.488Gb/s data
rate. Fiber spools Lucent #1 and Lucent #2 had wmedsloss 8.9dB and 9.7dB respectively at
1551nm.

There was Lucent 2623NA O/E modulator used in #s¢ $ystem with measured insertion loss 12dB.
Eye diagram of the optical signal was analyzedsingioscilloscope Agilent DSOX.

Figure 153 presents comparison of the original nadthg signal generated by Agilent 4906B and
optical signal at the output of the O/E modulated aignal at the out of the second fibre spool winen
amplifier was implemented.
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Figure 153 Comparison of eye diagrams in OC-48 rfatithg signal (1.8Vpp) with output optical

signal. No amplifier applied.

The comparison exhibits significant deterioratidnttte eye diagram after optical signal travels two
fibre spools that represent over 40 km of optichp

After SOA was implemented in the optical link beemewo fibre spools optical power was measured
at the end of the link and the eye diagrams wenepased with original the OC-48 modulating signal.
Figure 154 presents comparison of eye diagramgifi@rent values of the SOA supply current.
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Figure 154 Comparison of eye diagrams OC-48 moihgiaignal (bottom) and output optical signal
after the spool #2 (top) for different values of A€upply current.

Presented results indicate that SOA working immlamplifier configuration does not disrupt optical
signal with spontaneous emitted noise in degreehigh as when it works in power booster
configuration. The captured eye diagrams are opat @alues of the applied supply current.
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The lack of significant noise and distortions irsetved eye diagram of the amplified optical signal
suggests that SOA is a good candidate for impleatient in inline amplifiers. In addition to that,
comparison with eye diagrams from bower boostefigaration indicates that for higher levels of the
optical gain (higher SOA supply current) shows thdine configuration is less prone to signal
distortion caused by SOA spontaneous emission noise

Preamplifier in 0C-48 PON

The test presented in previous chapter proved 3 is a good candidate for implementation as
inline amplifier and in addition to this the inlim®nfiguration exhibits far less impact of spontzue
emitted noise on amplified signal than configunatrath SOA working as a power booster.

To have better overview of possible SOA configunasi an additional test was done to evaluate SOA
performance in preamplifier configuration where &figy is located just before photo receiver. The
test system had similar configuration to the oresented in chapter 7.7.4 except the SOA was located
after the second spool (fig 155).
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Figure 155 Test system for evaluation preamplE&A in OC-48 network

The experimental test bed consisted of continuoagew(CW) JDS LD with optical output power
0.5dBm at 1551nm, external electro-optical modulataicent 2623NA and two spools with
commercial grade Lucent SMF with 20km length. Trgglént 4906B was generating OC-48 optical
Ethernet frames at 2.488 Gb/s data rate. The mmatut@d measured insertion loss 12 dB and fiber
spools Lucent #1 and Lucent #2 had measured 18ss8and 9.7 dB respectively at 155 1nm.

After SOA was implemented in the optical link beemespool #2 and photo receiver New Focus 1592,
optical power was measured at the end of the Imkthe eye diagrams were compared with original
the OC-48 modulating signal. Figure 156 presentsparison of eye diagrams for different values of
the SOA supply current.
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Figure 156 Comparison of eye diagrams OC-48 moihgiaignal (bottom) and output optical signal
after the spool #2 (top) for different values of A€upply current.

The observed eye diagram of the amplified signas wayher quality than non-amplified signal
observed in figure 91. In addition, when eye diaggan this configuration are compared to the eye
diagrams that were obtained in configuration withnie amplifier across different values of the SOA
current supply it becomes visible that preampliftenfiguration in more fragile to noise and signal
distortions coming along the optical line thanneliconfiguration especially for higher values gbsiy
current. The noise and signal distortions are dmaglby the SOA and enter photo receiver.

This effect may result with difficulties in opticaignal demodulation and data processing on the
receiver side. The receiver my encounter moreatilies in signal processing if SOA introduces its
own spontaneous amplification noise on the topnopldied noise that already existed in the optical
signal.

The above problem may be solved in two differengsva
» The preamplifier configuration should have implemeehan additional optical filter to limit
noise that enters the photo receiver
» Digital signal processing unit that works in elel domain should have implemented
additional module to filter out noise from the detutated data

Both methods will certainly increase cost of thelWNo limit this additional cost the optical filtean
be integrated with SOA during fabrication procdascase of filter that works in electrical domain,
can be implemented in the form of software processnit embedded in low-cost FPGA. This would
allow for dynamic tuning of the filer depending type of noise that is dominating in decoded signal.
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SOA in 0C-48 DWDM PON

Previous sections provided results of implementiognmercial grade SOA as an amplification device
in different configuration of the optical transmdss line. The configurations where SOA works as
power booster were evaluated as well as configuratwith SOA working as inline amplifier and
preamplifier for photo receiver were presented.

All above results exhibits that SOA has ability dmit optical noise especially at higher values of
supply current. The way how spontaneous emittedenonpacts the optical signal that carriers data
depends on location of the SOA within optical p&kfore an effective method of limiting the noise

generated by SOA is developed, the characteribtizeonoise has to be analyzed.

The SOA spontaneous emission noise was measurepresehted in chapter 7.4. The total measured
output power of the optical signal emitted by tl@ASvas -0.5 dBm at supply current 150 mA and near
0 dBm at supply current 180 mA.

Output pow er [dBm]
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Figure 157; Total optical output power versus iti@tcurrent when optical input power is not prasen
(SOA OPB1010NCFA)

The figure 157 presents evolution of the SOA optm#put power when value of the supply current
changes. The graph shows that optical noise haknean characteristics with rising tendency until
supply current introduces SOA to the saturatiortestdMeasurement of the noise characteristics
provides explanation of the eye diagram distortitvag were observed when SOA was implemented as
amplifier in optical transmission line.

The observed optical power at the output port oA®ith no optical input signal present) has level
high enough to be compared to commercial grade(S#Bm transceivers used in commercial optical
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infrastructure. Such high level of emitted noiseates obstacle in proper decoding data from the
received optical signal.

. Gl
---I . ----

Figure 158; Spectrum of the optical signal emittgc5OA OPB1010NCFA when supply current is
100 mA. (No input optical power present).

When spectrum of the emitted noise is analyzeadmes visible that the observed noise is spread
across wide spectrum of wavelengths (Figure 1B&3. emitted optical noise is significantly stretdhe
from 1300nm to 1700nm with the peak power exhibaeaund 1477 nm. The measured total output
power of the noise consists of a sum of partiabe®ithat are associated with all wavelengths tieat a
spontaneously emitted by SOA.

The observation of the SOA spectrum unveils thé¢ flaat optical signal detected by photo receiver
(after it is amplified by SOA) does not carry ortlye wavelength that was originally send by
transmitter but also consists of a large numberafelengths that does not carry any useful data but
they are heavily polluted with optical noise.

The possible method of discrimination of the optimaise before it reaches photo receiver is teffilt
out, as many as possible, unused wavelengths hhatcarry the noise. This method may be a good
candidate for the two following reasons:

« DWDM transmission uses optical channels that haargow width channels with ITU-T
standardized 100GHz spacing. Implementing an dptidar after the SOA would allow
only the specific amplified wavelength to pass tigio and surrounding wavelengths would
be extinguished

» Optical filter can be integrated with SOA during maéacturing process and this would
allow for low cost mass production of the low nagseplification devices

To evaluate wavelength filtering as the method3OrA noise reduction a test system was designed and
build. The system configuration is presented inifeg159.
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Figure 159; Tests system for evaluation of DWDNMS&A noise discriminator

The test system consists of tunable source AgBdi4A that was set to 1550.918nm with output
power 0dBm. The optical signal was externally matked by electro optical modulator JDS 10020447
(insertion loss 9.5dB) that was driven by the getwerAgilent 4906B. The driving signal had a random
bit pattern OC-48 (2.488Gb/s). Modulated opticghsai is amplified by SOA and then inserted to trunk
port in DWDM IgnisPhotonyx M014007761. The DWDM hattasured insertion loss 4.26 dB when
channel 33 (1550.918 nm) was used. The opticabbigxits DWDM through port 20 that carries ITU-
T channel 33 (1550.918 nm, 193.3 GHz).

The optical signal was analyzed after it travels spools of SMF that represent 40km transmission
link with 20dB loss. The eye diagram of the outpiginal was analyzed in scope DSOX 91604A, its
spectrum was analyzed in optical signal analyzd488 and its total optical power was measured in
power meter ML-910B. Since DSOX scope does not logéieal front end the fast photo detector New
Focus 1592 with 100ps signal response was usemwdp opto-electrical conversion of the incoming

signal.

The eye diagram of the output optical signal waswad at different configurations of the test eyst
and spectrum of the signal was compared. Befordi@n@nd filter were together implemented in the
system an eye diagram and spectrum of the rawabmticput signal raw optical signal was captured to
have baseline for the later comparison.

Figure 160 presents comparison of the optical sigpactrum generated by 8164A source with and
without applied DWDM filter. It is visible the tdtapectrum generated by the source is stretched ove
the 0.4 nm width (from 1550.7 nm to 1551.1 nm)lifdetected wavelengths are included. After the
DWDM filter was applied wavelengths above 1551 narewsignificantly extinguished.

The interesting effect was observed in filterechalgat shorter wavelengths. The wavelengths below
1550.848nm experience visible attenuation and veagths below 1550.782 nm experience stronger
attenuation (Figure 160b). This uneven extinguglof shorter wavelengths created step-like shape
of the filtered spectrum.
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Figure 160; Optical spectrum of the signal generatethe source 8164A (a) and the same signal
filtered by DWDM channel 33 in M014007761

After spectra of the raw and filtered optical signaere captured, electro-optical modulator JDS
10020447 was implemented between the light soundeDAVDM filter. The modulator was supplied
with the OC-48 modulating signal and spectrum ef dlutput optical signal was captured at different
configurations of the optical link.

Figure 161 presents optical spectrum capturedeasybtem with implemented JDS modulator (driven
with OC-48 signal), DWDM filter and 40km opticabfie. Spectrum (a) was captured at the output port
of the DWDM and spectrum (b) was captured aftemd@iptical fibre.
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Figure 161; Optical spectrum after the modulatat BRVDM filter (a) and after 40km SMF (b)
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The comparison shows that the filtered signal df@reling 40km does not exhibits any wavelengths
below 1550.848nm and above 1550.958 nm. When spegiresented at figure 98b is compared with
unfiltered spectrum that was captured after tragedOkm link (Figure 162) it becomes clear that
those missing wavelengths were filtered out betmtecal signal entered the 40 km fiber link.

Figure 162; Optical spectrum of the non filtereghsil captured after the 40km link.

Although implementation of the DWDM filter allowedr significant extinguishing a large number of
wavelength that were not used around channel Z8satintroduced an additional optical noise due to

high insertion loss of the DWDM filter. The totalitput power of the optical signal measured after th
40km link was less than -30 dBm (with applied fijte
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Figure 163; Eye diagram of the filtered opticalnsibcaptured after the 40km fibre.
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The figure 163 shows eye diagram of the filtereticap signal captured after traveling 40km fibréaeT
very low power of the optical signal mad it impdssi to recover eye diagram with available
equipment. This result indicates that applying a W filter does require also implementing
amplification device to counterbalance optical poleses.

After the SOA was implemented in the test systesnies of measurements were done for different
values of the SOA supply current to evaluate perforce of the amplifier in the optical system thed h
already implemented a filtering device. Eye diagnaas capture for each value of the current supply
and its Q-factor has been measured for paramet@®:of edge window start and 60% edge window
stop. Values of the output optical power of thenalgvere measured and their spectrum pictures have
been captured.

For comparison purpose eye diagrams of the opgigalal was captured at the output port of the JDS
modulator and at the end of the second fiber sab@n no amplifier and or filter was applied (Figure
164). The figure 164a exhibits distortions suchuadershoot, shunt capacitance and signal loss.eThos
distortions were caused by aging effects of thelemented electro optical modulator that was very
intensively used by researchers in the past. Thagubeye diagram (Figure 164b) showed low quality
opening due significant losses caused by multifderfconnectors along the light path. The electro-
optical modulator was working nearby its bandwilithit (2.5 GHz) and in addition it may had some
aging effects that had negative impact on the naiddloptical signal.

On On n n On On On On
B 10.0mv/ [u] H 1.00 mv/

R - - OO B
Figure 164; Eye diagram captured at the output@iaite JDS modulator (a) and output port of the
second fiber spool with no amplifier and filter wagplemented (b).
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The eye diagrams and optical spectra of the ousmnal captured by the test system in its full
configuration (Figure 159) are presented in figléé for different values of the SOA supply current.
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Figure 165; Evolution of 2.488Gb/s eye diagram spectrum of the output optical signal for different
values of the SOA current supply

Figure 165 presents that after the optical sigsafiltered its spectrum shape does not exhibit
significant changes when value of the SOA currangpy/ is modified. This indicates ASE noise
injected by SOA does not change significantly inga80 mA-150 mA supply current.

The eye diagrams presented in figure 165 exhibgautionary change when SOA current increases.
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Although the eye opening at the low current valisegsery weak it presents higher quality then eye
diagram of the unfiltered and non amplified sigpegsented in figure 100b. The quality of the eye
diagram was significantly improved when SOA currgrdreased. Although certain amount of noise
was still present | the signal implementation ofAS&hd DWDM filter allowed for significant signal
guality improvement in comparison to unfiltered armh amplified optical signal.

The optical output power of the modulated signas waeasured for across changing values of SOA
current. The characteristic of the optical outpghal (measured after the second spool) as funcion
the SOA current is presented in figure 166. Whenamplifier was implemented in the system the
measured output optical power was -30.3dBm

-18 -

-19 4

20 4

21 4

Output power [dBm]

22 4

_23 T T T T T T T T T T 1
40 50 60 70 80 90 100 110 120 130 140 150

SOA current [mA]

Figure 166; Optical output power (measured aftersiacond spool) vs. SOA current.

The graph presented in figure 166 exhibits neaalircharacteristics below 60 mA and nonlinear above
60 mA. In addition to this, the graph indicatest ttlaaracteristics may reach the saturation poiavab
150 mA.

In addition to measurements of the output powerualy factor (Q factor) was measured for each
captured eye diagram. The Q factor is a measutteeddigital signal eye aperture; it adopts the ephc

of signal-to-noise ratio in a digital signal andais evaluation method that assumes a normal noise
distribution (Figure 167).
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Figure 167; Quality factor (Q factor) [185]

The Q factor in this experiment was measured ioraated process by DSOX 91604A with the 1ps
measurement accuracy and assumption of 40% eyeowisthrt and 60% eye window stop according
to standard ITU-T G.976/OSFTP-9 [186]. The resaftthe measurement are presented on figure 168.
The Q-factor was measured for data rates 2.488 &tf4..25 Gb/s.

8 / |
: //
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2.488Gb/s
1.25Gb/s

40 60 80 100 120 150

SOA current [mA]

Figure 168; Measured Q factor for different valoéthe SOA current.

The figure 168 shows significant improving in Qifag when SOA current increased from 40 mA to
60 mA. Above 60 mA there is visible region wherefdgtor has near constant value until supply
current reaches 95 mA and 100 mA for 2.488 Gb/s BA8 Gb/s respectively. Further increase in
supply current leadt do significant improvemenQifiactor for 1.25 Gb/s while 2.488 Gb/s experiences
very slow increase. When supply current was furthereased beyond 130 mA the Q-factor entered
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flat region for 1.25 Gb/s while 2.488 Gb/s data eteps tendency of slow growth.

For the comparison purposes Q factor was measuseda number of incomplete configurations of
the test system and it was compared to the origmadulating signals 2.488Gb/s and 1.25Gb/s. The
comparison chart is presented in figure 169.

The presented chart shows a dramatic differenc® ifactor values between modulating electrical
signal (measured at the output port of the gengratod modulated optical signal (O/E) that was
measured at the output port of the JDS modulatus &ffect may be caused by applying modulating
signal with frequency close to bandwidth limit (Z3%1z) of the modulator. In addition, this partiaula
modulator may exhibit some aging effects and playsmaterial fatigue that introduce noticeable
instability to the modulated optical signal.

30
25
20 B Modulating signal
= B O/E
IR O/E + DWDM
‘5 B O/E + 40km SMF
it m O/E+DWDM+A0Km SMF
5
gl - . a
2 488GHz 1.25GHz

Figure 169; Measured Q-factor for the incomplest $gstem

The empirically measured Q factor can be used tuate the bit error ratio (BER) in the optical
system through the following equation:

— Exp(—-0*2)
= 0 (7.7.6.1)

Based on measured Q factor for different valueshef SOA current number of BER values were
estimated for both bit rates of the optical sigia?5 Gb/s and 2.488Gb/s. The results of the estma
are presented in figure 170. The mathematicalljueved BER reaches 1®at current value 100mA
and 10" at current value 150mA for data rate 1.25 Gb/s BER for data rate 2.488 Gb/s reaches 10
5t current value 120 mA and 10at current value 150 mA.
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The low bit error ratio that was achieved in th& s/stem confirms that implementing DWDM filter in
optical system with SOA working as modulated sigaraplifier provides improvement in quality of the
optical signal.
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Figure 170; Values of BER estimated based on thesared Q factor.

The DWDM filter removed from the signal a large rhen of unused wavelengths that carry noise
generated by SOA. Although the wavelength filtetraduces significant insertion loss into the
transmission system it does improve quality ofttaesmitted signal by filtering large amount of sei
The additional loss has to be counter-balancedpligad gain introduced by the optical amplifier.

The results of the test system proved concept plamenting SOA and DWDM filter as effective
amplification device. Although spontaneously enditteise is not totally removed from the opticaklin
large part of the noise is successfully extinguishethe filter. The collocating DWDM and SOA in
one enclosure may be achieved at the manufactprowess where amplifier and filter are integrated i
one optical chip. In this way production cost of ttevice can be reduced and physical dimensions of
the integrated chip will allow it to be implementasla part of larger optical devices.

Multilevel signal modulation in PON

This chapter presents a study on technologicalrpesgin advanced signal modulation techniques and
their potential availability to be implemented iccass networks. The most probable future changes in
signal modulation systems are discussed and patthidir evolutionary development are listed.

An innovative platform for testing and evaluatiodvanced signal modulation techniques for PON
extensions was designed. The platform consistsoafintercially available test and measurement
components that offer multi-wavelength intensitgape and polarization modulation at 10GHz and
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possibility of upgrade to 40 GHz. The estimatedac#y of the designed platform exceeds 450Gb/s
data rate over 24 DWDM channels.

The previous chapters discussed number of PON srtenthat were based on amplitude modulation
technologies, optical switching systems and optisgnal amplification techniques. Presented
extensions addressed issues related to compatibdiv devices with existing commercial network
infrastructure and issues related to costs of nanufing, implementation and maintenance.

Another method of enhancing PON infrastructure nglementing innovative signal modulation
methods to increase effective data rate availableustomers. The data rate provided by standard
ON/OFF amplitude keying (OOK) has significant liatibns related to modulation frequency. This
limitation can be significantly pushed if other cheteristics of the optical signal are considered.
Optical signal modulation can be applied not oolyntensity but also to its frequency and phase.

Progressin development of advanced modulation
techniques

Mutilevel signal modulation and detection has bdeawing attention as a technology that allows for
increase transmission data rate without physicafesse frequency of the intensity modulation.
Although advanced modulation formats offers datesraransmission beyond the limits of binary
systems, their implementation was not justified neenically in access networks due to high
complexity and cost of the detection and decodipstesns on the receiver end. The multilevel
transmission technologies were considered as gaadigate for implementation in high bandwidth
long distance transmission systems.

There are number of advanced modulation formatishtaee reached successful prototyping stage of
development in optical domain [187]. One of thenths differential quadrature phase shift keying
(DQPSK) format. With DQPSK the data is encoded iate out of four different symbols, thus
enabling simultaneous transmission of two bitsgyanbol. The main benefit of DQPSK is the reduced
spectral width, which is about half that of a binfarmat at the same bit rate. The successful pypé&o

of 25 Gb/s long distance transmission system withlémented Return-to-Zero DQPSK modulation
was presented in [188]. The prototype had implesseA000 km loop with EDFA amplifiers deployed
every 100km. Although the system reached 0.8 b/sfvéxtral efficiency its BER was thigh. To
achieve low BER (below 1¥) a Forward Error Correction methods should beiagdgf the prototype

is implemented in commercial infrastructure.

There are number of more advanced modulation farrtat provide improved spectral efficiency
beyond what DQPSK can offer. One of the improvetcap systems is combination of phase and
amplitude shift keying (DQPSK-ASK). By adding bigaamplitude modulation (amplitude shift
keying - ASK) to a DQPSK signal, the bit rate canificreased by 50% [187]. This is obtained by only
small modifications to the transmitter and receioka standard DQPSK setup. In the transmitter an
extra modulator is added to impose the amplituddutation, and in the receiver an extra photodiode
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detects the amplitude information. The propositbDQPSK-ASK system that offers data rate beyond
200 Gb/s was presented in [189]. The successfubiyme of DQPSK-ASK 120 Gb/s transmission
system over 50km SMF was presented and its extetisat reached 240 Gb/s was also presented. The
extended prototype had implemented polarizationtipleking and it achieved 1DBER. The
interesting feature of this prototype was implermmepncommercial components that were rated at 40
Gb/s. This proves that it is possible to build ated modulation system using lower data rate
components.

Another method of improving DQPSK-ASK system is lempenting inverse return-to-zero (inverse

RZ) modulation instead of normal RZ. This modifioat allows the separation of the phase and
amplitude modulation in such a way that the phasdutation is stored in the part of the waveform

that has high and constant power. Thanks to this,amplitude modulation is allowed to use high

extinction ratio at the same time as the phase matdn is hardly affected. The prototype of the

inverse RZ DQPSK-ASK was presented in [190]. Trespnted system was capable of transmitting 31
Gb/s data rate with 1tBER over 75 km fibre.

DQPSK-ASK can be also improved if amplitude motaftais replaced by higher number of phase
levels. This technique is called differential 8-giyase shift keying (D8PSK) and it requires vetyeli
modification on transmitter side: a phase modulatauld be added after the DQPSK transmitter. The
D8PSK receiver is more complex than DQPSK becausguires four sets of delay demodulators and
balanced photodiodes plus an XOR gate [191]. THeE»8was presented in [187] where 30 Gb/s data
rate was achieved with PBER over 80km SMF.

Above examples indicates that advanced modulatemhniques appear increasingly attractive in
perspective of potential improvement network cayadlthough multilevel modulation technique
improves density of the information that can beriedralong optical fiber it does have significant
drawback of a very high implementation cost. Remesystems for detecting and demodulating such
advanced optical signal have much higher complekign receivers that have implemented binary-
only techniques.

To make deployment of advanced modulation schemsesmercially justifiable there have to be
developed low cost detecting and receiving systdrs.cost of receivers manufacturing, deployment
and maintenance has to be on acceptable level doessfully compete with existing commercial
binary-only technologies. One of the first protagpof commercial ready coherent transmission
systems was developed by Siemens AG in October a8€lpublished in January 1992 [192]. The
prototype was a fully functional transmitter andewwer pair enclosed in standard telecommunication
racks. The system was capable of transmitting 1&#0sMata rate with implemented frequency shift
keying (FSK). Transmitter had implemented DFB tuadasers operating at 1560nm with 30MHz line
widths over tunable range. The Manchester coding wead to overcome the nonuniform FM response.
The observed frequency deviation was 1.2 GHz Tkerlanodules were highly stable which was
confirmed by a beat frequency drift of only 150 Mélizring 1 hour.

Although the prototype made by Siemens was a sogmf achievement that would satisfy bandwidth
requirements in early 1990s it would certainly rsorvive competition with modern commercial

telecommunication systems. In 1996 Lucent Technetogresented prototype of monolithic integrated
coherent transceiver that was capable of reachatg hte 108 Mb/s [193]. The device consisted of a
tunable distributed-Bragg-reflector (DBR) laseraatocal oscillator (LO) and an integrated detector.
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The fabrication process of this device was simitarprocess of manufacturing a DBR laser. The
incoming signals were mixed with the LO light inettbBR laser cavity itself. The heterodyne
intermediate frequency (IF) signals are taken marhfthe detector section through a bias-T.

The device had implemented FSK-NRZ transmissiondatection with sensitivity -43 dBm. The BER
of 10° was achieved at 108 Mb/s. The device had highitbétys because of design of the laser
structure that allowed only one Fabry-Perot (FRjtganode inside the grating stop band. This design
reached high side mode suppression ratio and ndimewidth and to contribute to the lower integsit
noise and phase noise.

Although Lucent prototype presented a significamigpess in manufacturing process and device
integration (and therefore lower production cogtd)d not offer data rate significantly higher thfrst
generation optical devices developed in early 19%8s later works focused mainly on simplification
receiver part of the coherent transmission syst&¥ith new fabrication process becoming available a
new integrated devices were possible to desigrutihdr decrease production costs. In 2007 a new
integrated chip was presented [194] that consistédinnovative coherent receiver for phase
demodulation. The device provided linear conversafnoptical phase modulation into electrical
current through the feedback receiver model (fidy)17

The concept proposes mixing the received opticalsphwith an optical reference, to produce a
sinusoidal response to optical phase. The detgdtetbcurrent is amplified and fed back to a refeeen
phase modulator. The received phase is now givestdamdard control theory 8.1:

| _ D
P —Prp = m 8.1

Wheregps and g o are signal and reference optical phase, Biglthe loop transmission gain. For the
high loop gain, the reference phase follows theived signal phase. The net detected phase gdin wil
fall within the linear range of the sine transfandtion of the optical mixing process, and the idgv
signal is linearly related to the received optiphlase. In addition this feedback concept reduces
receiver noise sources just as much as net detsigpeal, such that the SNR remains unchanged when

the loop is closed.
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Figure 171; Concept of the coherent receiver watrdback [194]
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To reach linear operation at 1 GHz, the loop badtiwimust approach 10 GHz, which require the loop
delay to be in the 10-20 ps range. Such shortdgtean not be delivered by fibre coupled components
or LiNbO; therefore very compact optical components mateb@ase, such as InP has to be

implemented.

The prototype device was presented in [194] to idevroof of this concept. The prototype setup
consisted of phase modulators, balanced photodetepblarisation beam splitter and electrical
spectrum analyzer. Then communication between ridtes and receiver were provided by
polarization mianaining fiber. The output from thytical source was split into a signal and refeeenc
path using a polarization beam splitter and podion maintaining fiber (Figure 172). A two-tone RF
probe signal (140 and 160 kHz) was applied to igeas path using separate phase modulators. In the
receiver signal and reference was mixed and phteotk®l. The output from the balanced detector pair
was then directly connected to the reference maaiuta provide the feedback path. The feedback gain
and filter function was regulated by the detectmad, converting photocurrent to modulator drive
voltage.
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Figure 172; Prototype coherent system with feeklo@€ - polarization controller, SMF - single-
mode fiber, PBS - polarization beam splitter, PM#hase modulator, PD - photodetector, ESA -
electrical spectrum analyzer [194]

The prototype reached Spurious-Free Dynamic RaB§®R) in range of 104.5 dBHz. In addition
detected power at the signal frequency was redased result of the reduced net phase difference
between signal and local oscillator (LO).

The above example indicates that it is possiblantplement linear optical phase modulators to

generate highly linear optical links. The prototypeved also that this concept it also supportgapt
links where the available signal to noise ratio emds what is possible using standard intensity
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modulation links.

Although number of works was published on multileseodulation techniques, most of proposals
consisted of fairly complex hardware configuraticdhat were not suitable to be implemented in
existing commercial infrastructure. The high mactidang and maintenance cost of proposed systems
pushed their potential commercialization onto uogjeal far future.

With the recent decrease in the cost of optoeleiirbardware components the research of advanced
modulation techniques and their implementation @NPentered new level. The focus of the research
seems to be slowly drifting towards cost efficigetthniques that remove a number of potholes on then
road to commercialization. In April 2010 there waagublished proposal of implementing low cost
coherent optical code-division multiple access (QAX) in PON [195]. OCDMA is perceived as one
of promising candidates for advanced signal modatn PON because it offer various system
benefits including asynchronous operation, protdcahsparency, simplified network control, and
enhanced security [196].

The proposed OCDMA implementation in PON consistédjain-switched FP (GS-FP) laser with
external injection, which is considered as a simfade-cost but high-quality short-pulse source (fig
173). The prototype of 1.25 Gb/s OCDMA-PON with 0length was published.

a)
/OLT \ Downlink f\
2 RN
Feeder
CWDM @ Splitter
ombiner . /ONU1
5 CWDM
F:iel:ierr ¥ Decoder 1 *
feia Combiner; | .
n*Rx ; p A =
i splitter
L ! Modulator +\ L /GSFP
\ / Uplink \Encoder 1 Laser,
On the User Side (ONUs)
F4 .F’L;l\se.SOurce A
i { FP Bias RF
On the OLT Side . Laser Current Generator
U T i - | =
20km SMF o Bias Amplifier 2
O Tee F 88
Tunable - @ LA Soupsr ]
Laser = A OT N @
Isolator =]
EDFA A o
@ Coupler m_J PC 3
EH{AHve-0<] ENG1 <
20km 0
EDFA gur+pcr EDFA .
BEE M PuseSource B} |
;_,F ENC2 areme e,
Wavelengthi .

Wi Filter &

Figure 173; OCDMA-PON with GS-FP lasers at the ONILE5].
Architecture (a) and experimental prototype (b)
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The FP laser used in a prototype was a commer&@ad hm multiple quantum-well (MQW) laser
module with cooled package. Its threshold currénwas 13 mA and a longitudinal mode spacing was
of 1.5nm at 25°C. To realize the gain-switchingrapien, a dc bias current in conjunction with an
amplified sinusoidal signal was applied to the la3ée external injection seed was provided by a
tunable CW laser in order to tune the central wawvgth of the GS-FP laser. Two polarization
controllers (PCs) were implemented on the ONU saee was located before the GS-FP laser for
controlling the polarization state of the injectibght from OLT, and the other was used before the
Mach—Zehnder modulator (MZM).

The amplified optical signal was split 50/50 inteotpaths and encoded by two 127-chip, 320-Gchip/s
superstructured fiber Bragg gratings (SSFBGSs). ptical delay line

(DL)was used to decorrelate the two encoded signBie encoded signals were recombined,
amplified, and launched into another 20-km SMFdekd by a dispersion-compensation fiber (DCF).
On the OLT side, the uplink channels are decodethbymatched SSFBG and direct detection was
used for signals reception.

The PON prototype with two ONUs achieved BERR Hid 10" at received optical power -22dBm
and -20dBm. The side mode suppression ratio (SM8R)e FP laser exceeded 28dB. Although the
prototype had low data rate (1.25 Gb/s) in compario existing commercial 10Gb/s GEPON it
provided prove of concept that OCDMA-PON is possiiol implement using widely available low cost
commercial components.

The rapidly increasing bandwidth demand observemimmercial access networks pushed commercial
and academic research and development groups dnsifit seek for cost efficient high bandwidth
solutions that implement advanced modulation teqes.

In September 2010 there was published prototypecatferent wavelength division multiplexed
(CoWDM) system capable of reaching 70 Gb/s da@a[d87].

The CoWDM prototype is presented on figure 174. phatotype consisted of cost efficient optical
frequency comb source based on a sine wave drigerete mode (DM) laser. Comb source is a source
where generated sinusoidal electrical signal isldiegb by RF amplifier and then directly applied to
discrete mode laser in conjunction with a bias enirr This particular configuration consisted of
10.6GHz signal generator and 60.4 mA bias curiEm. optical output signal was filtered to improve
the comb flatness to approximately 2 dB and ogticamplified in order to maintain an adequate
optical signal to noise ratio (OSNR).

Although in a commercial prototype, the generatenhiz lines would be separated by an AWG, and
each individual channel would be modulated indepatly, whilst preserving the phase relationship
between the adjacent channels, in this particdpeemental prototype the comb was passed through a
set of cascaded dis-interleavers based on asynomM&icth Zehnder interferometers (AMZI), with a
free spectral range (FSR) of 21.33 GHz. The disHeaver separated the seven sub-carrier optical
comb into four odd and three even sub channels.

188



AMZI|

1
S >

Delay .
osPF ¥ i J—(F’lezo)—{ MZM)—I
7 %
zad Med N 10.664Gb/s s
% e Pattern Generator data bar = O
Time (20ps/div) Wavelength
FSR
] /] 21.33GHz -
Balanced DPSK I © '@ -
.(‘ Detector J:[ Demod % N LAMZI % ‘ YO”
“Wss ' “ OBPF
30GHzZ EDFA 30GHz  EDFA

Figure 174; CoWDM prototype [197]

Both the odd and even sub-carriers were passedghreeparate polarization controllers, optical ylela
lines (ODL), piezo electric fibre stretchers an@RSK modulator before being combined with the aid
of a polarisation maintaining 3 dB fibre couplewd 10.664 Gb/s NRZ electrical streams with a
pseudo random bit sequence (PRBS) de-correlatddanvit6 bit differential delay were used to drive
the two DPSK modulators. This configuration provid®.648 Gb/s (7x10.664) DPSK CoWDM signal
with of 117 GHz.

The receiver module had implemented, a variablecapattenuator (VOA) to vary the input power
falling on an optically pre-amplified receiver. Tliest stage of the receiver consisted of an erbium
doped fibre amplifier (EDFA), a 0.3nm tunable optibandpass filter (OBPF) and an AMZI with an
FSR of 21.33 GHz. The second amplification stagehefreceiver consisted of a booster EDFA, a
wavelength selective switch (WSS) and a 10.664 GRSEK demodulator (1 bit delay AMZI). The
demodulated signal was detected using a balancedogibde and amplified using a limiting
differential amplifier, before being fed into anrar detector (ED) and a high speed sampling
oscilloscope (OSC).

The CoWDM prototype achieved BER 1@nd 10" at -24dBm at received optical power -24 dBm.
The achieved spectral efficiency was 0.64 bit/s/Hze 3 dB bandwidth of the system allowed for a
spectral efficiency of 1 b/s/Hz therefore this modea good optimal candidate for high-speed multi-
carrier transmission systems.

Above example proved that high bandwidth advancestulation systems become increasingly
feasible for commercial implementation in near faturhe number of published works address issues
related to low cost coherent transmission systefmsr@vreceiving module in prototype was frequently
represented by Vector Signal Analyzer (VSA). Wideaikbility of low cost opto-electronic
components allowed researchers recently to be fooresed on development receiving modules. In
February 2010 there was published a prototype bémmmnt optical receiver for 53.3-Gb/s sub-banded
OFDM [198]. Soon after this achievement in NovemB&10 there was published prototype of
DQPSK optical coherent receivers that were capafleaching 100 Gb/s data rate [199].
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The homodyne coherent optical receiver that implemeptical injection phase-lock loop (OI-PLL)
was presented in April 2011 [200]. The functionaldal of OI-PLL that was used in is presented on
figure 175. The small fraction of the master sigoaiver is tapped off and used to optically injectio
lock the slave laser.

Loop Filter ——|
Master Laser *

Y
Slave Lasern

Phase-locked
Optical Output

Figure 175; Optical injection PLL [200]

The output of the slave laser is combined withrdrmeaining master signal and detected to give an err
signal, which is passed through a loop filter aed back to control the frequency of the slave laser
Thus, the OIPLL combines optical injection lockitaygive low phase noise with an OPLL to give a
wide tracking range. In principle, the tracking gans limited only by the tuning range of the slave
laser. From the application perspective OIPLL haywmportant characteristics: it can lock to tla¢ad
carrier. The slave laser gives a continuous-waw)@utput that is phase locked to the carrier. This
feature can be used as the local oscillator (LOh@onodyne coherent demodulation of the data signal
by combining the LO with the data signal.

Because the OIPLL will lock with the LO in quadnawvith the data-signal carrier at the input to the
control loop photodetector (PD), any quadrature uhtcbon components will be demodulated to
baseband after this PD, provided it has suffickamdwidth (only low-bandwidth detection is required
for the control loop).

The configuration of coherent receiver prototypghviimplemented OIPLL is presented on figure 176.
The optical input signal used to test the recewas derived from a transmitter which consisted of a
laser operating at a wavelength of approximately61dm (to match the wavelength of the slave laser)
and externally modulated with a pseudorandom bisaguence (PRBS) at 10 Gb/s using a Mach—
Zehnder modulator.
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Figure 176; Coherent receiver prototype with impeted OIPLL [200]

At the receiver input, 1% of the input signal powexs redirected to injection lock the LO (slaveseia
The LO and the other branch of the input signalenembined in a lithium niobate integrated optics
optical hybrid, to give separate data and phas@-srgnal outputs. The splitting ratio of the inund
output couplers in the optical hybrid and the metaphase of the signals combined on the PDs were
electrically adjustable. The phase error signal Ve back through a loop filter to control the
frequency of the LO laser, thus forming an OPLL jekhensured that the LO laser remained locked to
the incoming signal.

The LO laser was a three-section DBR laser operalbede the threshold current, giving an output
power of approximately 9dBm. Fine control of the laer wavelength and OPLL frequency tuning
were performed by controlling the current to thengeection. The PD in the control path is the phase
detector for the OPLL; its output depends sinudadahe difference in the phase between the LO and
the master at its input. To control slow phaseatams, a low-amplitude current dither was apptied
the LO laser, resulting in a phase dither on thection-locked LO output.

The 10-Gb/s amplitude-shift-keying (ASK) and phakédt-keying (PSK) over 40km long optical link
was applied and the prototype performance was exaimior its BER, optical signal to nose ratio
(OSNR) and phase noise. The observed phase nast&'isp was around -100dB/Hz. The observed
BER at ASK modulation reached 1@t OSNR 18 dB/nm and 1®at OSNR 21 dB/nm. The observed
BER at PSK modulation reached®.at OSNR 15 dB/nm and &at OSNR 17 dB/nm. The observed
phase-error variance for optical injection lockimgs proportional to the combined laser line widtld a
inversely proportional to the optical injection-kileg range.

The published results indicate that OIPLL can besatered as a good candidate for implementation in
conjunction with the orthogonal polarization pitheme to demodulate arbitrary modulation formats,
such as multilevel amplitude and phase-modulatgdass (e.g., QPSK, 8PSK, or QAM), or analog
modulation.

Although the receiver prototype has a fairly compéchitecture it can be successfully assembled
using widely available commercial components. lis fharticular case commercial GaAs modulators,
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manufactured by the?tPhotonics UK Ltd, were implemented.

In parallel to research on advanced modulation &snthere is intensive research on demodulation
techniques that limit use of optical components amove demodulation and decoding workload
towards electronic domain. Significant decreasmanufacturing costs of computing devices together
with unprecedented increase in computing power oflemn computers opened door for innovative
application digital signal processing systems (Di&R)dvanced signal modulation and demodulation.

Replacing expensive all-optical components in cefiereceiver with low cost electronic elements will
not only decrease overall manufacturing costs dsb a will limit costs of deployment and
maintenance. Those cost effective modifications ealtainly make coherent systems more attractive
for commercial implementation.

In March 2010 NEC Corp. and AT&T Corp. publishedearch results on low-cost prototype of
coherent transmission system with implemented et DSP components in the receiver module
[201] . The presented prototype had implementedrjmation-division-multiplexed (PDM) eight-level
coding (8PSK and 8QAM),

The digital coherent receiver mixed the incomingiagp field with a local oscillator (LO) through a
polarization- and phase-diverse 90° hybrid. Thidrhiy separated the in-phase and quadrature
components of the received optical field in bothaXd Y-polarizations, which were detected by four
balanced photodetectors (four single-ended phatoties were also possible for this prototype). The
detected analog electrical signals were digitizgddor analog-to-digital converters (ADCs) and then
directed to a digital signal processing (DSP) umitich was the heart of a digital coherent receiver

The DSP module consisted of receiver distortionigaiion device, slowly adaptable digital
equalization for chromatic dispersion (CD) compdinsa 2x2 MIMO-based adaptive equalization for
polarization recovery and PMD compensation. It b implemented carrier-frequency- and phase
recovery. Clock recovery and soft decision were alglemented within DSP module.

The RZ-shaped PDM-8PSK version of the prototypaesyseached effective data rate 17 Tb/s (161
DWDM channels, 114 Gb/s each) over 662 km of Utivloss (ULL) SMF-28 fiber with deployed C-
band EDFA amplifiers. The optical link had at arge span length of 82.75 km, channel spacing of
25 GHz and spectral efficiency of 4.2 bit/s/Hz.

The RZ-shaped PDM-8QAM version of the prototypetaysreached data rate 32 Th/s (320 DWDM
channels, 114-Gb/s each) over 580km of ULL SM-2@rfiwith C+L-band EDFA amplifies deployed
every 82km of optical fiber.

The optical system had average launch power oB-peat single DWDM channel. The observed BER
was between IHand 1C. It is important to notice that BER level that wasched in this particular
prototype system was much higher than the levet@ed in existing commercial telecommunication
systems (19).

Although the observed BER was much higher than BERalready existing telecommunication

systems, this prototype presents a very importéep sowards high bandwidth and cost efficient
advanced modulation systems. It also exhibits argiatl capability of coherent detection systemdwit
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signal decoding functionality embedded in high-&%P modules. Computing power of DSP systems
that are already commercially available will cantpisteer the research on advanced modulation
systems towards hybrid electro-optical technolothes$ open door for cost effective commercializatio
process.

Universal platform for development and testing advanced
modulation techniquesin PON

As it was presented in previous chapter there amsber of working prototype systems, developed in
academic and commercial institutions that implensghtanced modulation techniques. Unfortunately
presented prototypes do not find easily their wagdmmercialization process because of drawbacks
such as very complex architecture, high cost ofl@menting optical components and high bit error
ratio. Significant differences in costs of all-agati components and electronic components make DSP-
based architectures more attractive in perspedfvature commercialization. Chapters 6.6.4 and 7.6
presented innovative applications of commercial -tmst electronic components with computing
power that is sufficient to be part of hybrid eteeoptical devices.

To develop and test innovative advanced modulagahniques and to evaluate hybrid electro-optical
systems with implemented DSP functionality a urseétest platform was designed (Figure 177).
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Figure 177; Architecture of universal test bedddvanced modulation development and techniques
evaluation

The test platform is designed to be assembled frommercially available electrical and optical
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components and it has two main purposes: protogypimd testing low-cost advanced modulation and
demodulation techniques and development and evatuatnovative cost-efficient optical amplifiers
such as SOA. The test platform will support redeard development extensions for PON as well as it
will support development innovative radio-over-filsystems.

The source of the continuous optical wave is DWadel, such as ThorLabs PRO8000-DWDM. To
separate each wavelength a demultiplexer shoulagpéied after the source, such as 32-channel
IgnisPhotonyx M014007761. The light is externallpdulated by intensity-, phase- and polarization
modulators that can work in two-level fashion (ORK) or multilevel fashion. The examples of
external modulators that can be implemented ar&l#8 ThorLabs LNO5S (intensity modulation), 40
Gb/s ThorLabs LN66S (phase modulation) and 10 GhzrTabs LN58S (analog modulation).

The source of the modulating signal is arbitrarywevdorm generator Tektronix AWG7122C that
supports coherent signals (IQ/IF/RF): DPSK, QPSKD®I, QAM with a data rate 24GS/s. The
prototype of low cost signal generator can be asplemented in FPGA development board. The
NIOS FPGA platform designed and developed in chiapt provides 84 parallel modulating signals.
This platform supports 42 DWDM channels with inignsand phase modulation. This particular
Stratix platform supports 1.7MHz modulating ON/O§&ignals that allows effective data rate of the
DWDM system to reach 71 GS/s (142 Mb/s).

If energy-efficient Cyclone IV platform is implemga with 64 parallel modulating signals 50MHz
each, the coherent system will have aggregateccitgda6 GS/s (3.2 Gb/s) over 32 DWDM channels.
Further upgrade of the FPGA platform to new tecbggland energy efficient Stratix IV that supports
48 parallel modulating signals at 8.5 GHz eachl, wdrease the total data rate to 204 GS/s (408)Gb/
over 24 DWDM channels. Upgrading the system toti&tha FPGA that supports 10 GHz modulating
signals will increase overall system capacity t6 &5/s (480 Gb/s).

Since DWDM demultiplexers and electro-optical madois do have high insertion loss an effective
optical amplifier should be implemented to courdalance the signal loss. This creates opportuaity t
design and evaluate innovative SOA devices thatbeatested in the setup that reflects near realisti
commercial telecommunication infrastructure. Théappation modulation of the optical signal will
provide opportunity to develop and test polarizatiosensitive SOA prototypes.

Since modulating signal generated by FPGA platfoamd wave form generators may be too low for
effective driving electro-optical modulators, numioé low-noise RF/microwave amplifiers should be
also implemented in the transmitter section oftést system.

Modulated DWDM wavelengths are aggregated in mieltigr and launched into optical fiber that

connects School of Information Technology and Eegimg and Ottawa City Hall located in

downtown at corner of Elgin Street and Laurier AvenThis optical fiber is a part of the commercial
public telecommunication infrastructure deployedQity of Ottawa. Beside of the fiber link to the

Ottawa City Hall (about 15 km length) there is almxess to long haul optical link that connects
University of Ottawa to Queens University in Kingst(over 200km length). This particular link is a
part of Ontario Research and Innovation OpticalWdek (ORION).

The optical signal that comes back to the receivay be significantly attenuated as well as it camyc
some amount of noise therefore an optical amplisermplemented (before of after the DWDM
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demultiplexer) before signal enters receiver.

For the detailed test and measurements purposeedher part is built form vector signal analyzer
(VSA) Agilent N4391A that supports modulating fonm&SK, QPSK, BPSK, DQPSK, QAM at data
rate 60GS/s. The vector signal analyzer is a fesrt for optical signal detection and demodulation.
The demodulated signal is analyzed in the scopéeAgDSO-X 91604A. The scope together with
vector signal analyzer is a complex system foribetanalysis of the advanced modulated signals.

Demodulated signal from VSA can be also redirettecustom DSP system that is built on the FPGA
platform. VSA can be also replaced by simplifiedicgd front end that provides optical phase detecti
such as DPSK Kylia Mint-1X2. This flexibility at ¢hreceiver end creates an opportunity to design and
develop innovative low cost hybrid electro-optidaimodulation systems.

The predefined data pattern for the optical trassian can be stored in a form of Matlab code, Excel
sheet, binary data file or any other format thatdseptable for wave for generator or FPGA platform

The designed test system has number of importarangages that significantly enhances the research
on advanced signal modulation techniques in PONe Titst advantage is its integration with
commercial telecommunication infrastructure thdbvas for configuration testing scenarios that
reflects realistic environment of commercial sysderhe second advantage is opportunity to test
innovative photonic integrated devices such as $®4Avaluate their performance in optical systems
with implemented advanced signal modulation tealesq

Third important feature is its flexibility of apptyg variety of modulation techniques such as QAM,
SFK, DPSK, QPSK. The system works with commera@élokatory instruments such as scopes and
analyzers to provide data measurements that lag¢eorbe the reference point for evaluating
performance of custom designed coherent systemsimglemented DSP modules.

This universal test platform will allow for havingffective and efficient research on design and

development of advanced modulation systems thateimmgnt cost effective components and bring
them closer to the commercialization process.
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Futurework

The presented results of this thesis create a smliddation on which to further expand the study of
PON extensions, to continue improvement of devalgpetotypes and to address new issues that were
presented in this work.

The software based system for traffic aggregatioth @ncapsulation represents a successful proof of
concept that low cost PC-based architecture carsbd to create a low cost network access node. The
software implementation of traffic processing fumcality provides the advantage of flexibility and
adaptability in node configuration and maintenaridee promising results of the benchmark tests that
were performed on singe-core CPU architecture dofumity evaluate implementation of parallel
processing in the prototype. Today’'s wide availabibf new generation multi-core CPUs provides
countless opportunities to continue working on ioye@ment of the node scalability through
implementing parallel processing techniques witlirameworks of the new generation CPU
architecture.

The innovative prototype of the electro-optical teWwithat is based on a Linux platform represents a
promising architecture that can be used as a tamespintermediate node to provide interconnection
between access networks that are deployed in betklectrical domain and the optical domain. The
switch prototype also explores a unique opportutotylevelop low cost technologies to facilitate a
smooth transition from hybrid electro-optical netiwanfrastructure to all-optical access networks in
the future. Although the prototype has already essfully proved its capability to work in optical
gigabit Ethernet LAN and a number of technologieat toffer an upgrade to higher data rates are
commercially available, the issue of increased pasw@sumption may need to be addressed. Because
the switch prototype relies heavily on traffic flggrocessing in the electrical domain, it may reguir
further study into issues such as energy efficie®ogaling the device up to higher data rate (40sGb/
and beyond), will certainly require higher procagspower and this may lead to an increase in overal
power consumption. Further research will undoulytémi required to develop switch configurations
that offer energy efficiency without compromisirgir performance.

The semiconductor optical amplifier (SOA) was immpénted as an innovative optical switching
component that offers valuable features such logrggnconsumption and a simplified reconfiguration
process through an external control unit. Althotigdh SOA successfully proved its performance as a
switch fabric it did exhibit unusual behaviour pesific operational frequencies. Although the polesi
explanation of this occurrence may be due to thtepang effect, this issue must be studied furtoer
understand the effect of operational frequenciepeniormance and to develop technology that can
limit impact of this effect on switch performandeh@gher switching ratios.

The SOA was also successfully implemented in amggnefficient optical amplification system that
supports multiwavelength transmission. The mairficdilty in implementation within an optical
amplification system lay in the SOAs tendency taitesignificant amounts of spontaneous noise.
Although the successful solution for this problemswmplemented using DWDM filters, considerable
optical loss was observed. There is much work tddyee still on noise reduction techniques as well a
a need for decreasing the overall physical dimerssiof the device without introducing significant
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optical losses.

Advanced modulation techniques are becoming thesfa¢ research and development centers in both
academia and industry. The goal of increasing @@ date without increasing physical modulation

frequency is a very promising endeavour for nextegation optical transmission infrastructure. The

universal system for developing and evaluating comepts of optical networks that support innovative

modulation techniques provides an excellent toolctintinuing research on PON extensions. It also
allows for a focus on development of new signal ulation techniques to be incorporated in the next
generation of telecommunication infrastructure.
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Conclusions

The presented work has focused on researching mmbging new methods to implement low cost
hardware and software components in new systenti@aduto address the need for passive optical
network (PON) extension. Particular emphasis icgiaon incorporating commercially available

components that offer low costs of production, iempéntation and maintenance to allow the prototype
system to be deployed in existing network infrastuce.

A low-cost network traffic analyzer was designed dilt using PC-based components and a Linux
operating system. The analyzer was used to stadfyctstructure in commercial access networks. This
task relates closely to study of the expansion@NP as it improved knowledge and understanding of
the nature of real traffic characteristics andtihation over extended time periods.

The novel application of a universal PC platformswauccessfully evaluated. It was proven that
modern multipurpose computer architecture usedisemer electronics offers a level of processing
power that satisfies computing tasks related t@ dlatv processing. The benchmark test of traffic
aggregation and data encapsulation was performeédhenresults indicated that PC architecture can
successfully be implemented as components in 10GNERetwork devices.

The innovative optical switch was also designed hnitt using low-cost PC based components. Its
performance was sufficient to satisfy 1G Etherrtcal infrastructure, and its flexibility allows o
work with IP packets, Ethernet IEEE 802.3z framesl MPLS labels. Its routing and filtering
capability enables it to be deployed as inter-netwayidge or firewall. Evaluation of PC architeaur
as a candidate for switch fabric devices in 10G 40@ infrastructures was explored, and future paths
of migration towards 100G were presented.

An energy efficient controller for SOA-based switébric was designed, built and tested. The
controller allows for parallel reconfiguration mple SOA components and its small size allows it to
be incorporated with switch fabric in the same eswte. The controller performance was evaluated
and available methods of further limiting its powemsumption and its physical dimensions were
presented.

Comparison of PON and Agile All-Photonic NetworkARN) infrastructures was made and novel
methods of PON analysis were demonstrated baseuholarities to the AAPN.

Application of SOA as an energy efficient amplitioa device was presented. Power budget analysis
was made where SOA was incorporated as an amphfieMWWDM infrastructure. Detailed analysis of
commercial SOA device implementation as power @psgtline amplifier and preamplifier in optical
gigabit Ethernet network was given. Available mehof SOA performance improvement were
explored from perspective of commercial applicadioBOA impairments and drawbacks were also
described and potential methods of improvementsg \etied.

Leading-edge analysis of commercial SOA device Watked as component of optical switch fabric
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was shown. The study focused on SOA performance i@ndignal responsiveness for different
switching ratios. The patterning effects were eibiin the form that has not been reported before.
The observed effects helped in evaluation of data and time slot length that can be supported by
SOA based optical switch in PON.

Additionally, this work investigated the progress date of the development of advanced signal
modulation techniques and their potential with rdgato application in present and future PON
extension and enhancement strategies. The devehbpofecoherent transmission and detection
systems has the potential to be one such solution.

Finally, research was presented on the design whizersal platform for evaluation and advanced

signal modulation techniques. A platform of thisdiwould allow for the creation of groundbreaking

energy efficient devices built from low cost, dffetshelf components. These devices will offer

advanced signal processing and decoding in anriel@ciomain as an alternative to expensive all-
optical receiver systems. The aggregated dataatdésto be supported by the platform was evaluated
to be in range of 240GS/s if a DWDM transmissiostam is applied.

This platform is designed to continue research @NRextension techniques with an emphasis on
simplification of data processing, implementatidrembedded systems and migration from all-optical
coherent receiver systems to alternative low-c&@P Dased systems that are becoming the technology
of choice for future advanced modulation systemgpitical access networks.

The results of this work were presented in theofeihg publications:
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GROWAN 2011, Brest, France, 15-17 June 2011

R. Radziwilowicz, J. Gama Benitez,. T.J.Hall, “Energy-efficient &xsions in Passive Optical
Networks”, Proc. SPIE Photonics North 2011, Otta@anada, 16-18 May 2011

R. Radziwilowicz, “Innovative applications of Semiconductor Optiéahplifiers in commercial
Passive Optical NetworksCMC Texpo 2010, 4-5 October 2010
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