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ABSTRACT

Wavelength-division-multiplexing-based optical access networks (WDMOANS) have the
potential to address the “last-mile” connectivity issues through passive architectures and to
support quality-ensured telecommunication services. Over the years WDM-based passive
optical networks (WDMPONS) with tree topology are evolving as one class of WDMOANS
with a promise towards a cost-effective and flexible broadband access solution. In the present
thesis, we investigated some of the relevant MAC-layer and physical-layer issues for such
networks for three different network configurations.

First we investigate the performance of medium access control (MAC) protocols in a
WDMOAN with two-level hierarchical topology, consisting of a backbone ring
interconnecting several passive-star-based clusters of optical networking units (ONUs) at
customer premises. Each cluster is connected to the backbone through an access node (AN).
Ascheduler located in each AN, executes two MAC protocols, one for the intracluster traffic
and the other for the intercluster traffic. The performance of MAC protocol for intracluster
traffic is evaluated through event-driven simulation. The delay performance of the
mtracluster MAC protocol is found to improve on increasing the number of control channels
but with an early take-off of the delay curves. Further, incorporating a few more control
channels using subcarrier multiplexing (SCM) on a single control wavelength proved useful
in improving the overall delay performance, without reducing the number of wavelengths
needed for data traffic, albeit at the cost of increased hardware for SCM. The performance of
MAC protocol for intercluster traffic is evaluated through analytical modeling of the queuing
system employing two dynamic bandwidth management schemes. A comparative study of the
two intercluster schemes in terms of end-to-end delay is carried out in terms of end-to-end
elay, to understand the effect of priority queuing on the real-time and non-real-time service
packets.

Next we consider the resource provisioning aspects in a WDMPON which employs

M along with optical code division multiple access (OCDMA) technique for better
dwidth utilization. First, we adopt a heuristic approach for allocating optical codes to the
which takes into consideration the traffic asymmetry between the upstream and
stream transmissions. Thereafter we improvise the heuristic provisioning towards an

N al design by using our observations on PON throughput and thereby drifting from the

c estimate incrementally. For this purpose we develop an analytical model for system






throughput taking into consideration the effects of interference and code contention in the
upstream channels which helps in understanding the behavior of a network with asymmetric
traffic. Using the throughput models, we examine the under-provisioned and the over-
provisioned (with reference to the heuristic solution) cases using open-search mode of optical
code allocation to arrive at an optimum resource (code) provisioning for the network.

Finally, we consider a WDMPON, which employs an arrayed-waveguide grating
(AWG) at the remote node (RN) and examine the bit-error rate (BER) performance of routed
optical channels at various AWG ports. The AWG-based RN demultiplexes the incoming
(downstream) WDM signal to distinct output port locations, through static wavelength
routing mechanism. An analytical model is developed for the routed optical signals, which
takes into consideration finite laser linewidth, spatial dispersion and far-field intensity profile
in the AWG. A novel spectral-to-spatial domain transformation technique is used to
determine the amount of optical signal power captured at the various output port locations
with due considerations to signal impairments like interchannel crosstalk and the consequent
interferometric beat noise at the receiving end. It is observed that for increasing linewidths,
beat noise effects on the optical signal at the receiver are strong enough to deteriorate the

BER values by 2-3 orders at the outer ports and by 3-4 orders at the inner ones.






CHAPTER 1

Introduction

11 Fiber in the Last Mile

Broadband access networks using optical fibers have emerged as the high-bandwidth “last
mile” wired-solution for this information-era. In near future, a customer would expect the
subscribed network to be capable of delivering services like HDTV, video-on-demand,
VolP, video-conferencing, etc. Copper-based access, whether it is through twisted pair
wire or coaxial cable, in spite of employing digital subscriber loop-modern technologies,
falls short of addressing the bandwidth demands of such emerging services. In view of
this, many incumbent local exchange carriers and multiple system operators in North
America, Asia-Pacific and Europe are gearing up for a migration to fiber-based access
infrastructure. The flber-to-the-x (FTTx: x being any one the Curb/ Premises/ Building/
Home) architecture, can employ either point-to-point or point-to-multipoint type of
connectivity, between the central office (CO) and customer premise terminations
[FPSB89].

In a point-to-point system, a source-destination pair enjoys exclusive usage of an
optical link and is justified for a business house or an organization. On the other hand, in
a point-to-multipoint system, the candidate topology could be a passive star or a tree
connecting a cluster of users and, such clusters may be interconnected using ring or other
suitable intercluster backbone (feeder) topology using optical fibers. For the local cluster
formation, the passive star topology would need a central access node (AN) placed on a
local hub on the fiber backbone, while for tree topology each cluster would need a feeder
fiber from the AN or the hub to a point called remote node (RN). From the RN, service
traffic would be distributed through appropriate passive device on individual distribution
fibers to the users. Such networks are in general termed as passive optical networks
(PONSs). Typically, such a PON would consist of an optical line terminal (OLT) located at
the hub, with multipoint connectivity to optical network units (ONUSs) or optical network
terminals (ONTSs) located near or in the user premises. For PONs with tree topology,

depending upon the geographical distribution of the users, RN can have either a single-



stage or a multi-stage configuration employing power splitters (using star couplers)
and/or wavelength-routing devices, such as arrayed-waveguide grating (AWG).

FTTx is the outcome of an earlier initiative taken by Full Service Access Network
(FSAN) consortium, consisting of several global service providers, manufacturers and
equipment vendors, with the objective to bring out a common interoperable access
solution for delivering integrated broadband services. FSAN’s proposal was ratified by
ITU-T in 1998 and became the first PON standard under G.983 recommendation
[MaOFOI]. Systems based on this standard were called ATM PONs (APONS), which
operated on 1490/1310 nm wavelength for downstream/upstream transmissions. As the
name implies, this access solution is based on ATM data encapsulation and has the
capability to handle the QoS requirements of triple play services at 622/155 Mbps
transmission rates. The basic APON was improved upon with an “analog video” overlay
at 1550 nm along with a higher downstream speed of upto 1.2 Gbps which came to be
popularly known as Broadband PON (BPON). Dominance of data traffic over voice
traffic and ubiquitous presence of Ethernet-based networks created also the need for an
access standard to carry data services efficiently. In 2004 IEEE’s drive to bring Ethernet
to the last mile (later identified as the “first mile”) led to the emergence of EPON or
GEPON which offers symmetric data rates of 1.25Gbps. All these standards are based on
time-division multiplexing/multiple access (TDM/TDMA) for their transmissions.
Subsequently, optical technology became mature enough to bring down the network cost,
so much so that increasing number of last mile installations found it necessary to upgrade
their systems to FTTx architectures. In order to enable all proprietary networks (TDM and
non-TDM) to seamlessly communicate with each other, ITU-T came up with a new
standard G.984, called Gigabit PON (GPON), which supports ATM, Ethernet, IP and
SONET payloads through a gigabit encapsulation method (GEM) and can also stream
video-over-1P at 2.5Gbps symmetric rates.

In July 2007, regional FTTH councils in various parts of the world published a
global ranking of economies, with “greater than 1% FTTx penetration” as the qualifying
factor. Fiber roll-outs are being prioritized in countries like US, Japan, South Korea,
Hong Kong and which would soon set a path for other countries to follow. This
momentum will further give rise to a variety of media-rich interactive services demanding
more scalability and higher utilization of the optical links in PONSs. In this aspect, a
TDMPON needs an overhauling of the entire network in order to accommodate new

services and subscribers. This sets an upper limit to the maximum bandwidth a subscriber



can be offered. Further as the customer-base grows in size, access control mechanisms for
upstream traffic and multiplexing techniques for downstream traffic need to be enhanced
with more powerful technologies [KSGWO07], [MukhOO] like wavelength-division
multiplexing (WDM). At this stage, design considerations other than cost become
important to future-proof the existing TDM-based PON deployments. A WDM-based
optical access network (WDMOAN) offers virtual point-to-point connections to the end-
users on a shared infrastructure with either active (AONSs) or passive architectures (PONSs)
and leverages all the benefits of a shared network making them suitable for cost-sensitive

access segment [Koon06], [KSGWO07].

12 WDM-based Optical Access Networks

WDM is already an established networking technology in the wide area and metropolitan
area segments. There is a growing awareness in the world communities, regarding the
benefits of having high bandwidth connection with the information highway. This
changed the attitude of a prospective customer, who is now willing to pay more for the
quality of service connection. In such a scenario, deploying WDM in the access segment,
not only brings several benefits for the subscribers, but also makes the network
reconfigurable according to traffic dynamics. In spite of the need, WDM penetration in
the local loop is in want of mature devices. In recent years, WDM device technology has
made remarkable progress and a variety of optical transmitters and receivers of both fixed
and tuned type, are now readily available [Zim98], [Tong98], [EIM0oOO], Similarly
tunable optical filters for WDM networks have undergone considerable progress
[SaB098], Tunable transceivers are relatively more expensive, making them suitable for
°LTs. However, for ONUs located in business premises or large research and
development units, the transceiver cost might be negotiated for the bandwidth advantage.
As menti°ned earlier, such WDMOANSs typically used ring-on-star topology, where the
Passive-star-configured ONU clusters are connected t0 a ring-configured feeder fiber.
Traffic distribution within the cluster was carried through power splitters whereas the
a8gregated cluster-traffic on the feeder ring employed wavelength routing using active
ubsystems (with optical-electronic-optical conversion). Scheduling and other MAC-layer

ated functionalities were carried out centrally at the access node (where OLT is co-



Subsequently, in order to reach the network services to all sections of customers,
the distribution nodes were moved closer to the user-premises with a completely passive
distribution between the OLT and ONUs leading to a tree topology. These access
networks are called WDM-based passive optical networks (WDMPONS). They can be
power-splitting (broadcast-select services) type, wavelength-routed (switched services)
type or a combination of both, depending upon the local telecom needs. An optical
channel in a wavelength-routed PON experiences low splitting loss and is transparent to
the line rate, data format and transmission protocols, lending itself to a smooth up-
gradation path. Arrayed waveguide grating (AWG) devices which feature low insertion
loss, periodic routing and spatial wavelength reuse, play a pivotal role in realizing
efficient wavelength-routed WDMPONs. WDMPONs are emerging as the next
evolutionary step towards realizing FTTx technology in the service-driven access network
segment.

In order to support large customer-base whose per-user bandwidth requirements are
nominal, PONs employing hybrid technologies prove to be more cost-effective. Hybrid
PONs with TDM and subcarrier multiplexing (SCM) techniques along with WDM, viz.,
WDM-TDM [SJSS05] and WDM-SCM [KaHa06] configurations have been investigated
in several experimental studies. However the scalability of the network is limited in the
former (TDM) due to the high operating (aggregate) speed requirements by the ONUSs
and beat noise effects amongst the RF carriers, in the latter (SCM) case. In this regard, a
relatively new multiple access technique, optical code division multiple access (OCDMA)
is also being considered as a possible solution for the PON segment [KiwWW06]. OCDMA
systems are suitable for carrying bursty data traffic with asynchronous communication,
obviating the need for either synchronization (as in TDMPONS) or tunability (as in
WDMPONSs) ofthe ONU transceivers. Further, it has the potential to maintain the service
quality of heterogeneous services (expected in future PON traffic) through multi-rate
coding [MaVi98]. OCDMA-based PONs can be realized with the help of passive devices,
like Fiber Bragg Grating (FBG) for encoding/decoding the information bits. FBGs are
more amenable for mass fabrication compared to the fiber delay-line based codecs that
were used earlier. However interference from simultaneous users limits the scalability of
OCDMA-based PONs. Hence, a more useful way to exploit the inherent advantages of
OCDMA is to use it in conjunction with WDM (called W-OCDM PONS). Such
realizations of W-OCDM PONs offer secure (in-built due to encoding process)

connections with modular (in terms of optical code size) scalability.



13 Some Major Issues and Motivation for Research

Like any promising technology, WDMOAN too has its own share of challenges to be
overcome before its intrinsic benefits are harnessed for the needs of a true FTTx solution.
In order to utilize the benefit of WDM, WDMOANS need appropriate MAC protocols
with suitable network and AN configurations. Furthermore, as mentioned earlier clusters
of users belonging to passive stars or trees need to communicate amongst themselves
through fiber backbone for intercluster traffic.

In our first research problem, we investigate the MAC protocols for a WDMOAN
with passive-star based clusters interconnected by fiber ring as backbone (feeder). We
investigate some methods of reducing contention in the control channel to improve
throughput in data channels. Further, we incorporate priority queuing in the MAC
protocol for handling multi-service (real-time and non-real-time) traffic in the feeder
network and carry out delay analysis for two different priority queuing methods.

With growing subscriber population, a network designer has to find improved ways
of multiplexing downstream channels as well as use novel access mechanisms for
upstream transmissions. In future the upstream traffic will gradually grow and upstream-
to-downstream traffic ratios exceeding 1:2 (eg., 1: 0.75 and 1:0.9) may not be uncommon.
Thus, in our next research problem we carry out investigations on the problem of resource
provisioning in W-OCDM PON. We propose a hybrid architecture which utilizes
WDM/WDMA and OCDM/OCDMA in an integrated way to support a large number of
bidirectional transmissions. An analytical formulation for evaluating upstream and
downstream data throughputs, using a heuristic estimate for code allocation is carried out.
Based on the analysis, we attempt to reach an optimum resource allocation for a user-
cluster, in terms of appropriate figures of merit for PON performance.

Service transparency and link upgradeability can be effectively realized only on
WDMPONs employing wavelength routing. However the cost-effectiveness of such a
WDM PONs depends on optimization of link power budget, which needs a systematic
Study of various factors affecting the routed WDM channels through AWG used in the
RN. In our next problem, we take up a WDMPON configuration, which uses an AWG to
Perform channel distribution at the remote node using wavelength routing. AWG being a
Passive routing device is particularly preferred in RNs with either high fan-out, single-

a8e distribution or with multiple-stage distribution. We develop an analytical model to

dy 'mpact of impairments resulting from non-ideal nature of the laser spectrum,



routing device, co-channel interference on physical-layer performance of the receivers,
viz., crosstalk power, beat noise, non-uniform power distribution in AWG and their

manifestation as bit-error rates (BER) at various AWG output ports.

1.4 Thesis Contributions

As discussed in the foregoing, the following investigations have been carried out in the

present thesis:
* Investigations on MAC protocols to implement in a WDMOAN with ring-on-stars
topology, wherein passive stars form the local cluster of ONUs and the clusters are
interconnected using a WDM ring.
Proposed a scheduler-based access node configuration, which centrally
coordinates intra/inter-cluster transmissions using two separate MAC protocols
Performance analysis of the proposed intra-cluster MAC protocols using pre-
transmission coordination through event-driven computer simulation
Performance analysis of the proposed inter-cluster communication protocols using
queuing models
e Studies on resource provisioning in W-OCDM PONs with asymmetric traffic
distribution for upstream/downstream communications
- Analytical modeling of upstream and downstream data throughput for a given
traffic asymmetry with and without contention for shared codes in the upstream
channels

- Performance analysis of upstream and downstream communications of aggregate
throughput rate using the developed analytical models
Studies on the methodologies for scalable resource provisioning (optical codes per
wavelength as the resource divided between upstream and downstream
communication) in a W-OCDM PON, based on the overall throughput estimates
for the PON using the developed throughput models.

» Studies on transmission impairments in AWG-based WDMPONSs

- Development of a novel analytical model to estimate the signal and interchannel
crosstalk power levels at AWG output ports using a frequency-to-spatia

domain transformation of non-ideal laser spectrum



- Studies on BER performance for downstream communication through AWG and
evaluation of BER variation across the AWG ports leading to the assessment of

scalability of AWG-based RNs in WDMPONSs

15Thesis Organization

The rest of the thesis is organized in the following manner. Chapter2 provides
background for WDMOANSs with a brief account of the related studies and developments
reported in the literature. Chapter 3 deals with the studies on MAC protocols for a
employing ring-on-stars topology for intracluster as well as intercluster communications.
Chapter 4 presents the studies on resource provisioning using throughput analysis in a W-
OCDM PON for asymmetric traffic distribution for upstream/downstream
communication. Chapter 5 deals with physical-layer performance in a wavelength-routed
WDMPON employing an AWG as its RN. Finally Chapter 6 presents the concluding
remarks on our investigations followed by some discussion on the possible future scope

ofthe work.
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CHAPTER 2

WDM-Based Optical Access Networks - An Overview

2.1 Introduction

Over the last two decades, several configurations for WDMOANSs have emerged,
uncovering various issues involved in deriving the benefits of a dedicated wavelength per
ONU. Most of the early studies on access networks focused more on the traffic
aggregation issues of the feeder segment compared to the distribution segment [SaSi99]
and mainly targeted corporate user premises [MoBa99], One of the early WDMOAN
architectures which supported dedicated wavelengths per every ONU was proposed by
Modiano et. al. [MoBaOO] which employed a ring-on-stars topology with the ONUSs
equipped with elaborate transceiver units. The distribution segment was configured
generally in a star topology with the hub located in the AN collocated with the CO as
shown in Fig.2.1. The AN was designed to handle data traffic within the local cluster all-
optically through a passive star coupler (PSC) and the inter-cluster (between clusters)
traffic through OEO conversion mechanisms. In fact way back in 1989, Wagner et al.
conducted an experimental demonstration on passive photonic loop architectures using
16-channel AW G-router in @double-star configuration [WaLe89]. Their study established
the fact that a significant amount of cost-reduction can be achieved as compared to the
dedicated fiber connectivity to a residential user or a small business customer.

In subsequently proposed WDMOANZ1configurations, the distribution node
separated from the AN, brought closer to the user premises and was called RN.
ONUs had a point-to-multipoint connectivity to the RN with either a star or more su” y
a tree topology. The main objective driving this change has been presumably to
WDM-based access network deployments as cost-effective as possible through pas

Thus WDMOAN and WDMPON became eventually synonymous with WDMPONSs referred more
Popularly to imply the passive tree topologies.



Fig. 2.1. Typical Network Configuration ofa WDMOAN

distribution and increased sharing with branched connectivity. Thus topologically the
ring-on-star based architecture gave way to the tree-based configurations so that more and
more users can be connected with minimal fiber laying overhead per user. As a
consequence, the transceiver and MAC units (of erstwhile AN) constituted the OLT
which along with the distribution portion between OLT and ONUs came to be known as a
WDM passive optical network (WDMPON). With time, the distribution segment in a
PON grew in size and the attendant implementation issues drew considerable attention
from the research community [FMDP94] and [ZJSK95], Accordingly several WDMPON
architectures were proposed and studied experimentally as well as analytically for their
cost effectiveness, efficiency and scalability. In our subsequent discussion, we consider
some important aspects of WDMPONs and mention briefly the reported work on each
aspect as evident through recent literature.

Deployment point of view, the intervening portion between the OLT and the ONUs
also called the optical distribution network (ODN), is crucial for a WDMPON. An ODN
fabric consists of a branching device whose input port is joined to the OLT through a
relatively long and shared fiber segment and output ports are connected to the ONUs
through distribution fibers. The branching device accomplishes channel separation using
either power splitters and/or wavelength routing devices. For small split-ratios (<16),
power-splitter based RNs are adequate whereas for higher split-ratios, router based
remote nodes [BaFM98] offer better technical advantages. Thus we have two categories

of WDMPONSs, based on the type of ODN employed.
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Power Splitter-based WDMPONSs

Typically a power splitter-based PON (PSPON) employs 1 x N transmissive passive star
coupler (PSC) in the RN to distribute the signal power entering the input port into N
output ports. Thus the RN distributes/collects the data channels in a broadcast-select
mode. Most of the early PSPON configurations were coarse WDMPONSs, which
employed WDM only to distinguish upstream and downstream transmissions with widely
separated transmission windows as shown in Fig. 2.2a. Such coarse WDMPONs used
TDM/TDMA transmission to distinguish the data channels. For instance in APONs and
BPONs the desired channel is identified and selected through either ATM cell header or
the time-slot depending upon the type of protocol used [1tut98].

On the other hand, in regular WDMPONs [MoBaOQ], the channels are identified by
their carrier wavelengths and selected through tunable transceivers. This mechanism
might make upstream transmission expensive for the ONUs. For this reason, more
economical PSPON configurations employ single carrier transmitters in the ONUs and
burst-mode receivers in the OLT while using a TDMA protocol for the upstream. Main
advantage of a PSPON is that, depending upon the communication requirements, an ONU

can dynamically oY

Vary ,ts share of bandwidth on a upstream/downstream channel simply by increasing its
usage slots without the need for any allocation algorithm. As long as no single ONU
grabs Unduly large portions of bandwidth, this feature helps in increasing the provisioning
asPect of a PON. Further PSPONSs offer service providers, the flexibility to determine the
Spllt ratio at a particular deployment site without affecting the ONU transceiver design

I HJZ98], However since the line rate is shared amongst the ONUSs, scalability of such
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configurations is limited in terms of user-bandwidth and power budget (due to splitting
loss).

Hybrid PONs based on WDM/SCM, WDM/TDM and WDM/OCDM employ PSCs
along with routing devices in multi-stage RN configurations. In such networks relatively
high overall user-counts are achieved, by operating each PSC (with low port-counts) on a
different optical carrier, which are multiplexed/demultiplexed through a wavelength
router. The broadcast nature of PSPONs is not only ideal for delivering community
services in downstream channels, but can also be used for sending control channel

information to coordinate the upstream transmissions [MoBa99] .

Wavelength Router-based WDMPONSs

Switched type of service distribution can be implemented by employing wavelength
router-based PONs. Dispersive devices like AWG are most extensively used in the RN
configurations of such PONs, as evident from the literature [FMDP94], [ZJSK95]. AWGs
have many desirable attributes of a distribution node like fixed insertion loss (~6 dB) and
good crosstalk performance (35 to30 dB) irrespective of port count. In such PONs two
important properties of an AWG viz., free spectral range (FSR) and coarseness, are
extensively exploited for enhancing the network connectivity pattern. FSR is the

periodicity with which higher order frequencies on the WDM grid are routed to the same

Fig.2.2b. Routed-based WDMPON architecture

Coarseness of an AWG determines the number of contiguously routed channels to an

output port.

With appropriately chosen value of coarseness, desired number of channels

dropped at each output port and the rest passed on to the next stage of distribution-
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Similarly, FSR of an AWG can be used to separate upstream and downstream
transmissions on a single distribution fiber between an OLT-ONU pair, as shown in
Fig.2.2b. FSR and coarseness have also been usefully exploited in multi-stage PON
configurations to study the optimum connectivity pattern between a large number of users
with an overall utilization of optical bandwidth [MMPS01]. Multiple FSRs have been
successfully utilized in realizing multiple cascaded stages of AWG-based RNs which can
serve a very large number of ONUs with reduced mean delay and increased throughput
[MaRWO03], Parker et al. exploited the cyclic properties (FSR) of AWG in a three stage
PON through active and passive coarse AWGSs to offer bidirectional addressing to up to
6912 customers using only 24 wavelengths [PaFW98],

Kazovsky et al., proposed and examined some network architectures which can
support the existing TDM-based PON services [AKGKO04] while being readily
upgradeable to WDM-based PON configurations. WDM techniques are used to separate
the upgraded and the prevalent signal traffic with sufficient guard band to avoid crosstalk.
The RN is a combination of AWG and PSC which seamlessly connects the users to all
available network services. In yet another study, as reported by Fan et al., both AWG and
PSC can be deployed in a parallel combination to achieve improved throughput-delay
performance and protection against single point failures (as in the RN) [FaMRO04]. In
order to save on wavelength resources which are divided between upstream and
downstream directions, same set of wavelengths have been spatially reused on separate
fibers in some PONs like RITENET. Though this significantly reduces the inventory
problem for the transceivers and very little additional loss due to doubled port-count, this

approach incurs fiber-laying costs and fault-diagnosis problems in the outside plant.

22 Subsystems and Devices

Next, we consider the building blocks of WDMPONSs, viz., the subsystems and the
devices that are employed in the end terminals. We briefly discuss their salient features
and review the relevant technology developments. A comprehensive report on the system

requirements, device and manufacturing technologies for state-of the-art FTTx solutions

Was glVen by Huang et al. in [HLXLO7].

Remote Nodes
We focus our discussion more on AWG-based RNs as they are very popular choice for

"DMPQNs. Wavelength granularity in the distribution segment of wavelength-routed
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networks was made possible with the advent of AWG. AWG is advantageous for high
channel counts (>16), amenable to monolithic integration (both Si-based and InP based)
and is currently available in planar lightwave circuit form. Major network configurations
based on AWG-routers have been extensively reviewed by Banerjee et al. in [BaFM98],
Several experimental and theoretical studies were carried out since Smit’s work on
AWG functionality [Smit88]. AWGs were continuously worked upon by various R&D

groups world over, for improved frequency response in pass bands, minimal polarization

Arrayed
Input waveguides waveguides Output
waveguides

Fig. 2.3. Arrayed Waveguide Grating

mode dispersion loss, temperature independence etc. [KGY099]. Temperature-controlled
athermal AWGs eliminate the necessity for monitoring wavelength shift in the RN (which
is located outdoors) and make the distribution system very reliable. There are several
component manufacturers, offering athermal AWGs with 40 channels and 6 dB insertion
losses as off-the-shelf products [Ligh07], Parker, et al., carried out studies on transform
techniques which help in the designing flat pass bands (over 30% of the FSR) for AWG-
based routers [PaWa99], AWGs are amenable to monolithic integration using silica
waveguide technology to realize planar lightwave circuits (PLCs). However the
birefringence of the waveguides in PLCs makes the AWG polarization sensitive.
Experimental studies were carried out to overcome this problem through a compensation
technique in the etching process, which improves mutual coupling of array waveguides
[NWLMB99]. This technique enabled them to realize polarization insensitive, low-loss (45
dB) and adiabatic (temperature independent) AWGs with cross-talk levels as low as 40
dB. Other efforts directed towards crosstalk reduction suggested the use of cascade
connection of integrated band-pass AWGSs to the original AWG, to implement AWGs
with extremely low crosstalk levels of < 80 dB [KK.IHO5]. InP-based AWGs have good

potential to integrate with other active devices (like detector and lasers) in the chp
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fabrication process, but are subject to coupling losses. Zimgibl etal., demonstrated a 15 x
15 AWG on InP with an FSR of 10.5 nm and channel spacing of 0.7 nm in the 1550 nm
region. The on-chip insertion loss was only 2-4 dB and the residual cross talk better than
25 dB [ZiDJ92],

PSCs have traditionally been used in most of the early RN implementations, as they
were low-cost and readily available. In spite of their splitting losses, PSC-based RNs do
not as yet have a clear alternative for carrying broadcast and select based transmissions in
PONSs. They are used in combination with AWGs to realize hybrid RNs to support WDM-
TDM PON, wherein the individual strengths of both the devices are appropriately utilized
[SJSS05],

Optical Transceivers
Transmitter/receiver (or transceiver) sections are crucial for the design of any
communication link, as they ultimately determine the link power budget. Typically Class-
B PONs (which are most common), have a power budget of 20-25 dB. Transceivers have
the ability to compensate for signal impairments accumulated in the fiber channel by
proper choice of system parameters (transmitter power and receiver sensitivity). On the
other side, non-ideal nature of the same transceiver alone can cause power penalties apart
from other impairments like laser relative intensity noise (R1N), group velocity
dispersion, multi path interference, mode partition noise, modal noise and modal
dispersion [HLXLO07], Non-linearity effects will surface mostly for analog video channels
via self-phase and cross-phase modulation. Depending on the geographical distance of the
link involved (from OLT to ONU), the effect of each of these factors will be different on
the relevant channel quality. When burst-mode operation is considered in the upstream
channels, the laser bias and modulation current must be adjusted with care. Here
sensitivity, dynamic range and response time ofthe receiver are of paramount importance,
for high speed data transfer.

Tunable transmitters and receivers are more appropriate for the OLT compared to

due to cost concerns. Traditional tuning mechanisms like external cavity tuning and
multi-section tuning [WoLAO7] have their respective limitations related to tuning speeds
( sec range in external cavity) and tuning ranges (a few nm in multi-section DFB lasers).
Vertical cavity surface emitting lasers (VCSELS) are gaining popularity for their tuning

Speeds of a few M and tuning range of 10-20 nm. The tuning mechanism is based on a
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micro-electromechanical system structure and can be operated in both 1.3 (im and 15nm
wavelength regions. Tunable receivers are generally realized using a tunable optical filter
in front of a broadband photodetector. New integrated CMOS devices based on metal-
oxide semiconductor have also been reported, which offer nanosecond speed receivers for

both 1550- and 850-nm systems [CCMHO5].

2.3 MAC Protocols and Scheduling

The role of MAC layer has been predominantly arbitration of access amongst several
simultaneous users in the upstream with minimal contention. With the advent of EPON
standard, research efforts were intensified for improving the bandwidth efficiency of 1>
traffic-carrying TDM PONSs. In this direction, Kramer et al. employed interleaved polling
to introduce dynamic bandwidth allocation (DBA) amongst the ONUs. While DBA issue
is limited to scheduling upstream transmissions on a single wavelength in TDMPONS, in
a WDMPON, it should take into account different wavelengths allocated for upstream
transmissions. Recently online scheduling methods were suggested for the WDM upgrade
of EPON to achieve lower delays at higher loads [McRe06]. In WDMPONSs, since each
ONU’s transmissions are on distinct wavelength channels, MAC protocols and
scheduling algorithms are employed mostly for either addressing scalability aspects or
incorporating QoS issues. For instance, a scheduler-based access node in [MoBaOO]
coordinates the inbound and outbound traffic to support unsynchronized communication.
Further the MAC protocol includes ‘look-ahead’ feature in the scheduling algorithm, to
overcome receiver contention. Kamiyama incorporated collision avoidance schemes in
the MAC layer to contain packet collisions in PSCs, which are deployed between the
AWGs and the user nodes for a scalable configuration [Kami05]. For AWG-based
wavelength-routed WDMPONSs, Spencer et al, proposed a MAC protocol which does not
need a centralized controller at the OLT [SpSoOO], Every ONU operates on WDM
request/allocate protocol called WRAP, through in-band signaling. They studied and
compared the performance of different allocation algorithms under the protocol for
finding the suitability of each under heavy to light loads of data traffic.

In order to guarantee fairness between upstream and downstream traffic and provid

efficient communication between OLT and ONUSs, scheduling algorithms were executed
based on time-bound batch frames, so that the data frame with earliest departure time is

scheduled first [KKIHO05], This improved the operational efficiency of the centrally
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tunable sources at the OLT. In their study [BoJKO5], the authors proposed a MAC
protocol for AWG-based networks which used OEO conversion to prioritize virtual
output queues to realize QoS. Spatial wavelength reuse property of AWG is utilized to
send both control channel and data channel information simultaneously to all ONUs.
Wide-area network (WAN) technology like optical burst switching was investigated for
handling high-speed, bursty, IP traffic in PONs in a recent study [SeVPOV], By
aggregating the data frames into bursts, provides ample scope for the OLT to carry on
scheduling exercise with less number of constraints. This also indicates the possibility of
the transparent integration of WANs with PONs in near future through optical packet

switching.

24 Resource Management

Operational efficiency of a WDMPON deployment depends on the way available
resources are managed, without sacrificing the service quality. According to one st vy,
80% of a customer’s bill is determined by the ONU cost. For this reason, most of the
research efforts in WDMPON have been towards reducing the cost of ONU, especially
the transmitter section. In the downstream, WDMPON systems used either simultaneous
(multi-wavelength source) transmission or bit-interleaved (chirped pulse s )
transmission.

One of the earliest WDMPON configurations to address the resource management
issue was, RITENET which employed re-modulation techniques on continuous optical
bursts, sent from the OLT on downstream channels. However this arrangement increased
the RIN due to lower laser extinction ratio and beat noise, both of which affectth 'g
quality of the existing downstream transmissions. Further an external modulato
ONU cannot be a cost-effective solution until the relevant device technology becomes
more matured.

Research efforts were oriented towards making the transceiver simpler and
by developing colorless or wavelength-selection free ONUs in order to overc
inventory problem. Several techniques have been demonstrated, such as, spectral sliced
broadband light source, injection-locked FP lasers and reflective semiconducto p

amplifiers (RSOA). These devices were utilized to generate the optical carrier power

from a centralized site (either OLT or RN) whose cost can be shared. Since the device
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be wavelength-tuned by external means through injected signals, resources can be
optimally provisioned.

Another attempt came from Jung et al. [JSLC98], who employed spectral-sliced
broadband spectrum of an 1.5 j"m LED for upstream transmissions and spectral-sliced
amplified spontaneous emission from a fiber amplifier for downstream transmissions.
Bandpass filters and Erbium-doped fiber amplifier (EDFA) were deployed in the OLT, to
ensure that the passband is within the FSR of the AWG and also to compensate for the
optical power loss due to slicing (about 10 dB). However crosstalk and loss in spectral-
sliced signals were found to be too high for access systems, unless power equalization of
received signals is done [Feld97].

In [CCTCO02], each ONU used a low-cost Fabry-Perot (FP) laser which wes
injection-locked with the downstream wavelength and then directly modulated with
upstream data. Under certain operating conditions, the original data on the downstream
wavelength is largely suppressed so that a single wavelength manages the up-link and
down-link traffic in a half-duplex mode. Another way of isolating the bidirectional traffic
was to employ different modulation formats like optical frequency shift keying in
downstream and ON-OFF keying in the upstream channels as reported in [DCCTO3].

Subsequently RSOAs were deployed in the ONUs which played the role of both a
modulator and an amplifier for upstream transmissions, on wavelength seeding them with
spectral slices generated at the OLT [HTFMO1], Recently Wong et al, reported the
feasibility of a self-seeding RSOA which receives the seeding light from a reflected
spectrum off an FBG device located at the RN [WoLAO7] as shown in the block
schematic of Fig.2.4. This arrangement not only relieves the hardware burden on the

OLT, but also incurs less reflective path losses compared to the OLT-generated seeded

Fig.2.4. WDMPON architectures with colorless ONUs [WoLAO07]
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scheme, due to the relative proximity of the ONU. However, losses due to Rayleigh back-
scatter have to be contained through circulators and isolators at the entry/exit points of the
RN and ONUSs. By using identical devices in user premises, the production costs reduce
considerably. In another study as reported in [KaHa06], the RSOA remodulates the
downstream light with a radio frequency sub-carrier, obviating the need for a separate
seeding source from either OLT or RN. This results in a hybrid WDM/SCM PON which
offers resources in both optical and microwave domain. We next consider some of the
landmark testbed studies and field trials which took place in various parts of the globe in

an attempt to find viability for WDMPON technology and systems.

25 Testbed Studies and Field Trials

Feasibility studies and field trials are indicative of the demand and acceptability for the
technology in question. Several organizations and universities in different parts of the
world participated in this development activity by forming various consortia and initiating
research projects. Most of them employed purely passive architectures while some more
ambitious projects included active configurations. We briefly discuss about the salient

aspects of some such major studies.

LARNET

LARNET is an acronym for local access router network (mentioned earlier briefly) and is
one of the first few model- architectures for WDMPON, which were proposed from
AT&T labs. It employs broadband edge-emitting LED sources in the ONUs and multi
frequency laser in the OLT as shown in Fig.2.5. Upstream and downstream signals a

separated by 1.3/1.5 urn WDM couplers. The downstream WDM signal carries the
[

OKU,

Multi A AN

frequency
laser

1xN
AWG
based
router

Broadband
burst-mode
receiver

XN A XN

Fig.2.5. LARNET Architecture [ZJSK.95]
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information for the ONUs on N distinct wavelengths. In the upstream direction,
modulated LED output spectrum is spliced at the AWG-RN ports. As a result the caa
generated at each ONU, reaches the OLT in distinct spectral portions of the 13 pi
wavelength-window. The spectral slices arriving at the CO are demultiplexed with a
second AWG and recovered by the receiver. Upstream channels are shared using a
TDMA scheme and a burst-mode receiver at the OLT. The architecture is cost effective
for moderate line rates with no serious beat noise effects between spliced soectrd
portions. However for longer distances (>15 Km), power budget for upstream

transmissions becomes constrained due to accumulated spectral losses in two AWGS.

RITENet

RITENet or remote interrogation of terminal network avoids a separate transmitter at the
ONU altogether [FMDP94], The OLT consists of a tunable laser which uses the sare
optical carrier for generating downstream signal as well as for sending a burst of carier
power to the ONU for upstream transmission in a time-multiplexed manner. The ONU
receivers are fixed-tuned photo-detectors to extract distinct downstream transmissions.
Every ONU taps the optical burst from the incoming signal and utilizes it for generating
its upstream transmission through a modulator. Since both upstream and downstream
signals are on the same wavelength, their propagation paths are separated through fibers,
as shown in Fig.2.6. As a result the RN split ratio is doubled but does not incur ay
significant additional loss due to AWG. A tunable receiver at the ONU is set to receive

the upstream

Fig.2.6. RITENET Architecture [FMDP94]
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transmissions in @a TDMA mode. With this architecture RITENET reduces the ONU costs
considerably but is limited in scalability due to the round-trip power losses for the
upstream signal. Further the overhead due to additional fiber-laying costs cannot be

neglected in evaluating the overall network cost..

SuperPON:

SuperPON [VMVQOO] system was initiated under the auspices of European ACTS
(advanced communication technology and services) project PLANET (photonic loop
access network) with the intention to extend the capabilities of standard APON (ITU-T
G.983). It supports a bit rate of 2.5 Gbps/311 Mbps (down/up), over a range of 100 km
with a spitting factor of 1:2048.The downstream and upstream transmission speeds are
shared by the ONUs in TDM-mode. EDFA in the downstream and gain-switchable
semiconductor optical amplifiers (SOA) in the upstream are employed in the feeder and
splitter junctions to boost the signal power as shown in Fig.2.8.

The scheduling and arbitrating functionalities of the OLT consist of maintaining
virtual output queues for the access requests (from the ONUs) and sending permits to t
ONUs. The MAC protocol uses cell scheduling algorithm to prioritize the queues and
thus incorporates QoS for the TDM-based network. In this context, synchronization o
ONU transmissions becomes a challenging task for the Super PON. Further burst
transmission in the upstream direction becomes equally daunting and requires
receivers to support large dynamic range, high sensitivity and dynamic threshold

g
(dueto DC

Fig.2.7 . The Super PON architecture [VMVQOQ]
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level variation). The demonstrator was presented in a European conference (ECOC’®)
and connected to an all-optical core network (PELICAN-pan European lightwave aoe
and access network) between Paris and Brussels for a successful feasibility study. It wes
leamt from the study that, in spite of overall reduction in operational and maintenance
cost due to larger sharing, the component cost was still high and needed more netue

technology to make the prototype widely acceptable for deployment.

SONATA

Another testbed study, called SONATA, was underway, which employed wavelength
routers for service distribution, unlike the power splitter-based SuperPON. The prgect
was under European Union’s ACTS program and conducted studies on the access portion
of a nation-wide network, employing static wavelength-routed PONs connected in amesh
topology [BLMNOOQ].

It employed a combination of TDMA and WDMA mechanisms based o
reservations to connect 400 PONs with 50,000 terminals per PON and 622 Mops
maximum rate per terminal. A passive wavelength-routing node supported 801 x &1
ports with an estimated throughput of 200 Tbps over a 1000 Km range. It allocated a
specific timeslot-wavelength combination to the terminals (ONUs) upon their reguest

Every network terminal was equipped with a tunable transmitter/ receiver pair for daa

traffic and a fixed transmitter/

Network
control

Passive - >
Wave-
PONN *%rn
Tx length
Routing

Node

X- Converter
Array

X- Converter
Arrav

Fig. 2.8. SONAT A network architecture [BLMNOO]
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receiver pair for signaling. Each PON shared the same wavelength for all its ONUs and so
multicasting was possible within a PON. SONATA was an ambitious project with a
centralized network controller managing the resource allocation procedures. Additional
ports were available on the router for allocating capacity dynamically with actively
controlled wavelength converter trays as shown in the figure. The centralized network
controller employs exhaustive resource allocation algorithms and logical topology design
models to carry the stupendous task. This project established the feasibility of passive
network structure on a huge scale by incorporating both static and programmable

components in a passive wavelength router.

NGI-ONRAMP

One of the first major initiatives to explore the viability of WDM OANSs supporting the
fast emerging IP-based traffic was taken by NGI-ONRAMP (next generation internet-
optical network for regional access with multi-protocols) program through DARPA
(defense advanced research projects agency) of USA. Its mission was to develop

reconfigurable WDM testbed and carry out the study of physical and network layer
architectures for efficient traffic management. The architecture consisted of a feeder ring
connecting several distribution segments through ANs. The testbed deployed

reconfigurable ANs capable of

Fig.2.9. ONRAMP Architecture [FHRKOO]
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both all-optical and opaque switching to transport the IP traffic. The research focus in
ONRAMP was more on exploiting the networking features of WDM through the AN then
optimizing the cost of the distribution segment. The network incorporated seerd
advanced features, like, logical topology reconfiguration, optical by-pass, protection
switching and service restoration to support heterogeneous traffic formats through WDV~
aware IP layer. Further, each node had a local network management station to control its
components. With this set up the feeder covered 100 to 1000 square miles of geographical
area with 10 to 20 nodes. Distribution network connected 100 or more business premises

each with about 1 Gbps user data rate.

SUCCESS

In recent past, a testbed study was reported from Stanford University Access program
(SUCCESS), which was developed to provide a smooth migratory path for existing PON
configurations based on TDM towards futuristic architecture of a WDMPON. SUCCESS
allows a user to be backward compatible with other users attached to TDMPONSs while
providing services on a dense WDMPON (DWDM PON). For this reason, the system
incorporates both star couplers and AWGSs in the RNs as shown in Fig.2.10. The network
employs ring-on-stars topology like ONRAMP with the collector ring running through
the RNs which are the centre of the stars. If RN is a PSC, one dedicated wavelength an
DWDM grid is used for downstream transmissions from OLT and ONUs use a
wavelength on the coarse-WDM (CWDM) grid for upstream transmissions. On the ather
hand, when RN employs an AWG, each ONU has a dedicated wavelength on the DWDM
grid to communicate with OLT. The architecture employs fast tunable transmitters ad
receivers at the OLT which are shared by the ONUs. The OLT in addition to generating
downstream data traffic, also provides continuous bursts of optical carrier power to the
ONUs for upstream transmission, in a half-duplex mode [AKGKO04]. The network
achieves traffic balancing by integrating CWDM/TDM-based PONs serving about a 100
residential users and DWDM TDM-based stars serving about 60 corporations on single
infrastructure. Data packet transmissions at a line rate of 1.25Gbps over a 22.5 km range
were supported. Further, a MAC protocol based on batch scheduling algorithm wes
employed which allowed for priority queuing by scheduling the packet transmissions over

multiple frames. This algorithm
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achieved efficient coordination of bidirectional transmissions between the OLT and
ONUs, with relatively small number of transmitters and receivers. For example as shown
in Fig. 2.10, 12 user transmissions can be scheduled using only 4 wavelengths through

AWG/PSC RNs with the help of the algorithm.

26 Summary

In this chapter, we presented a comprehensive review of various research activitie
technological developments in the area of WDMOANs/WDMPONSs as reported from
different parts of the world. We considered various aspects of its network architecture
viz., network configurations, subsystems, resource management, MAC protocols

outlined the state-of-art in each category. Finally we selected a few landmark

studies on WDMPONSs and highlighted their salient features.
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CHAPTER 3

MAC Protocols for a WDMOAN with Ring-on-Stars Topology

31 Introduction

WDMOANs have the capability to support high-bandwidth services such as
videoconferencing, video—on-demand, high-definition TV, graphics-intensive interactive
gares and distributed computing which in turn have the potential to generate sizable
revenues for the network operators and service providers. The targeted user—premises for
such applications generally consists of either a multi-storey dwelling, a commercial
conplex, a campus LAN or a business house who can share the associated cost of rather
high-end WDM transceivers located in the ONUSs. In order to keep the revenues flowing
in, present day telecom service sector needs to introduce flexible service provisioning and
dynamic resource-allocation schemes with QoS guarantees in the OANs. WDMOANSs are
capable of taking this challenge, while serving as fault tolerant future network-upgrades
for “last mile” solutions. In order to provide QoS-aware services, they need to employ
suitable coordination schemes and scheduling algorithms in the MAC layer, to meet the
demands of a particular application.

MAC protocols play a very important role in WDMOANSs, where the available
wavelengths have to be optimally utilized for carrying both data transmissions as well as
contral information for proper coordination between the OLT and the ONUSs. In order to
increase the throughput in data channels, the contention in control channels needs to be
minimized. This might require more wavelengths for handling the access requests from

ONUs. At the same time any amount of reduction in wavelength count for data
annels can affect the network scalability at the cost of improved network performance.
Uther, in order to differentiate between real time (voice and video) and non-real time
te) services, appropriate scheduling algorithms should be incorporated in the MAC
°col. Several studies were reported on access protocols in high-speed optical LANs
Usng passive star topology [HaKS87], [JiMu92] and [Mehr90]. They mainly focused on
tention reduction aspects in the control channels and receivers for data traffic. One of

studies to address the multicast issues in a broadcast-and-select WDMOAN was
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from [Modi98] for an asynchronous communication. Over a short span OANs adopted
router-based architectures which have different issues to deal at the MAC layer, a hrief
review for which we provided in Chapter 2.

A WDMOAN might employ, in general, a hierarchical connectivity oconsistingdf
several collection and distribution (CD) segments interconnected by an access beddoe
(called feeder segment). As the name implies, a CD segment is a cluster of several O\L5,
and usually interconnected with a star or a tree topology to an OLT. Thus, each QLT
would provide services to (through the respective ONUSs) several clusters of dady
located subscribers who have high bandwidth requirements. In the early configurations of
OAN, AN was in the place of OLT with some additional functionality to coordinate dl
the transmissions into and out of the OAN. In this chapter, we consider some additiodl
functionality for the node and hence use the earlier terminology (i.e., AN) for OLT.

The access backbone network may connect the individual CD clusters usnga
bus/ring topology through their respective ANs to the regional servers/databases andto
higher levels of network hierarchy. A star-based architecture employing passive pna—
splitters is optimum for an access network of moderate size (10-20 ONUSs) with sut
spans (a few kms, typically), in which distribution of downstream (video distribution,
typically) channels to a small group of ONUs is the main objective. For larger size M
segments, with medium- to long-reach spans (10-20 km), tree topology would prove noe
cost effective. Such realization of OANs with tree topology usually employs a revde
node (RN) in between AN and the cluster of ONUs, wherein an RN uses a pessive 9ar
coupler for collection/distribution of upstream/downstream traffic. Power budget of su
OANSs can be further trimmed by using arrayed-waveguide grating (AWG) as pess
wavelength router in an RN. In both cases (i.e., star or tree topology) the pss
transmission portion of the CD segment between the OLT/ AN and the ONUs is clled
PON, which is cheaper and easier to maintain. The ONUs in a CD segment might use
various multiplexing techniques, viz., TDM, WDM, SCM, as well as several media®
access control (MAC) techniques, viz., TDMA, WDMA and OCDMA on te
downstream/upstream transmissions. In this chapter, we consider only star—coupler kese
distribution segment for OAN employing WDM/WDMA techniques. Router—based PO
are considered in subsequent chapters.

When an access network has to support interactive services while cal®
considerable upstream TPS (triple play service) traffic, the ANs need to be active, »

optical/electronic/optical (O-E-O) conversion. This ensures QoS-based bandwi
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management with priorities for real-time service traffic. The requisite signal processing

and buffer management functions have to be carried out in the electronic domain.

Generallya MAC

Fig.3.1. A WDM-based optical access network with stars as local clusters

inter connected by a backbone ring (AN: Access Node; CO: Central
Office; PSC: Passive Star Coupler; ONU: Optical Network Unit)

scheduler unit collocated with the access node, addresses these functionalities [MoBaOOQ],
Terost of multiple transceivers and additional processing and memory requirements of
the active node is shared not only by the ONUSs in the local cluster but also by ONUs of
ather clusters that are connected to the feeder backbone for carrying intercluster traffic.

In this chapter, we consider a two-level hierarchical WDMOAN as shown in
Fg-31 Each CD segment is a star-configured WDMPON operating with a broadcast-
a¥* s2’ect mechanism, where the ONUs belonging to the local cluster are connected to a
tar coupler-based AN. The AN has a hybrid functionality. It employs passive

mmunication (all optical) for intra—cluster data packets and active (O-E-O)
mmunication for control packets. For intercluster traffic, communication is active for
h data and control packets. A scheduler serves as an interface between CD and the
der segments. It coordinates the intra—cluster traffic without any need for the user
nals synchronize their transmissions. The scheduler is also responsible for
arry'ng out priority queuing mechanisms while handling the inter—cluster traffic. The
backbone segment in this network is a wavelength-routed WDM ring which uses

ted set of wavelengths for transporting the intercluster data streams,
be rest of the chapter is organized as follows. Section 3.2 describes the hierarchical

architecture and the proposed access node configuration. Section 3.3 deals with
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two modified MAC protocols for intracluster (within a CD-cluster) and inedugter
communication (among the clusters). In Section 3.3, we describe and present the reslis
on the performance of the two MAC protocols obtained through simulation and aeytica

modeling. Finally, Section 3.4 presents the summary of the work.

3.2 Network Configuration

We have considered a WDM-based optical access network with a two-level headicd
topology comprising of a feeder ring at a higher level and several pessive-star-besed (D
clusters at a lower level, as shown in Fig. 3.1. Each passive star-based AN can ayata
moderately-sized network (in terms of ONUs and link span). The power budget for sme
typical cases have been estimated and shown in Table.3.1. We have considered an
average AN/OLT-ONU link span of 10 km, a fiber attenuation of 0.25 dB/km and AN
detectors in the ONU transceivers. The maximum number of ONUs that each dar
coupler-based AN can support at different data rates along with the available ponar
budget (excluding attenuation and power splitting losses) has been evaluated. It is fard
that, for typical laser transmit powers between -2 to 0 dBm the maximum nurber of
ONUSs that can be supported varies between 17-27 at 155 Mbps and 7-11 at 622 Mops far
a power budget of 20 dB. For data rates beyond IGbps, both the link span and the poner
budget are reduced by about 50% with pin—-FET receivers. Thus a cluster size of 5 Ns
at 155 Mbps and of 10 ONUs at 622 Mbps can be easily supported over the proposed
OAN. For instance, if each ONU connects to about 10 users, the total number of uses
served by the CD cluster would be 250 and 100 for the two examples respectively.

It may be noted that, there are two types of traffic flow through the AN, v
intracluster traffic (i.e., from one ONU at a user interface to another within a duster) ad
intercluster traffic (i.e., between ONUs of different clusters through the access baddre).
Intercluster traffic is further classified into two types: incoming and outgoing. /s

depicted in the figure, the scheduler located in the AN schedules both intracluster an

intercluster traffic.

ProposedAN Configuration
In order to establish an efficient communication for broadband services m sucti®
hierarchical access network, one needs to design an appropriate AN, which will ovetf

the communications within and between the clusters of the given access network. Inv
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of this, we propose a configuration for the AN connected to each one of the clusters as

shown in Fig. 3.3.
Each ONU is equipped with a fixed tuned transmitter (FT) at Ac for issuing

upstream control packets (access requests), and a fixed tuned receiver (FR) at Ac, for
receiving downstream control packets (access grants). In addition, the ONU has a tunable
transmitter (TT) operating in the range (AN\...,Am,....Xmk) to send data and a tunable

receiver (TR) to

Table.3.1. Power Budget Calculations for Various Data Rates and Cluster Sizes

S. No Data Rate OLT Transmit Max. ONUs Power budget, dB
Power, P/x Now/ {Pw-Pfe-IOlogioAWi)
155 Mbps -10dBm 3 21.23
Ap”mi?l’Gi(;I;m; 4B o 29,00
10km) -2dBm 17 21.70
0dBm 27 21.69
2 622 Mbps -10dBm 1 22.00
;g:.ri_;lz dtBVni;ocru, S dBm 3 -
10 km) 2dBm 7 2155
0dBm n 21.59
3 1.25 Gbps ~10 dBm 3 11.23
Prx. 26 dBm; -5dBm 10 11.00
Skm) 2dBm 21 10.78
0 dBm 33 10.81

receive data on wavelengths (AN\,..,Am). The wavelengths ( A \ , are assigned for
intracluster data channels and can be broadcast directly (i.e., all-optical transmission)
thr°ugh the passive star—coupler, but only the destined ONU will select and receive the
data—Acousto-optically and electro-optically tuned lasers provide typically 20 nm range
With tunin§ times of tens of ~s and are available at affordable price range. Further each

~  has a dual-fiber connectivity (to the AN), whose installation cost would be shared

by Several users for which the ONU serves as a concentration point.
For intracluster communication, control packets are converted into electrical domain
atld StOred >n the request queues (Q u...,Q n) allocated for their respective source ONUs

ich are subsequently transmitted on a separate wavelength Ac at the appropriate time



instants as governed by the synchronization process (ranging) for the respective ON$
(discussed later in Section 3.3.1). Furthermore, for the intracluster comunicaion
although control packets undergo O-E-O conversion at AN, data packets reech fion
source ONU to destination ONU via AN with end-to-end all-optical transmission aan
appropriate wavelength from the pool of data wavelengths m). For inaduse
communication, control packets enter a separate global queue (GQ) in the schedler, ad

data packets undergo OEO conversion at

[

—_

Feeder
Segment

Jurn—|<9; ZDE

Fig. 3. 2. Block Schematic of Functional Blocks in WDMOAN
(FT/FR: Fixed tuned transmitter/ receiver; TT/TR: Tunable
transmitter/ receiver)

the ANs of both source and destination CD clusters. As shown in Fig. 3.2, the nulle
termed as “‘scheduler” performs these functionalities with appropriate functional Hads
The wavelengths k) are assigned to outgoing intercluster data pefe
reaching the AN, of the local cluster. Subsequently, using the information in the ¢
packets of the global queue, separate headers are generated for the outgoing traffic —
header generator (HG), which are attached to their corresponding O/E converted
packets, as shown in the Fig. 3.3. It may be noted that the end-to-end delay
intercluster packets may be significantly more than that of intracluster traffic due to”
access contentions experienced in local and destination clusters and also becase”
queuing delays in buffers kept for intercluster scheduling. In view of this, we PQ8*
divide the intercluster packets into real-time (RT) and non-real-time (NRT) »
with some judicious priority awarded to the RT category of intercluster pad<ts,
packets are sorted into RT and NRT queues belonging to respective source O
realizing QoS-based bandwidth management with priorities for RT * * *

scheduler employs priority schemes (discussed in section 3.3.2) to order the RT/*
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packets and finally transmit them to the AN of the destined cluster on peHanial
backbone wavelengths (Am,...,Abi), unique for a source-destination AN pair. The ironij
traffic on rest of the wavelengths in the pool (Am. —,Abi), constitute the pass-through tifiic
meant for other destination ANs and are not processed at the intermediate ANs.

The incoming intercluster packet at the respective destination AN is stripped dfis
header (which goes into the header-reader block of the scheduler) and the payload pdetsat
queued up as shown in Fig. 3.3. The scheduler uses the information from the header relr
and signals for the issue of access grants on Ac for these packets. Subsequently qeettsa
packets are mapped into wavelengths (Am+],...,Am-#) through OEO conversion and bzt
through the star-coupler into the local cluster following similar synchronization poesas

used for intracluster packets.

3.3 MAC Protocols and their Performance Evaluation

In this section, we consider two protocols for assessing the channels for intracluster ad
intercluster communication in the proposed access network. Performance of the MC
protocol employed within the CD network (intracluster) is examined using conpute
simulation and the one employed in the access backbone (intercluster) network is exanined

using an analytical model.

3.3.1 Intracluster Communication

We have adopted a MAC protocol for intracluster communication from an earier
[MoBaOO] and modified the same for further improvisation. The protocol under consider
is based on a scheduler as indicated in Fig. 3.2. All ONUs send their requests to
scheduler, which is assumed to schedule (using ranging process) the requests and inf°
ONUs when and on which wavelength to transmit. Upon receiving their assignments (
grants), the source ONUs immediately tune to their particular wavelength and tra
Hence they need not maintain any local synchronization subsystem and timing inf°r
Simultaneously the destination ONUSs tune their transceivers to the wavelength asindicat®
the access grant packet and start receiving data. We describe the protocol by addressing

of its major features as described in the following.



Ranging:

The ranging process is able to overcome the effects of non uniform propagation delays
betneen ONUs and AN, by measuring the round-trip delay of each ONU to the AN, and
using that information to inform ONUs of their turn to transmit in a timely manner. In this
way the transmissions of different terminals can be scheduled back-to-back, with some idle
(guard) times between consecutive data packet transmissions. Unlike other systems where
terminals need to range themselves to their ANs, only the AN needs to know this

information.

Access Protocol:

For transmission of control packets by ONUs, one needs to employ an appropriate MAC
protocol. The control packet lengths (access requests/ access grants) are much smaller than
the data packet lengths (typically 100:1) and their collision probability is relatively low even
after considering repeated transmissions. Further, at the data rates in the range of hundreds of
Mbps to a few Gbps, the high latency of the network renders protocols like CSMA/CD
unsuitable. TDM allocation for control channel would mean that the ONUs should be
synchronized whereas in our architecture we keep them asynchronous for simpler
coordination. Hence we use pure (unslotted) ALOHA protocol for the control channel access.
An ONU access request, contains the source- and destination-ONU addresses, state of its
buffer queue (last request that was scheduled) and the duration for which it wishes to transmit
(length of the queue). An ONU sends the access request again if an “access grant’ is not
received within a random time-out. Since access requests are sent on the control channel Acat
random, it is possible for two or more terminals to send their requests during overlapping
time intervals. In such a case the transmissions would collide and not be received by th

scheduler. However, since the reservation request messages are sent repeatedly, the schedule

wiHeventually receive all requests. As the scheduler answers the requests, ONUs update t

reguests to reflect the changes in their request-queue and overcome receiver contention.

Sheding
norder to simplify the design of the scheduler, a slotted scheme is used where request
mede for fixed-size time slots and the scheduler maintains a slotted reservation system.

°Wever>it is important to note that the transmission timings of ONUs remain unslotted

Synchronized. As stated earlier, ranging technique used by scheduler controls all the
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timing. The scheduling algorithm works by maintaining N request queues, each acontaining
the transmission requests from one of the N ONUs in the CD network. The algoritm is
implemented on slot-by-slot basis, where requests are served on a first-come first-serve
(FCFS) queuing model. In each slot, a given ONU can be scheduled for at the nost ae
transmission and one reception. The algorithm visits every ONU in random order (in order o
maintain fairness among the ONUSs) and starting with the first request in the queug it
searches for the request that can be scheduled. The optimum slot time is chosen, taking ino

consideration the number of ONUSs, network activity and the control packet size so thet tre

slot utilization is maximized.

Look-Ahead:

In practice the number of requests served by the scheduler is limited by the wavelengths, M
and head-of-line (HOL) blocking due to receiver contention. HOL blocking would resit
when the requests at the head of any two successive queues have the same destination ONU
(receiver) address. Having scheduled an ONU to receive transmissions, the scheduler camat
serve the first request of the next queue, if it contends for the same ONU. In such sitiatios
the scheduler with look-ahead feature, will neither serve another queue nor wait for te
contended receiver to get free, but instead look ahead into each input queue and sthedde
requests that are not necessarily at the head of the same queue. HOL blocking is reported
[MoBa99] to limit the throughput of a FCFS input-queued switch to 58.5% (under uniform
traffic conditions) even when the numbers of ONUs and channels are equal (without lodk
ahead) whereas the throughput can reach up to 81% with look-ahead. Interestingly, tre
throughput can be increased to 99% when the number of ONUs is higher than the cia
channels at relatively smaller values of look-ahead. This is because the probability tret
multiple ONUs have a packet at the HOL to the same destination is now reduced and asothe
algorithm has more requests to schedule the data transmissions from. Thus, an attempt t

improve throughput using look-ahead becomes more effective when the system suffers fro

high congestion with number of ONUs less than the number of available data wavelengths

(channels).

Improved Access to Control Channel:

As the number of active ONUs increases, so does the chance of collision on the co
channel, resulting in an increase in delay in refreshing the queue status at the AN

bottleneck problem in the control channel can be alleviated with the increase m aotral
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channels. Thus both the collision on control channel and the pre-transmission coordination
cHay would be reduced. But at the same time the effective service rate would be decreased
de to the reduction in the number of channels available for data transmission. In order to
owercone this problem, SCM is introduced in the protocol, albeit with some additional
hardnare [Fon93]. In this scheme, control packets of each ONU are same optical carrier (Ac)
inthe passive star topology. Thus, each ONU used to modulate a unique microwave sub
camier, which is subsequently broadcast and will have a unique control channel and the
hardnare requirement for such SCM implementation would be as shown in Fig. 3.5. With
this arrangement one can expect good performance at low and moderate loads. However at
high loads, the performance will eventually degrade, because with the avoidance of collision
inthe control channel, there will be far too many requests than can be accommodated with

trelimited number of data channels. Hence at high loads, a packet is likely to face longer

ONU side AN side
FT
HIN
ONU,
i-Q*® = To?
p
m<2 L
ONIh A S PD
C Toft
CcD t>
ONURn fcl
ToQx
BPFn

fscNm  RF carrier A< Optical carrier PSC: Star coupler
PD: Photo detector BPFN :Nth band pass filter QN™Tth control packet queue

Fig. 3.4. Control packet transmission employing SCM

ythan previous cases. However several issues need further attention in this respect. First,
°mplexity of the ONU transceiver is increased with SCM brought in. Secondly, it may
Sin a physical-layer problem, as the total signal power in the control wavelength will be
aSad Very much, thereby increasing the signal dependent shot noise at the receiver,
fitting control packets at a reduced bit rate might alleviate this problem. Since the
**pac™et length is a small fraction of that of a data packet, a little dilation of the control-
j~ket duration (when applied with SCM) is not expected to affect the control channel
Shput significantly. Since the size of the network is not going to be large (10-25 ONUSs),

31 the number of ONUs is not too large as compared to the number of wavelengths,
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practically SCM would be operating below the saturation limit. By computer simulation, te

delay characteristics of this MAC protocol are evaluated and discussed in Section 34.

3.3.2 Intercluster Communication
For the intercluster communication, in order to differentiate real-time services from roHed
time services, we adopt a MAC protocol which is based priority queuing. As metiaed
earlier, the intercluster traffic between ANs on the backbone ring is classified into o
categories: incoming intercluster traffic at an AN arriving from another AN via beddoe
ring and, outgoing intercluster traffic at an AN arriving from the ONUs in the local dugte.
An outgoing intercluster packet arrives from its source ONU at the source AN (@
after going through the ALOHA-based contention process (using acrtrd
packet on fa), in the same way as the intracluster packets. The outgoing data pedet is
scheduled in the local AN (with RT/NRT based priority) and transmitted thereafter i
appropriate backbone wavelengths and subsequently considered as an incoming inerduster
packet at the destination AN. In an access network setting with fewer wavelengths &
compared to long-haul backbones, instead of wavelength conversion it would be essierto
make use of optical-electronic—optical conversion (more easily realizable) for mapping inta-
cluster packets on one wavelength into the intra—cluster packets on ancther. GEO
conversion is used for inter—cluster traffic to map the outgoing data packets on Xmi+ mmmsti-t
onto source-destination specific backbone/feeder wavelengths Xo\.....(an" v'ce versa’r
the incoming data packets). Thus an incoming data packet at the destination AN, is figt
converted into electronic domain for further processing. Each of these intercluster padels
after being received from the source ONUs in the source ANs and scheduled at the sare
AN, is transmitted towards the destination AN with a special header, which plays the role of
control packet after reaching the destination AN. This header of an intercluster packet, wh'
is added at source AN, is stripped off at the destination AN and sent to the header rescy
(HR). The scheduler uses the information from the header reader and generates (ij
packets on Ac (after O/E/O conversion) and stores them in a separate queue referred t
cluster queue (CQ). Similarly the data packets (after removal of headers) are queued P
scheduling as shown in Fig. 3.3. The scheduler uses the information in the control pa
issue access grants on Ac and transmit the data packets on (Am+\...Am-) t0 e
ONUs.
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Dynamic Bandwidth Management

At the source AN, along with the intracluster control packet queues, there will be a separate
queLe for the control packets for outgoing intercluster traffic referred to as global queue (as
mentioned earlier GQ). The scheduler will follow the same procedure as it does for
intraduster traffic, but the data packets for different services are treated in a different manner
for intercluster traffic. Having received from the scheduler about the wavelength and timing
allocation on Ac, outgoing intercluster packets in the source cluster will be broadcast from
ONs(onAm+itowards the local source AN. As mentioned earlier upon receiving
these packets, the source AN converts them into electrical domain and queue them up (with
necessaly sorting for RT and NRT services) for onward transmission on appropriate
backbone wavelength (ab\....,abl)- For distinguishing the quality of service for different types
of packets, we consider here RT and NRT data packets with different priorities. Thus by
enmploying this configuration, one can implement an AN, that can employ dynamic

bandwidth management scheme on fixed wavelengths for intercluster communication.

Real-time
Real-time
I:l Non-real-time queue
[
0 Switching takes place after m
current non real-time packet m
O completes its service 0 Current non-real service interrupted
0 and switched over to new real-time
S3 service
B Real-time packets
1=1 Non-real-time
Fg-3.5. Nonpreemptive resume priority FiS- 3-6-Preemptive resume priority
nefytical Modelfor Queuing Delay

n "~ following we consider an analytical model for studying two different dynamic
bandwidth management (DBM) schemes [BeGa97] viz., preemptive resume priority and
""preemptive resume priority schemes. The model is developed for estimating the queuing
y  Prioritized/non-prioritized traffic streams and hence in principle accounts for the
inter—cluster traffic carried by any given channel or wavelength. The model makes
jntmCOn On>y between real-time and non-real-time data queues with the scheduled packets

“ueue, from practically any of the active ONUs (and hence any A) in the acce
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network. We consider a M/G/l system to model the single-server queuing system whch
employs priority schemes in scheduling the intercluster traffic. In such a system, the pedets
arrive according to a Poisson process, and the packet service times have a gged
distribution. The arrival processes of all classes are assumed independent, Risso
distributed, and independent of the service times. The system differentiates between two
priority classes of the outgoing intercluster traffic viz., RT and NRT. With X\and h ste

arrival rates, P\and jui as the service rates for RT and NRT packets respectively, the agae

service times Xx and X2and traffic intensities p\.and pi for RT and NRT peckets ae
I 1 L

expressed respectively as, X.= — ; X2 = —; — and p2=—
M\ M\ M Mi

Here R\and fa are the arrival rates, p\and pi are the service rates and p\.and pi aetre

traffic intensities for RT and NRT packets respectively.

Nonpreemptive Resume Priority:

Next, for evaluation of non-preemptive resume priority scheme, we determine the tod
waiting times (T\.for RT and Ti for NRT) for the data packets in terms of their diet
statistical parameters. The average delay T, a data packet experiences in the system, iste
sum of its average waiting time in the queue W and the average service time Mp is given by

T=W +—
M

It may be noted that a given RT/NRT data packet at the head of the queue may ill
have to wait for a finite time R, to get the service as the server might remain busy with tre
packet from another queue. This is called mean residual service time R and is the rernainin=
time for completion of the data packet already in service. In nonpreemptive priority schem
(Fig. 3.5), the service of a lower-priority packet (i.e., NRT data packet) is allowed t
complete without interruption even if a higher—priority packet (RT data packet) arrives in te
meantime. However, service is transferred to RT data packets immediately after comple S
the ongoing service of that particular NRT packet. Figure 3.5 illustrates that even though te
RT packet 2 is waiting and arrived later than NRT packet 1, the server (scheduler) is a"oned
to complete the service of the NRT packet before transferring control to the RT datap
For these reasons, in a nonpreemptive case, residual service time has to account for b
and NRT packets. Also given the fact that in an ergodic process (which we assum )

average is equal to ensemble average, the mean residual time, R is given by [Ber97],
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(3.0

where, X\ and X2 are the second moments of the service times of RT and NRT data
pedets. As shown in Fig. 3.3, a separate queue is maintained for each priority class. Average
tod waiting time in the queue W for each class of data packets is given by the sum of
aerae total residual time R and the average total service time at the queue Ng4, where Nq is
theaverage number of packets waiting in the queue.

The waiting time for RT packets WN\depends only on RT packets, but the waiting time
forNRT packets, W2 has to count the delay due to RT packets already in the queue as well as
the additional delay due to arrival of higher-priority RT packets while the NRT packets are
waiting in the queue. By using Little’s theorem (ng = AW) to eliminate Ng, we arrive at the
folloning expressions for the expected values of waiting times in the queue for RT packets

(WNand NRT packets (W2) respectively as,

N=r= and W2=r———¢7——————~ 3.2)
{- (\-p.)(\-px-p2)

Tretotal time delay for RT data packets (TN is given by,

T 1 R

S 3.
M 1-pt 33

Tretotal time delay for NRT data packets (Ti) is given by,

7 S S (3.9

"2 (I-p)(I-p,-p2
From the above expressions the delay for RT data packets and NRT data packets for a

Sven channel allocation can be found out for the nonpreemptive priority scheme.

Preenptive Resume Priority:
P eemptive resume priority, whenever higher—priority RT data packet arrives, the service
“wer—priority NRT data packet is interrupted immediately and is resumed from the point
rruption once ail packets, with higher—priority have been served. Hence, in this case we
epect less delay for the RT data packets as compared to the NRT data packets. As
°Wh m Flg- 3'6>in this case RT packets are served first rather than NRT packets. While a
? ket 1 "NRT) is being served as soon as'a RT packet arrives, the NRT packet 1 is
e Upted and then queued up with the remaining NRT data packets. The service for the

g bits of NRT data packet 1 is resumed immediately after the transmission of all the
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RT data packets 2, 6 and 7. Thus, the RT data packets are served with higher-priority &
compared to the NRT data packets (3, 4 and 5).

In this case, the residual time R is different for RT and NRT data. In particdar, te
mean residual time for RT packets J?% is by no means dependent on NRT packets. But nen
residual time R2for NRT packets certainly bears the impact of both RT and NRT pedets &
an NRT packet might have to wait for the completion of a suddenly-arrived RT padet inte
gueue and also for the NRT packets ahead of it in the NRT queue. The mean residudl tines

and i 2are given by

ri=~ L and r2=AX2+Ar1 (3.5)
1 2 2

The total waiting time (in queue and in service) for RT data packets is given by

m_ V/IAJ (3.6)
0~Pd
Similarly the total waiting time for NRT data packets is given by
AN
(\-pl-p2) +R2
37
a-A)1- -p2

From the above analysis one can examine the delay variation with respect to the traffic
intensities (P\.and pi) and estimate the maximum number of RT/NRT transmissions to be
allowed on a single wavelength at minimum allowable delay. The numerical results forth

delay characteristics obtained using this analytical model for the above mentioned wo

schemes are discussed in the following section.

3.4 Results and Discussion

In this section we present the results of our investigation on the performance of in
(Fig.3.7 through Fig. 3.10) and intercluster (Fig. 3.11 through Fig. 3.18) commun A
The proposed MAC protocol for the intracluster traffic has been examined using ee
simulation, wherein the packet arrival process has been modeled after Poisson Hstnbutt°,r\1
and the data traffic is assumed to be uniformly distributed among all ONUs. As
analysis plays an important role in performance evaluation of any QoS-aware acces

we examine the delay characteristics of the proposed MAC protocols.
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Fgure 3.7 illustrates the delay characteristics for varying amounts of load per ONU
with control channels as the parameter for the intracluster traffic. In these plots, the load per
ONU represents the total average load per ONU, including the control packets for both
intreduster and intercluster communications (in Q,....Qn and GQ) generated from each
ONU. As the load per ONU increases, so does the length of the queue and in turn, the delay.
When the aggregate packet arrival rate (i.e., for all ONUs together) increases beyond the

Fig. 3.7. Delay for 21 ONUs and 6 intracluster wavelengths

snvice rate (which is one packet per slot per data wavelength) the delay increases with a
shap takeoff, which is explicitly revealed in Fig.3.7. For example, in this case with 1 contro
damd, there are 5 data channels and the “knee” of the delay plot takes place at a load (p
ONU) ~0.215. At this load, the total network load per each data channel 0.215

091 This implies that the network load per channel at this point approaches unity, the vy

causing the takeoff. As the control channels increase in number, there is less control pa

Fig. 3.8. Delay for 50 ONUs and 12 intracluster wavelengths
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collision and hence less delay at lower traffic values. However take-off points in the cHay
curves occur at lower load-per-ONU values due to the relatively lower number of cdita
channels. Thus, more control channels can improve the network performance until the lced
per ONU approaches the takeoff point. Furthermore increase in number of ONUs as inHg
3.8, causes more control channel collisions and hence increases the delay. In order to redle

the control channel collisions, we consider SCM of the ONU, in which probability of

Total Load
Fig. 3.9. System throughput with look-ahead, k
collision is far less and this in turn decreases the access delay. Thus the results from FHg 37
and 3.8 reveal that, the proposed method with SCM outperforms all the previous cases.
We find in Fig. 3.9, for a system with 7 ONUs and 7 data channels, the throughput is
limited to 58% with no look-ahead i.e., k=1 With increasing values of to 7, the effectof

Load per node (packets per slot)

Fig. 3.10. Delay characteristics with look-ahead, k
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recgver contention is gradually overcome, resulting in improvement in the system
throughput. However even with k=7, the maximum achieved throughput is only 86% and

saturates thereafter. This is so because the choice for scheduling data transmissions (at higher
traffic loads) is low for ONU-to-channel ratio of 1 It may also be observed that the
difference in the performance narrows down for increasing values of look-ahead. In the case
of delay (Fig. 3.10), we observe a similar phenomenon where there is improvement in delay

performance with increasing values of k. The take-off points occur at higher values of load-

Non-real-time traffic (p2

Fig.3.11 Delay vs. traffic intensity for NRT data
with nonpreemptive resume priority queuing

per ONU and thus increase traffic transport capability of the cluster with look-ahead option.
Next we examine the performance of the MAC protocol for intercluster traffic based
given analytical model, for different traffic intensities of RT (p\) and NRT (pi) data
t®) while maintaining the packet size fixed. Figure 3.11 shows the plots of delay (in
er of packets) for NRT packets under nonpreemptive priority queuing scheme, with RT
ntensity (p,) as a varying parameter. It is evident from Fig. 3.11 that, as the traffic (p\)
s»delay for NRT data packets increases and the delay profile is highly sensitive to the
c-In particular, it is worthwhile to note that the take-off points of the delay curves
N @BPainthe v<cinity o f# = \Ph This applies to all the curves and is expected as well,
| n ~ Ose regions the total traffic approaches unity making the delay unacceptably
resun— 3,12 shows the plots of delay for NRT data packets in case of preemptive

rity scheme. Here the delay curves resemble the previous plot in Fig.3.11, but the
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delay for NRT packets is relatively high compared to that of the nonpreemptive ca Tre
major reason behind this is that the queue for NRT data packets builds up faster as higer—
priority isgiven to RT data packets due to the preemptive nature of the MAC.

Non-real-time traffic (p2)

Fig.3.12. Delay vs. traffic intensity for NRT data
with preemptive resume priority queuing

Figures 3.13 and 3.14 illustrate the plots of delay for RT data packets versus NRT traffic in
nonpreemptive priority and in preemptive priority schemes respectively, with RT trdffic
intensity, as a varying parameter. It is evident from these figures, that in preemptive resure
priority scheme, the NRT traffic shows lesser impact on the RT packet delay as compared IO

the nonpreemptive case. The reason is that, in nonpreemptive priority, the . ns.i» s NRT cHia

1 Y e e
Preemptive resume priority

- Pi=07 -
- Pi=06 -
B P, =03 -

Noi>real-time trafifc (pi)

Fig. 3.14. Delay for RT traffic vs. NRT traffic with
preemptive resume priority queuing
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packet is allowed to be served even if there is aRT packet arrival. But in case of preemptive
resume priority the delay for RT data packets is independent of arrival of NRT packets.

InHg. 3-15 and Fig. 3.16, NR T traffic intensity is held constant for a givenRT traffic
variation over a typical range. Figure 3.15 depicts the delay characteristics for RT data
pedets by varying NR T traffic intensity in the nonpreemptive case. It is observed that there
isonly slight impact of the NR T traffic on the delay profile whereas in the case of preemptive

resne priority scheme as shown in Fig. 3.16, the delay for RT packets is almost

independent of NRT traffic.

g — —— —— e 1 i
7 Non preemptive resume priority
a6 P,~-0.7 ... o mmmmm
I K erereseeeeaenees
n S
i 47 -k
N
s p, =03
& 2 pi =02 -
|
[ o
Ol 015 02

Non-real-time traffic (pi)

Fig.3.13. Delay for RT traffic vs. NRT traffic with
nonpreemptive resume priority queuing

Figure 3.17 shows the plots of delay difference (for RT and NRT packets) between

preentive and nonpreemptive priority queuing schemes vs. RT traffic, for afixed NRT

Fig. 3.15. Delay for RT traffic with non preemptive resume
priority queuing
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Fig.3.16. Delay for RT traffic with preemptive resume
priority queuing

traffic intensity (0.2). From the figure it is evident that, the delay difference for NRT dia
packets increases with increase in RT traffic, whereas for RT data packets, the ddg
difference decreases by significant amount. This happens because, in case of preenytive
scheme, the delay for NRT packets is more significantly affected (as conypared to RT
packets) as the ongoing service of NRT packets is interrupted immediately to give waytoRT
packets. Thus as the RT traffic increases, these interruptions for NRT packets further iroess
leading to more queuing delay for NRT packets. But in case of nonpreemptive sdeg, te

delay for NRT packets is less affected by increase in RT traffic as the ongoing senvice of

Fig. 3.17. Delay difference between the two schemes for RT
and NRT traffic as a function of RT traffic
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NRT packet is allowed to continue without interruption. Hence the delay difference between
the preemptive and nonpreemptive priority for RT packets decreases with increase of RT
traffic (i.€., nonpreemptive scheme shows degraded performance with respect to preemptive
ghene). On the other hand, as mentioned earlier, the delay difference between the

preenptive and nonpreemptive schemes for NRT packets increases with increase of RT
traffic.

Hgure 3.18 shows the plots of delay difference (for RT and NRT packets) between
preenptive and nonpreemptive priority queuing schemes vs. NRT traffic. Even if the delay
for NRT packets is more in case of preemptive resume priority, it is found that the delay
difference for NRT packets remains constant with varying NRT traffic. This happens because

incae ofincreasing NRT packets, preemptive and nonpreemptive schemes do not

Fig. 3.18. Delay difference between the two schemes for RT
and NRT traffic as a function of NRT traffic

eqerience any difference in respect of their queuing delays. But for RT traffic, difference in
kay decreases (i.e., nonpreemptive scheme experience more delay as compared

Preenptive scheme) with increase in NRT traffic. This is expected because impact of NRT
Padets on RT packets is insignificant in preemptive scheme and hence the delay for RT

ffic is hardly affected by increase in NRT traffic.

35 Summary

h's Work we have examined an optical access network comprising of a backbo
Acting several passive-star-based clusters of ONUs at the customer premises. In

Panicula® we have proposed an AN configuration that handles both intracluster and
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intercluster communications through appropriate scheduling functionalities. We have duded
the performance of the MAC protocols, that are employed in the scheduler-based ANt
manage the transport of data packets. For intracluster traffic, the MAC protocol ircapoates
pre-transmission co-ordination based scheduling, whose performance has been edusted
through computer simulation. The delay performance has been found to inproe a
increasing the number of control channels but with an early take-off of the delay anes
Further, our results indicate that, incorporating a few SCM (subcarrier) channels onasrge
control wavelength reduces the number of collisions between the control packets, vithat
reducing the number of wavelengths needed for data traffic. This in turn improves thedie\
performance albeit, with some additional hardware complexity at ONUs as well as A\s. Fr
intercluster traffic, we have examined a MAC protocol employing priority-based queurgto
differentiate between RT and NRT packets. An analytical model was developed for
evaluating the network performance for intercluster communication. Based on our agyds
comparative evaluation of the priority queuing schemes has been made by examining ter
delay difference for both RT and NRT data. Thus, our study is expected to serve as a sl

tool for designing a WDM-based optical access network with two-level hierarchical toqudagy.

References

[BeGa97] D. Bertsekas and R. Gallager, Data Networks, Prentice Hall Inc., USA, &
Ed., 1997. tworks
[Fo0193] S. Fong Su and R. Olshansky, Performance of multiple access
with sub-carrier multiplexed control, channels,” IEEE/OSA Journa oj J
Technology, vol.l 1, no. 5/6, pp.1028-1033, May/ June 1993 N
[HaKS87] K. M. 1. Habib, M. Kavehrad and C. E. W. Sundberg, “Protocols | o r j»
speed optical fiber local area networks using a passive star topology,

Journal ofLightwave Technology, vol. 15, Dec. 1987. tocols for
[JiMu92] F. Jia and B. Mukherjee, “The receiver avoidance collision
single hop WDM lightwave networks,” Proceedings ICC’92, Jun. hjgh-sp®

[Mehro0] N. Mehravari, “Performance and protocol improvements for very
optical fiber local area networks using a passive star topology,
Journal ofLightwave Technology, vol. 8, Apr. 1990.
[MoBa99] E. Modiano and R. Barry, “Design and Analysis of AN Asynchronou
local area network using a master/slave scheduler,” IEEE Procee mgs
INFOCOM 1999. , for \IMm
[MoBaOO] E. Modiano and R. Barry, “A novel medium access control protoco®
based LAN’s and access networks using a master/slave sche u
Journal ofLightwave Technology, vol. 18, no. 4, pp. 461-468, Apr.



CHAPTER A4

Resource Provisioning in @ Hybrid PON Employing OCDMA over WDM

41 Introduction

Resource provisioning is an important aspect of any network segment, which has a prospect
of foreseeable growth, like that of a PON. It deals with the methodologies adopted for
preparing the network for futuristic demands, in terms of size or service quality. While
allocating the available resources to support user services, a complete assessment of the
network performance under different traffic conditions helps in minimizing the overhead
eqass. An exhaustive study in this respect can give useful insight regarding optimal
deployment of available resources during network expansion. In the near future, the data
traffic volumes generated by the subscribers are bound to increase with more and more
interactive services entering the customer premises. A PON should be able to distribute not
aly a wide range of data, voice and video based services from the CO, but also carry
cosiderable amount of multi-media traffic originating from the customer end to the CO. As a
resut. a service provider is required to mobilize and appropriately distribute the available
resaurass in either direction in order to abide by the service level agreements with the
astarers. However the directional asymmetry of the traffic will remain for some time, and
thisaspect can be usefully exploited while provisioning the PON.

In order to keep up with the expected growth in subscriber density, PONs should adop
~Nable configurations, which would allow them to smoothly support increased number of
bidirectional transmissions. Such scalability, in a cost-sensitive setting like PON, is difficult

Meintain through a single type of multiplexing/multi-access technique. For instance,
Qter to scale up, a WDM-based PON will need agile transceivers with a wide tuning range
m 8°od response time while a TDM-based PON requires transceivers operating at the
~ 8 ** gpeed, in addition to addressing end-to-end (OLT to ONU) synchronization issues.
s P’ssibe way to circumvent these operational constraints is to combine different acces

neS through a multistage RN employing both AWGs and passive star couplers. This



approach to network connectivity generates a much larger resource-pool, which anU
utilized for smooth provisioning of the PON. In addition, the end user enjoys the bergfitfrtin
all the constituent access schemes, with the ONU hardware needing no elaborate yxyachia
Further, the scope of provisioning also improves with an enhanced pool of resourcs Fr
example, in a hybrid WDM-TDM PON every subscriber is addressed by a uige
wavelength-time-slot combination, allowing a much larger subscriber-base. Here WDMgwes
an additional dimension to the network size while the speed requirements of the tasmE\as
remaining unchanged.

In this context, it is worth considering the merits of OCDMA in hybrid RN
OCDMA-based systems support asynchronous communication and have been edaswdy
studied for their suitability in local area networks and later in access networks [SHe3]
[JayaOO] and [StSa02]. Other studies on systems, employing multi-rate codes [MM<B]
indicate the possibility of OCDMA systems supporting heterogeneous services (g inn
access segment) with differing service quality. Due to its fair, flexible and inherently smre
mechanism of providing asynchronous multi-access, OCDMA technology can exe at
connectivity problems in a distribution segment. However network deployments tessdan
OCDMA systems have so far been confined to research test-beds and laboratory experiments
for want of mass—fabricated, off-the-shelf encoding/decoding devices. The emergence
FBG, a passive encoding/decoding device [ToCY99] has increased the prospects of CCOVA
for cost sensitive PON segment. Recently Kitayama et al suggested employing OCDMA o
WDMPON to realize gigabit-speed services for FTTH solutions [KiWWO06].

In this chapter, we consider a hybrid PON configuration based on WDM and OCD;
techniques. In the PON under consideration, our resource pool consists of wavelengt
optical codes. The performance of a network mostly depends on the way the litn
resources are put to use. We address this issue by adopting some resource d  ~
strategies, while keeping the resources limited. Further, we examine the inpl>ca®

possible under- and over—provisioned situations with varying code allocations.

4.2 Proposed Hybrid PON Configuration A
In this section, we propose a PON configuration which employs WDM as well asCC »
techniques (and hereafter called as W-OCDM PON) to realize a hybrid n
functionality is realized using two separate RNs at different stages with an AWG in »
A

stage and one or more PSCs in the second stage, with the latter placed nearer to t

centre of the ONUs. The configuration is modular and scalable, where wavelengtn B



coarse granularity and optical codes provide finer granularity. An OLT, which is generally
collocated with a central office, connects the PON with higher levels of telecom
infrastructure. The fiber link between OLT and the first-stage RN configuration constitutes
the feeder section covering about 15-20 km distance. This is followed by the distribution
segment comprising of the two-stage RN reaching out to ONUs over a range of 10-15 kms.
With lesser traffic, for upstream transmission, the number of codes is kept fewer than number
of usars and hence the access in upstream, takes resort to multiple access rather than circuit-
switched (dedicated) resources for downstream transmission. Thus through hybrid

multiplexing (WDM-0OCDM) for downstream transmissions and hybrid multiple access

OCDMA CLUSTER #1

_ONU#L
TXCVR
RN-PSC (FBG.
RSOA)
TXCVR
(FBG-
RSOA)
QGn T i
ONU.#M I

ONU - Optical Network Unit

OLT - Optical Line Terminal

RN - Remote Node OCDMA CLUSTER#N
PSC - Passive Star Coupler

CLTR - Circulator

FBG -Fiber Bragg Grating
RSOA-Reflective Semiconductor Optical Amplifier
OO0C - Optical Orthogonal Code

Fig.4.1 Block Schematic of a W-OCDM PON

(WDMA-OCDMA) for upstream transmission, every channel transmission is uniguey
defined by a wavelength—-optical code combination. As seen from Fig.4.1, ONUs under ea

OCDMA-cluster, are provided with M optical codes (OOC\..0O0Cm) f°r thdr transmissio

(including upstream and downstream). N such OCDMA-clusters, each on a distinct

"avelength, can provide a total of N X M wavelength-code channels. A brief description of

Systems follows, with our major focus on the provisioning aspect.

AWG and RN-PSC: Two Stages ofRN

. . . . . ,of an AWG-based t
hown in the block schematic, the RN configuration comprises 3. " ased remote

noce m the first stage followed by a PSC-based RN in the second stage. Thus channel
dstribution is carried out through routers (using AWG) and power splitters (using PSC).

N °«Put port of a 1 x N AWG connects to a PSC of size 1 x M. With this set-up, M
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optical codes in each code—ciuster are reused on N wavelengths enabling the PON tosyppon
M x N bidirectional transmissions. As mentioned in Chapter 2, AWG works on a ddic
wavelength routing mechanism which enables it to spatially separate and combine qdicd
channels as a function of their operating wavelengths and port locations (an elaborate sidy
on the physical layer issues of the demultiplexing device is covered in the following dga&).
On the other hand a PSC is a widely used power-coupling device which camies ai te
function of combining/splitting through its M input/output ports. It is particularly sutadein
multi-access environment supporting asynchronous transmissions like an OCDVA-besed

ONU-cluster.

OLT and ONU

OLT is considered the resource-centre for the distribution segment. It is equipped with
arrayed or tunable multi-wavelength light sources/detectors to generate/receive simitaneous
data transmissions for/from the ONUs. These are followed by arrays of FBG-based axbs
needed for optically encoding and decoding the data signals. Since the cost of OLT isda=d
amongst all the PON subscribers, it can afford to use a post—-amplifier to compensate forte
losses in the distribution segment. In our proposed setting, OLT supplies optical earer
power to the ONUSs, for their upstream transmission which we discuss subsequently.

ONU Transceiver

PSCased RN

Data out

Data in

To/From
AWG-based RN

— > Downstream
<— Upstream

Fig.4.2. Fiber Bragg Grating—based ONU Transceiver

As shown in the Fig.4.2, an ONU transceiver would consist of a receiver s
comprising of a FBG decoder followed by a PIN photo-detector while the transmitter ssdian
consists of a RSOA and an FBG coder. The downstream channels are first decoded m *
FBG section and later photo—detected. A 3-dB coupler taps the optical carrier power from
downstream channels and supplies the seed carrier power to be modulated by the R
upstream data. The RSOA works as a modulator, when operated in the saturatib

[KaHa06] supporting data rates of 100’s of Mbps. The modulated data stream is then enco
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through the FBG to be transmitted in the upstream via PSC-based RN. Both upstream and

downstream channels use a common fiber link.

FBG-based Optical Coding

Sved encoding/decoding schemes based on fiber Bragg grating technology have been
proposed and developed [TPIR0O1], The operating principle is that an incident data bit is
inparted a unique coding pattern onto its reflection profile as it emerges from the FBG
exnxkr. As shown in Fig. 4.3, the incident and encoded signals are isolated by a circulator in
the transmitting section of the ONU. In the receiving section of the ONU, the encoded bit
atasan FBG decoder which has a conjugate coding pattern. This gives a despreading effect
tothe encoded signal and the original bit is reconstructed after reflection. Coding patterns are
eded into the fiber section of the device by modulating its refractive index profile, through
the wee of spatial mask and holographic techniques. Super-structured FBGs (SSFBG) have
been tried in test-bed studies [HWWKO6] which can generate 511-chip code sequences
enploying coherent coding method.

Circulator

Inputsignl A _ =3 FBG
Vs7

| — 1 Encoder
I \]T\] LCode Pattern
10 11
Encoded signal _ /\._J

A A i FBG

NF======N Decoder
Decoded signal -
J LJ LDecode Pattern
110 1

Fig. 4.3. FBG-based Encoding/Decoding
Optical orthogonal codes (OOCs) are unipolar code sequences represented by the n-
“Pk (". w, Aa, AQ where n is the code length, w is the code weight, /ta is the autocorrelation
Qdram and >c is the cross correlation constraint [ChSa89]. They are sparse codes,
desgned to have very low w/n values which ensure low interference amongst the ON chip
SBac*thus minimizes the multiple user interference (MUI). They also have const
alSequal t0 ‘unity’ (near ideal) i.e., Aa = Ac= 1 However, long sequences (value of n),
B the sPectral utilization of the codes. They are suitable for a PON setting where the

bit rates are not very high but user—count is high. We would consider a set of OOCs

are characterized by (364, 4, 1) giving a code size of 30.
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4.3 Traffic Asymmetry and Resource Provisioning

The data traffic in an access network is bidirectional in nature, comprising both upstream 17

downstream packet transmissions. However in general, there is relatively more trafficontj

downstream channels, due to bandwidth-hungry streaming multimedia senics Ts
upstream transmissions are low both in spectral content (bandwidth) and rate of ifanatia.

generation. This brings about a traffic asymmetry which can be profitably utilized by te
PON designer for allocating resources. For instance, users in a code—cluster (aypatedh

each PSC) may be allocated dedicated optical codes (OOC) to receive nmessages antk
downstream channels (due to higher traffic) whereas on the upstream channels, the lEas@n
share a common set of codes (with more than one user per code) for tramnmitirg
Consequently either more users can be accommodated within the given set of codes arsne
codes can be saved if the users are fewer in number. The codes thus saved can be wsdfr
future provisioning of the PON. However, it is important to examine the right goorcech et
for code allocation, in order to enhance network performance for optimized e
utilization (in this case, optical codes used for each wavelength). In this context, we adjt)
method of allocating resources and study its impact on the system throughput by means dofg,

analytical model.

4.3.1 Code Allocation using a Heuristic Approach

In an OCDMA-based system, code allocation can be a straightforward exercise wheree;>
user gets a single distinct code for both transmitting and receiving in half-duplex node As
result, the maximum number of users that can be supported is determined by the axks
When the same system is deployed in an WDMOAN, where transmission and reception @,
take place simultaneously, a user has to be provided with two separate codes. Ho'«
keeping in mind the inequality in the traffic intensities in either direction, we ..., » theaa-
for the upstream and downstream channels in proportion to the traffic they generat
heuristic estimate of code count for the upstream and downstream channels using a code *
of M is evaluated for a given code-cluster. We denote the total offered traffic duetoc ~
packet transmissions in the code—cluster as G. If the average values of the offered traff* »
upstream and downstream directions are Gy and Gch respectively, we have G = (Gf

This traffic is generated by using the codes supported by an OOC («, w, 1) whose code®
given by Cd - (-NIWW-N)]. Let the codes assigned for downstream an A
transmission be Nch and Nup and let the average ratio of upstream to downstream ;

* Cis
= {G! Gdn). Then the offered load in the upstream and downstream direction
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G[fi'0+Hfl and Gdn = G[7/(1+ - However in an OCDMA network, offered load is equal to
te number of codes employed for packet transmission. At full load conditions, all the
allocated codes Cd constitute the total offered traffic G. In our heuristic approach, we allocate
Ustream codes in proportion to the traffic ratio p and allocate the balance codes for
downstream transmissions so that
( N.
c A Xch = (Cd-NJ and p (4.1
(1 +/%)_

Thsthe code allocation ratio is set equal to the traffic ratio p.

432 Optimal Code Allocation based on Open Search around Heuristic Solution

A proportionate code allocation may not necessarily be an optimum choice in general. The
throughput and traffic are not necessarily related linearly and hence the proportional
provisioning may not yield the best results. In an attempt to find an optimum code allocation,
we therefore adopt a more general method of provisioning in which we examine the code
allocations around the heuristic estimate naming it an “open search mode however with th
sarting point set at the heuristic (proposed) solution.. There we select a limited range (say
osr a range of 10-15% of code size) around the heuristic estimate and assign values for
ystream code count. The remaining codes are allocated to downstream channels,
effectively determine the cluster-size (users). Let A be the incremental deviation of the c
dlocation from the heuristic estimate. In this approach, for a given deviation A, the p

aock count N 'yp becomes (Nyp+A) and consequently downstream code count N ch

(Q -Np. We subsequently examine the impact of this open search mode

provisioning, for different levels of traffic asymmetry, through a throughput mod

N re stTe parameters for the model using which we assess the overall PON p

adthe effectiveness of the proposed method of code selection.

~33Performance Measuresfor Provisioning Methodology

Whi,ered*ing the number of downstream codes (for better upstream contention resolution),
(e Educes the number of users for each code group and hence for each wavelength. Since
tle number of wavelengths is limited in a given network setting, this in tumn

maxXmum number of users over the entire network. Thus at the cost of higher upstream

Ahput one loses the number of users and hence compromise with the network-size. n

Ot to examine this issue (and achieve an optimum trade-off), we define a
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performance measure Q = number of users-total throughput product, which Hbps i
evaluating the overall impact of provisioning on the bidirectional throughput of the PON
Changes in the profile of the performance measure indicate a possible drift in the expected
network behaviour. This may help the network designer to avoid certain code diotias
while scaling up the network, while supporting a given traffic ratio. On the other hand, ahich
value for Q indicates quality—ensured provisioning for corresponding code allocation. Vé
also evaluate both upstream and downstream performances separately by their regedive
aggregate throughputs as a function of code-allocation deviation A from the haridic

estimate.

4.4 Performance Evaluation of the Proposed Resource Provisioning Scheme

In this section we develop an analytical model to evaluate the performance of ysstreematd
downstream data throughput. For this purpose, we need to estimate the aggregate thragpu
in each direction (upstream and downstream). As discussed earlier in our proposed hyrid
PON, a channel is defined by a distinct wavelength-code combination. Individual dard
performance of any of the N x M unidirectional channels is similar and is equally affectedlj
simultaneous user interference. The overall throughput is then just JV-fold that of a O0OM-
cluster consisting of M unidirectional channels or codes. This indicates that qualitatively te
behaviour of PON will be similar to that of the individual code-clusters. Hence we aosicer
the performance of a single OCDMA-based code cluster for a given wavelength, ina
analytical model. It is assumed that M encoded data packet transmissions share the fite
medium using slotted ALOHA protocol. We consider two statistical distributions far
modeling the network traffic. Further, we identify major factors determining the suooes
transfer of data streams and derive analytical expressions for each. With the help oft
terms a complete throughput model is developed. We utilize this model to evaluate the axk
allocation schemes discussed in earlier sections.

The packet arrivals in a network under consideration can be reasonably characte

binomial distribution for finite population and by Poisson distribution for infinite pop

If M is the maximum number of transmissions (in this case equal to codes allocated)
given direction with an average offered traffic, then the probability of finding k PLC  #
packet slot is given by the following expressions for Poisson and Binomial cases resp
[Keis97].
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-6 pk

e Poisson Distribution
PO S )
- J fork<,M (Binomial Distribution)
_o for k>M 4.2)

At full load conditions, user transmissions M, allocated codes N and average traffic G all
hae the same value. Further in an asymmetric OCDMA PON, the values of M, G and N
aane different values for each direction. As a result we have Guo=Ny=M for upstream
deardsand Gch= Njn= M for downstream channels.

In a multiple access network, the probability of data packets to be delivered
successfully is determined by their arrival distribution, by the distinctness of the resource
trey share (if any) and by the impact of mutual interference to which they are subjected.
Espedidly for upstream channels (which share optical codes) the probability of the code
enployed for transmission being distinct, decides the success of the data packets. We
cosicker these issues in this section and arrive at a quantitative estimate for each of the above

mentioned factors.

441 PacketArrival Probability

We dernate f N (kup) and f N {kdn) as the probabilities of arrival of kyp and kch packets on

cHa channels from a code-cluster consisting of Ny and Ndn codes. We assume full load
coditions in both directions, wherein all the allocated codes are used and direction—specific
offered loads are given by egn. 4.1. Making use of egn. 4.2, the packet arrival probabilities in

ystreamand downstream directions can be expressed for a Poisson distributed traffic as
Iy U (4.3)
U
P k\p !

fN {k '~ e Nd"~N~ ki (4°4)

Where kipvaries from 1 to Ny and koh varies from 1 to NJn. For binomial traffic, the term

N 'nan' 4.2 signifies the average traffic per user which is different for upstream

Stream users. In other words it is the transmission probability of a packet under a given

*?ad and we denote it asp(kip) for upstream users. The packet arrival probability
&enby
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\WNup~Kp
fN (%)= (/>(*,))" 0 "/>(*))
1p \k J

In upstream channels, Nup packet transmissions are generated from Nch users on an agagi-

each cluster. Thus the transmission probability per upstream user is Nup/Nj,,.

By substituting p(klip) = Nlip/ Nch (— p,rf)

N 1 N
. #

For downstream channels, the average traffic per user is unity and in full load condition, tee
are Noh packets in every slot. The packet arrival probability in the downstream dard s
given by

*
Niin y
.

- (49

4.4.2 Probability ofDistinct Code Usage

As mentioned earlier, code allocation for upstream transmission can take advantage of te
inherent traffic asymmetry in a PON. This brings in the concept of sharing linited aits
amongst a user group judiciously. Our heuristic approach for allocating upstream (daed
codes takes care of the traffic-dependent code contention to some extent. Just the sarg, aree
OCDMA PON employs S-ALOHA protocol where the transmissions are un-coordinated.
there is a finite probability of two or more users using the same optical code in the saretine

slot. We estimate the probability of distinct code usage of kuyp packet transmissions, dao
by pAKP) and expressed as a ratio, given by

} Number of km distinct code transmissions Q(kup)
Number of combinations k -code transmissions P(k )

wherein the numerator represents total number of possible transmissions which are

. L. . strargissan
with kup distinct codes and the denominator represents the total number of k,
. - L n yosreem
attempts. The number of users in a code—cluster willing to participate
transmission is equal to Nj,,. Then the number of ways ~-transmissions can take plac

o _ N distil
them is given by p(kup) = ) miThese combinations include redundant as well
u

otierdfd

codes from krp users. Further kyp upstream code-transmissions might have been
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from any of the g (=Nyd) code groups where each code group is shared by gm(= Nd, g

approx.) members, contending for the same code. Since there are g distinct code groups,

combinations of k -transmissions (with distinct codes) are given by Ho) . Again in every

auxhcombination, each code could be from any one of the gmpossible users, giving us (gmkyp

possile user—-combinations per every “-transmissions. Thus we get an overall

j(gm** | number of distinct code combinations which gives Q(kup)
P Kk, J

Wsingthe expressions for P(ky) and Q(kuy) we get the probability of distinct code usage as

R
«J 4.7)
NT
V koP )
Since code allocation for downstream transmissions is done uniquely for each user,
4(U=1 4-8)

Next we consider the bit error probability (BER) in data packets due to MUI.

443Probability of Correct Packet Transmission inpresence ofMUI
MJ 's wore detrimental in an access setting where ONUs are capable of supporting
bidirectional traffic with their transceivers simultaneously receiving and generating encoded
cHapackets in a duplex mode. We estimate the packet error probability in presence of MUI
Inagiven direction, by taking into account the BER resulting from chip co-incidences (in the
Cde sequence) amongst packets from both directions. We assume that all transmissions are
received with equal signal power and MUI is the dominant cause of errors. It is assumed that
N aodes are sufficiently random so that the bit errors are independent. An encoded data bit
ng an (n, w, 1)] experiences chip coincidence with a probability of w In, from each
Qre°fi interfering codes (corresponding to simultaneous transmissions). It is the probability
which coincidences occur at w on-chip positions in the code sequence of n chips (
pbabihty of chips being in ‘on-state’ is w/n). Coincidences translate into bit errors when i
ek the detection threshold (= w) which sets the lower limit for i. Using these

envatl’°ns, we derive the packer error probability in upstream and downstream channels in
the following.

63



Upstream Channels:
For upstream transmission, the total interference kirt, that an upstream data packet eounter

is equal to (kup-1+ kdn). Further while considering the interference from downstream wsask
(which varies from 1 to Nd,), the corresponding arrival probability is also tden o
consideration. We use the BER expression developed for our earlier work on mit-
wavelength OCDMA systems [RaDa04], which expresses the BER of M, transmissions sste

sum of coincidence probabilities from all combinations of / interferers. Thus we ¢ te

expression for bit error probability for upstream channel as

4.9)

The probability of successful packet transmission Rc(ky) for a data packet length of Hras
given by Re(kyp) = (1- An PmR). Substituting for peer from eqgn. (4.9) we obtain R(ap fo

Poisson and Binomial traffic models as
f 2\kinl—r
w
> @19
\'oonl

where,

i Ndh(N Jkn
-~~~ andkim = (kuyp - 1+kdn) (Poissontraffic)
kch m

™km = (kg ~ X+kdr)

(Binomial traffic)
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Downstream Channels.

Similarly the expression for successful packet transmission in downstream channels is given

by

_— 2 \ ki
’)knl I int (4.11)
?2,(**)=1- ¢ i=w V< 3\ ny
where,
-N k
e v (N )u
>andkM = (2 n -1 +7 ) (Poisson)
fs V =1 Kol
\% ¢ Nu -ku
fNip\ fyNu NUP " i
) P 1-- andK, = (kdn -~k up)(Biwm
VK P

444 Data Throughput
Inthe following, we finally construct the complete model for the system throughput in an
OCDMA system. We assume that the bidirectional transmissions are completely independent

of each other and that the data traffic is uniformly distributed in the ONU-cluster. The

throughput probability for kup packets S(kup) is given by the product of the probability of

packet arrival, the probability of distinctness of the codes used and the probability
successful packet transmission in the presence of MUI. Hence the throughput in the upstrea

channels is the sum total of success probabilities of all such kup transmissions expressed a

" . . (4.12)
S5 pw < P LENIiR(KIiD) }{P Akup)Hpc (KP)}

where, kw js the number of upstream transmissions, fy ( kup) 's the probability of p
arVva>  kup is the probability of distinct code usage and pc( k) is the probabi 'ty
successful packet transmission.

Using similar approach the throughput expression for downstream channels is g-

(4.13)
45

Next we consider the two approaches for the shared upstream codes while

the Overal1throughput.
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Case 1: Shared Codes with Code Contention

Under this approach, upstream transmissions are un-coordinated, and hence if two or no-
users, desirous of sending data, might be contending for the same code. This results in falue
of all the attempted transmission and in turn brings down the channel throughput. Insstin
4.4.2, we derived an expression for distinct code usage probability applicable to ath
situations. We also estimated the packet arrival probability, and packet error probability for
unidirectional traffic. Substituting these expressions in eqns. 4.12 and 4.13, we get the owedl
throughput for upstream channels Supfor Poisson and Binomial traffic in the following.

The overall upstream throughput Syp for each of the two traffic models is expressed as:

Sison

ey UMk A\w2 T 2Vt
\W
1 Vi
where,
eWjV P
4, (*¥*) = k—;_ and kM= {kip-1 +kt,) (4.14)
cv
binomial
Ko 1 N NPP MWk ae
z* P Nh N. -7
where,
& th
fsM = sand*. = (*,-1 +NJ (.15

Similarly overall throughput Sdhfor downstream traffic can be obtained for the two traffic

models as
Sr;};xson :Nan ) {W2Y f L \NZ\ int (416)
M w |
\' v on j
where,
. _ e-nwe (NLPKP
f% ikP) = r and Kt =(kdn-\+k,ip)
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Case2: Shared Codes with Contention Avoidance

Inorder to improve the throughput performance in the upstream channels, pre- transmission
coordination mechanisms can be employed by which code contention is avoided in the
upstream broadcast channels. Through a separate control channel from the OLT, the ONUs
canbe informed of the status of the unused optical codes available for upstream transmission.
With this information, new packet transmissions will refrain from contending for already
acquired codes in the current time-slot. Instead they attempt after a finite duration as
determined by the algorithm, the MAC protocol supports. This makes the distinct code usage
probability for upstream channels, unity. The corresponding throughput expressions for

upstream and downstream channels are given in the following.

Upstream throughput can be expressed as

Sstson



Since contention avoidance in the upstream channel does not affect the downstrear
channels, corresponding expressions for downstream throughput are given by eqn.s 416ad
4.17 in collision avoidance case too. Next using eqgns. 4.16 and 4.19, we evaluate the cia
throughput for upstream and downstream channels for different values of code allocation

around the heuristic solution in an “open search mode” as mentioned in Section 4.3.2.

4.5 Results and Discussion

We examine the role of the proposed resource provisioning scheme (through appropriate axk
allocation) in optimizing the performance of W-OCDM PON with asymmetric traffic. Inthis
context, we choose an optical code (OOC: [364, 4, 1]) of size 30 to provision te
bidirectional traffic in the code-cluster. Each cluster in the hybrid PON ocorfiguration
operates on a separate wavelength with same data rate of 24/24 Gyps for
downstream/upstream transmission. Thus, each of the 30 encoded data channels (induding
upstream and downstream) can effectively operate at 6.6Mbps (=2400/364) using the 24
Gbps link. We represent the channel throughput as the aggregate data rate as determined by
the product of throughput S and operating channel data rate in Mbps, for a given directica
We consider a data packet length Pkn= 75 Bytes for evaluating the throughput performance
in the upstream and the downstream. However, we also show some results for differert
packet sizes, in order to illustrate certain aspects on the choice of packet length for the FON
under consideration.

By using our heuristic approach, we first determine the codes to ve allocated for agive"
traffic ratio/? and evaluate the aggregate channel'throughput (i.e., the total throughput foral
the codes for a given wavelength or channel) in either directions. Next we vary this estina
for the number of upstream codes and leave the rest for downstream traffic. Thus the rum
of ONUs (or users) that can be supported by the PON becomes equal to the available number
of downstream codes. The deviation A (defined earlier in Sec. 4.3.2) from the heuistic
estimate (of upstream codes) is treated as an independent variable. Thus, positive values of A
(on x-axis) in the following plots correspond to an increase in upstream code-allocati
compared to the heuristic value and a consequent decrease in the user count. Ont A
hand, negative values of code deviation correspond to an increase in user count at the
more code contention for upstream transmission. We chose four different traffic scenan®
A

the PON under consideration, based on the relative level of upstream traffic as comp

the downstream. Thus a low-level upstream traffic PON was assumed to have a traff
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- 025 Similarly, the other three cases considered for our studies are as follows: for a
medium-level upstream traffic P = 0.5, for a high-level upstream traffic /2= 0.75 and for a
very high-level upstream traffic /?= 0.9.
In the following, we present the results of our investigations in three parts:
Upstream Performance (Case 1: Shared codes with code contention; Case 2: Shared codes
with code contention avoidance)
Downstream Performance

Overall PON Performance

Upstream Performance

In this section, we present the PON performance of the upstream transmission for shared
codes with and without code contention. We found that, in general, the plots of aggregate
throughput versus A for various cases of traffic ratio /?, exhibit a lower cut-off on zl-axis
which may extend beyond (above) the heusistic estimate (i.e., A = 0) into the over-
provisioned region (A > 0) depending upon the traffic ratio P mBasically this is the region
over which an upstream data packet is unable to overcome the combined effect of code
contention for shared codes as well as MUI from simultaneous transmissions, resulting in
practically negligible output. Subsequently, as the number of allocated codes for upstream is
increased (i.e., A is increased further), the situation improves with more successful
transmissions contributing to the upstream throughput. We call the point at which throughput
starts rising as “cut-off point” and the aggregate throughput corresponding to this cut-off
point as “throughput threshold” (assumed to be about 2 Mbps in the present discussion). For
example, with p> 0.5, cut-off point appears at A = +2. Next we discuss the results m further

details both with and without code contentions.

Case 1: Shared Codes with Code Contention
The plots in Fig. 4.4 present the throughput performance (aggregate throughput )’
“Pstream channels in presence of code contention for P,en= 75 Bytes for binomial traffic. We
also studied the throughput for a smaller packet size (of 20 Bytes) and a longer packet size
(°f 150 Bytes) in order to show the change in performance characteristics with packet le gth
However most of our observations are'based on the packet size of 75Bytes.

It is observed that, in the PONs with p= 0.25, the cut-off point appears at Al= + 4 and

aggregate upstream throughput remains rather low even beyond the cut offpo*
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the throughput remains low due to the overbearing effect of MUI from a relatively lage
number of downstream transmissions (at this traffic ratio). Since code contention is nota
major issue for low p, there occurs very little improvement with additional codes allocated
for upstream users. In PONs with jB > 0.5, data packets experience relatively les
interference from the opposite stream, but are subject to code contention which results in
shorter cut-off value (A = + 2). Thereafter the situation improves markedly as the allocated
code count exceeds the throughput threshold point, allowing the packets to recover fromcode

contention and produce successful transmissions. The data throughput reaches a peak as ssen

] Upstream:Dowiistream Code Breakup at zero deviation
Traffic ratio=i).25;codes-6:24 - ~ -
Triffic ratio-C).5;codes-10:20 — i—

Traffc Ratio=0,75;codes-12:18 - => * X
Tr affic ratio-C).9;codes-14:16 —x - _ -
7
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Deviation from Heuristic Upstream Code Estimate

Fig. 4.4. Effect of code allocation on upstream aggregate throughput with
symmetric speed of 2.4Gbps; Upstream bandwidth-per-user=6.6 Mbps;

Binomial traffic; Shared codes with code contention; Packet Size=75B

in the plot and we find that increased allocation of upstream codes benefits PONs with P*
0.75 relatively more. Beyond this stage (+8 * A > +10), the aggregate throughput either
remains constant as for PONs with p ~ 0.75 or, gradually falls as in the case for PONs with
higher upstream traffic (fi < 0.9). The fall of aggregate throughput in the latter case tak
place in spite of the increase in per-user throughput (due to larger number of codes) becaus,
with increase in 4 fewer codes can be allocated for downstream transmission implying
thereby a decrease in the number of users in the network itself.

Next we assess the impact of decreasing the cluster size (say, over-provisioning byw
codes beyond the peak throughput from 4 = +8 to +10), under different traffic scenarios®
values,). For instance, in the case of PONs with /?= 0.25, it results in a decrease in the us
count (= downstream codes) from 16 to 14 (i.e., a 13% reduction in provisioned size) an

corresponding increase in per-user upstream throughput from 1.0Mbps (= uPstrea*
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throughput at A / (reduced user count x traffic ratio) to 1.33Mbps i.e., a 33% increase. For a
PONs with /?= 0.5, a 17 % reduction in cluster size results in 20% increase in per-user
upstream throughput. On the other hand for a high-level traffic PONs with P = 0.75, this
provisioning results in a 20% reduction in cluster size for a corresponding 48% increase in
per-user upstream throughput. For PONs with p = 0.9, a 25 % reduction in cluster size
results in 16% increase in per-user upstream throughput.

At this stage it is also interesting to examine the corresponding change in code sharing
ratio for the aforesaid over-provisioning. We find that for PONs with p = 0.25, code sharing
ratio (codes: user) decreases from 14:16 at peak throughput to 16:14 (i.e., from 0.88 to 1.14).
This is equivalent to a 30% decrease in code sharing for a corresponding 33% increase in per-
user upstream rate for low-level traffic PONs. For PONs with P = 0.5, this results in a
decrease in code-sharing, from 18:12 to 20:10 code/ user i.e., by 33% for a corresponding
20% increase in user rate. On the other hand for PONs with p = 0.75, this results in a
decrease in code-sharing, from 20:10 to 22:8 code/ user i.e., by 38% for a corresponding 48%
increase in user rate. On the other hand in PONs with p —0.9, the code sharing decreases by
45% (22:8 to 24:6 of code/user ratio) for a 16% rise in per-user upstream rate. By and large, it
is observed that in all cases, over-provisioning beyond the peak performance range results in
wastage of resources in spite of the per-user-throughput advantage (codes in excess of users).
On the other hand, over-provisioning within the peak region is expected-to offer better
resource utilization and upstream throughput as well.

In Fig.4.5 we present the plots of upstream aggregate throughput with Pien 150 Bytes,

which exhibit similar behaviour as in Fig.4.4 but with extended cut-offpoints and lower

w -2 0 2 «
Deviation from Heuristic Upstream Code Estimate

Fig. 4.5. Effect of packet length on upstream throughput with code “ n* n<o*
Upstream bandwidth-per-user=6.6 Mbps; Binomial traffic; Packet Siz
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Table 4.1. Some Optical Orthogonal Codes and their Characteristics

Code Weight Code Characteristic Code Size
Category C=(n,wJ.) lg=[(«-i)M w -i)]
(«,3,1) (31,3,1) 5
(63,3,1) 10
(127,3,1) 21
(255,3,1) 42
(511,3,1) 85
(1023,3,1) 170
(2047,3,1) 341
(4095,3,1) 682
(*.4,1) (40,4,1) 3
(121,4,1) 10
(364,4,1) 30
(1093,4,1) 91
(3280,4,1) 273
(«,5,1) (85,5,1) 4
(341,5,1) 17
(1365,5,1) 68
(5461,5,1) 273
(«,6,1) (156,6,1) 5
(631,6,1) 21
(3156,6,1) 105

throughput values. Thus the higher packet lengths may reduce the throughput for the specific
optical code we have chosen due to more MUI and code contention. Since longer packets

would need more upstream codes to overcome MUI, the supported size of the PON woul
also be lowered. Indeed longer packets can be used in the given network with a different s
of OOCs characterized by longer code lengths and code weights in order to overcome the
above problems. Table 4.1 gives the list of such OOCs with the corresponding code Sizes,
which were developed by Chung et al. [ChSa89]. However, we carried out our subsequent

studies with Plen=15 Bytes as an example case study and would be exploring the longer

packet sizes in our future studies.



Case 2: Shared Codes with Code Avoidance:

In this section, we examine the influence of contention avoidance scheme on the aggregate
channel performance. Figure 4.6 illustrates the impact of contention avoidance on the
aggregate upstream throughput for different data packet sizes. For both the /? values we
considered (0.25 and 0.5), smaller packet size reduces the cut-off point for A and thus
throughput threshold appears for lower values of A than in the code contention case. For
example, in a W-OCDM PON with ft = 0.5, throughput threshold appears at A = +2 for 75
Byte packets and at A = -4 for 20 Byte packets. When /? = 0.25, the impact of contention
avoidance is slightly lower as expected, because of the reduced need for contention relief. It
is also observed from Figs.4.4 and 4.6 that for a longer packet size (as for 75 Bytes)
contention avoidance does not have any significant impact on the throughput. Thus, by using
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Fig. 4.6. Effect of code allocation on upstream throughput with varying
packet size; Upstream bandwidth-per-user=6.6 Mbps; Binomial traffic;

Shared codes with contention avoidance

the control channel information (regarding acquired codes) the network is able to overcome

Cde contention and interference at an early stage with fewer number of shared codes

(provided the packet size is not large for the chosen OOC). The early appearance of cut-off

Point suggests good prospects for scaling up the network. However for PONs with p - 0.5,
e cut-off points get closer to our heuristic estimate with contention avoidance. Also the
thoric recovers more gracefully from code contention as indicated by the smoother
oughput curves as we increase the upstream codes (i.e., increasing A).

So far our results were based on Binomial traffic model of the hybrid PON. Figure 4.7 shows

the throughput performance for a PON with Poisson traffic model with code contention. We
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fin'd that, the throughput performance of Poisson traffic is observed to be better as compared
to the Binomial traffic for PONs with low upstream traffic p = 0.25. On the other hand PONs
with p z 0.5 show lower throughput as compared to those obtained with Binomial traffic (in
Fig.4.4). It is further observed that the cut-off value of A corresponding to throughput

threshold forp <0.5 corresponds to our heuristic estimate for code allocation.

-4 -2 0 2 4 6 8 10
Deviation from Heuristic Upstream Code Estimate

Fig.4.7. Effect of code allocation on upstream throughput; Upstream
bandwidth-per-user= 6.6.Mbps; Poisson traffic model; Shared codes with

code contention; Packet Size = 75B

Downstream Performance
Next we study the throughput performance of Binomial traffic in the downstream channels

for different values of traffic ratio. It is observed from Fig. 4.8 that, the downstream channels
exhibit a cut-off point similar to the upstream channels for a data packet size of 75 Bytes. &
find that, throughput threshold for PONs with p = 0.25 appears to be same as the heuristic
estimate, whereas higher upstream traffic needs increased upstream code allocation to reco
from contention and MUI. Peak values of downstream throughput correspond to A - +8 or
all four traffic ratios. Thereafter PONs with p> 0.5 become more sensitive to code allocation
showing rapid fall in their aggregate throughput levels as compared to the PONs with 1
upstream traffic. This occurs because, at low 0, the downstream throughput is from a major
fraction of the user group, whose transmissions are minimally affected by those in

opposite (upstream) channels. By over-provisioning, downstream user number is reduc
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Fig. 4.8. Effect of code allocation on downstream throughput; Binomial traffic
model; Downstream bandwidth-per-user=:6.6 Mbps; Data packet size = 75 B

thereby lowering the aggregate values. But individual data rates are not much affected due to
very low interference from the traffic in the opposite direction. It is also noticed that for the
sare value of A, aggregate data rates differ significantly with ft. This is because the same
value of code deviation leads to a different degree of provisioning for different data traffic

ratios. However this difference reduces for p beyond 0.75 where the performance curves tend

to converge.

Overall PON Performance
So far we examined the impact of both upstream and downstream transmissions on the
performance of either upstream or downstream throughput, (i.e., one at a time for different
traffic ratios and code allocations. In the following, we examine the code allocation scheme
used for provisioning the entire W-OCDM PON, in terms of the overall network performance
measure Q defined in Section 4.3.3.
Figure 4.9 presents the plots of Q vs. A for the four values of /?, wherefrom we can
the overall performance of the PON and arrive at an appropriate (optimum) resource
Provisioning. From Fig. 4.9, it is evident that, the PONs with lower upstream traffic p enjoy
ive'y better overall throughput performance in terms of Q. This is because they spare
enumber of codes to admit new users, who in turn incrementally increase the throughput

ft upstream and downstream directions. This is indicated by higher values of Q for P <
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Fig.4.9. Total number of users- total throughput product Q2 versus code
allocation deviation; Packet size=75B; Shared codes with contention;

Binomial traffic

0.5 than forp > 0.5 at A = +7. Further, it is understood from the plots that, the PONs with
lower traffic ratios can support more number of users to obtain the same level of overall
performance. Also we find that the performance ofa W-OCDM PON becomes more sensitive

with A for increasing upstream traffic which limits the scalability of the network for the

corresponding traffic ratio.

4.6 Summary

In this chapter we examined the provisioning aspects in a hybrid PON which employs ’
WM and OODMA technologies. Provisioning in such a network essentially consists of
allocating channels or resources for both improved throughput performance and to achie
balance between expected (as per average traffic pattern) and actual data transfer
Optical codes and wavelengths are the resources in the hybrid PON under consideration,
our work we adopted a heuristic approach for allocating codes to the o n u s/users which
into consideration the traffic asymmetry between the upstream and downs

A

transmissions. We developed an analytical model for system throughput taking
consideration the effects of interference and code contention in the upstream channe A
helps in understanding the behaviour of a network with asym metric traffic. Two sepa*”
throughput models based on Binomial and Poisson traffic distributions were form

compared. Further we studied the under-provisioned and over-provisioned (with reference
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the heuristic allocation) regions using an open search mode of code allocation with fixed
resources. \WWe propose a few figures of merit which helped us draw useful conclusions on the
overall system performance.

This method of allocating codes might tilt the balance between the bidirectional traffic
with reference to the average traffic. In the process the network gets either under-provisioned
ar over-provisioned with respect to the heuristic estimate. Depending upon the relative traffic
intensity in the upstream and downstream, variation in degree of provisioning A might in
sae situation, benefit the data traffic with higher intensity, while sacrificing only a nominal

amount of service quality for data traffic with lower intensity.
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CHAPTER 5

Transmission Impairments in a WDMPON Employing AWG-
based Remote Node

51 Introduction

As discussed earlier in Chapter I, a dedicated wavelength-per-channel preserves the bit rate
and protocol transparency of a service, both of which are valuable features for a rapid
groning access segment. A WDMPON might consist, in general, several clusters of ONUSs,
each one terminating at a business house or an individual home. The clusters would usually
ke interconnected in a star or a tree topology to the OLT located on the access backbone. This
backbone is usually a ring, which connects the PON to higher levels of network hierarchy as
discussed in Chapter 3. Over the last decade, this segment alone has grown to such an extent
thet, considerable research effort has been made on studying appropriate topologies and
device technologies for the PONSs to sustain. For such PONs, with medium- to long-reach
spars (10-20 km), tree topology would prove more cost effective. Such realization of PONSs,
with tree topology usually employs one or more stages of RN in between an OLT and ONUSs,
"herein an RN uses a passive device for collection/distribution of upstream/downstream
wavelength channels [McBaOQ]. The passive device can be a PSC or an AWG. PSC’s power
splitting losses make it unsuitable for high port-counts. An AWG is an imaging device with
"avelength-dependent focusing and dispersive properties. A WDM signal undergoes
wavelength-dependent phase delay as it traverses this AWG towards the output port
[SmDa96], which results in a static wavelength-routing pattern for individual channels. Thus
Zica" be an ideal WDM multiplexing/ demultiplexing device for RN without incurring the
power-splitting loss experienced in PSC.
Further, AWG is amenable to large scale IC fabrication using waveguide
>~ SUch> has been continuously worked upon for improvement by several p

proponent research groups [Smit88], [TSKN90], [Mcgr98]. Silica-based AWGs with very
°w "'sertion loss (3-4 dB), good crosstalk levels (30 to 35 dB) [TaOT96], high fiber
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coupling efficiency and polarization independence were reported (as discussed in Chepter 2
Since the device loss does not increase with port count, AWG is ideally suitable for sdi—
up a cost-sensitive WDMPON. Takahashi et.al reported 1 nm resolution capability ofti*
AWG-based demultiplexer at 1.3 |itn [TSKN90], proving its suitability for PONSs supportin;
dense WDM (DWDM) transmission.

In order to sustain the huge growth potential in the access segment, and to justify tre
additional inventory costs involved both at the OLT and ONU for WDMPONS, e
quality should be ensured within the allocated power budget. Furthermore, for mnimizingte
budget overheads as well as to ensure fail-safe operation of the network, one needs togin
good insight into the physical layer issues of the optical channels. By identifying nga
transmission impairments under given operating conditions and by assessing the edentto
which they can influence signal quality, one can gain full control over the network qerainn
and its upgradeability. For instance in an RN, a downstream WDM signal might be subjected
to several transmission impairments due to signal attenuation, crosstalk from co-propagating
channels and beat noise (due to square law photodetection process) apart from the sigd-
dependent shot noise and the thermal noise at the receiver end. In addition, power varidios
at various AWG ports and non-ideal lasers with finite linewidth can further deteriorate te
receiver performance at both OLT and ONU.

Some useful investigations have been reported on transmission characteristics ad
crosstalk-related BER degradation in AWG devices through analytical as well &
experimental studies [TOTI95]. Further, some important physical-layer limitations of
wavelength-routed signals in long-haul networks were examined in [RDFM99]. in the presat
work, we attempt to model some of the relevant features of AWG, in presence . norvideal
lasers with finite linewidth, and use the model to evaluate the BER performance of vaias
optical channels received at the ONUSs through the output ports of AWG. The rest of
chapter is organized as follows. Section 5.2 describes the network configuration and te
important characteristics of AWG. In Section 5.3 we discuss about the transm
impairments and analytically evaluate the signal power captured at various output p
through a novel spectral-to-spatial transformation. Thereafter, we develop a BER modd »
the optical channels, which captures major impairments in the WDMPON. Pna *
discuss the implications of the results obtained from the numerical evaluation of th

Section 5.5 presents the summary.
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52 WDMPON Configuration

W& consider a WDMPON configuration which employs an AWG in the RN for distributing

the optical channels from OLT to individual ONUs, on specific wavelengths as shown in

Feeder Segment Distribution Segment

Fig.5.1. AWG-Based WDMPON Configuration

Fg 5.1 The AWG-based RN demultiplexes the downstream WDM signal from the OLT, via
distinct output ports to individual ONUSs, through static wavelength-routing mechanism of the
AWG. The RN is generally located close to the ONU premises to reduce the fiber cabling
oosts. The PONs with such configuration may typically have with a 20 Km reach, with about
5Km between the RN and the constituent ONUs. The OLT consists of a WDM transmitter
Vhich can be a single tunable laser source or a laser array, depending upon the speed
requirement, the number of ONUs and the power budget allocation of the PON. Each ONU is
equipped with a fixed-tuned transceiver (FT, FR) whose transmit-receive frequencies are
separated by one FSR of the AWG, so that the same fiber link can support bidirectional ONU
tmffk (further discussion on FSR is made in Section 5.2.2). Every ONU in this scheme gets
the full bandwidth of an optical channel provided the link budget is adhered to. A WDM
Q@@Pler directs the upstream and downstream to relevant sections in the ONU transceiver.
GaAsP or AlGaAs based distributed feedback (DFB) lasers can provide 17 to 20 dBm output
P wers which are expensive and would be suitable only for the transceivers in the OLT. Low
PWer DFB lasers with -2 to 3 dBm transmit powers are relatively cheap and can be used m
4e ° NU transceivers. Typical values of linewidths for DFB lasers range between 10 GHz to

MHz. PIN photodiodes are in general used in ONU receivers, while OLT receiver can

0 have receivers with avalanche photodetectors.

tob ~ ~ °Onsider the AWG and some sPeciflc asP " of its functlonallty that enablS 1.
ery useful demultiplexing device.
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5.2.1 Wavelength-Routing Mechanism

It is important to understand the mechanism by which an input WDM signal is demultiplex”
and routed to the various ports in an AWG. An AWG exhibits periodic wavelength propem
which allows the device to reuse the same wavelengths at different input ports, to be routed to
distinct output ports as seen in Fig. 5.2. This gives AWG the capability to function asa

w _.ft It

Xj o2 ] 94
775 ¥ 2 1 X[ gx21 Xigxa 1

tttt , W
E Iltxlf »hil';>

<-
'FS FSR

A A A

X N

Ai,X.2,A3,A1

Fig. 5.2. Routing ina 2 x 2 AWG

network element and make use of its | x  demultiplexing/wavelength-routing feature intre
downstream and N x 1 multiplexing/ wavelength-routing feature in the upstream. Typicalya
1 x N AWG consists of an input port, two focusing slab waveguides joined by an aray of
waveguides and N output ports as shown in Fig. 5.3. Transmitting and receiving waveguices
are attached to the input and output ports to couple the data carrying WDM lightwaves iro
and out of the device. Slab waveguides offer free propagation regions (FPR) within whidl

collimated beams of input lightwaves belonging to the WDM channels, undergo

Input Slab Output Slab
AN
o .
-9 ok 30
-i
Fig. 5.3, Far Field Pattern of Routed Optical Channels The

divergence, diffraction, interference and convergence phenomena in success _
Its
intermediate section of waveguide array has a constant path difference n

adjacent waveguides. An incoming lightwave undergoes divergence in the first A
diffraction at the input aperture of the array and interference in the second FPR'" P

on the propagation constant and path length in each section and the wavelength-
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lightwave is subjected to progressive phase shifts in the AWG device. At a position where
propagating lightwave satisfies the phase match condition, constructive interference takes
place and its corresponding focal field appears at the respective output port. Thus the focal
position of the output signal field is uniquely determined by the wavelength of the input
signal in an AWG.

The plane consisting of focal fields corresponding to all input WDM lightwaves
constitutes the image plane of the device along which N receiver ports are located. This
imege plane is a part of a Rowland circle with a focal length Ra which is an important design
parameter [SmDa96]. Thus spatial separation of the demultiplexed lightwaves of respective

channels is obtained through a static wavelength-routing mechanism at the output aperture of

Table 5.1 AWG Device Parameters

Para- Description Numerical Value
meter
m diffraction order in the AW G/ order of the beam 118
A= free spectral range (=fjm) 1600 GHz
c velocity of light in vacuum 3299792458m/s
central wavelength in vacuum; \= optical channel wavelength 1.55381 pm
focal length of focusing slab waveguide 9381 pm
X, effective refractive index of channel waveguide 1.4513
Xipr effective refractive index of slab waveguide/free propagation region 1.4529
Pm propagation constant in the free propagation region
w~ ; - 1.4752
group index of the w/g mode Nr +|f'gH or N-A’.(M:
c Jdf TodX
fi propagation constant in the w/g mode
A path length difference between adjacent waveguide 126.46 pm
r normalized V-parameter of the waveguide material (fiber)
v = \' ~ n, ) wherea, n, n2are the fiber
parameters
width ofthe channel waveguide
Fok
effective mode width = [05+ 1 1<(/ <10
V- 06J
\b
beam width of the far field = w
4.5 pm
4 - 25.0 pm
Ptchof*e waveguide array op
ar 25.0
Pacing of input/output waveguides L pm
0
dispersion angle due to path difference between adjacent w/gs
9
® ~fraction anS*e *h the input slab region

fraction angle in the output slab region
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the AWG. In this process, incomplete coupling of power at the junctions between k*
waveguide array and the slab regions contributes to the insertion loss of AWG. Honewver itis
independent of the device port count. This feature of AWG makes it more suitable fora RON
with large number of ONUs as compared to a PSC. Table 5.1 gives the list of chice
parameters, their descriptions along with the numerical values of select parameters &
employed by Takahashi et al [TOTI95], which we use in our subsequent analysis. The fee

match condition for constructive interference at a given output port can be expressed as

N, WRdasind, + N,, AL+ Nm dasin6n= mX (5.

Pm dasind, + /3gAL + pm dasin9,, =2n m

where,0,=i— and 80~j— withiandj asthe indices of input and output waveguidks.
Ra Ra

From eqgn.5.1 [SmDa96], it is evident that the refractive indices and geonetrical
dimensions of the constituent sections have to be designed appropriately to obtain the routed
outputs at desired ports. Next, we examine various aspects of AW G analytically with theaim

to develop a propagation model for the routed lightwaves of the respective WDM channels.

5.2.2 AWG Characteristics
In this section we consider some important characteristics of AWG and express tam

analytically based on earlier work [SmDa96]. These characteristics of AWG are ued i
subsequent sections, to evaluate the amount of optical signal power available at the cup

ports of the AWG. Focusing ability of AWG determines the amount of power that can ke
collected at the receiver ports. Primarily for the center wavelength Ac, the parameter AE

crucial factor to realize a well-focused output on the image plane. For Ac, the group refra
index of the waveguide mode Ne is same as refractive index of channel waveguiae M'n *

phase matching condition, so that egn.5.1 reduces toNCAL - mAcm Then the aj

waveguide path difference [SmDa96] can be expressed as
AL = --[T_].e.- 62)

/, Nc
N

Thus, for the same path difference, there is a trade-off between higher diffract)On

lower refractive index for channel waveguides to ensure optimum focusing leve™s A

image plane, maximum channel powers can be obtained for a given diffracti® HOns
, 0 C tn
which would reduce significantly for all other orders [SmDa96]. Figure 5.J
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demultiplexed channels from mth order, which are obtained around the central output port of
the device Diffraction into undesired orders, absorption and scattering phenomena inside the
device add to the insertion loss in the device.

When the wavelength of a lightwave in an input channel deviates from the center
wavelength /U the path difference in the waveguide array causes the focal field of the signal
toshift from the central port (non-ideal constructive interference) along the image plane. The
extent to which this lateral shift takes place per unit frequency change is called dispersion D
and is determined by the device parameters. Though this aspect is effectively utilized for
spatially separating the multiplexed channels, within a channel, this dispersion can cause
some transmission impairments. In particular, when a channel employs an optical source,
which does not have an ideal (line) spectrum, a part of the optical power is lost (smeared out)
through shifted focal fields of constituent spectral components. Thus the spectral spread of a
nonideal laser gets transformed into an undesired spatial spread at the output port of the
AWG, leading to interchanne! (hetero-wavelength) crosstalk —we address this issue in further
details in the following two sections. In Fig. 5.3, for a signal component of frequency/ angle
of dispersion 9 can be viewed as the output diffraction angle ft) corresponding to a zero
input diffraction angle O\. The phase difference for ideal interference is given as

pkL=27m from egn. 5.1. The phase match condition for zero input and output diffraction
angles is given by

/W 0sin0=A"-/7AZ

W& can express dispersion angle 9 in terms of the other parameters [SmDa96] as

Mb-mIK _ NgAL N gmc (5.3)
PpRra _ NfPRda Nj.pRiafcNc

sin 1

further, for waveguide spacing Ax « R, lateral dispersion and angular dispersion are related

through the focal length Ra[SmDa96] as
D= =Rd6 (5.4)
d adf
ubstituting the expression for 0 from eqgn. 5.3 in egn. 5.4, we get angular dispersion a

1 N me 5.5
o B (5.5)

smit and Dam [SmDa96] approximated the modal field of the array waveguides

aussian beam which in turn determines the far field intensity pattern of the rout <«
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power. The far-field distribution is obtained along the image plane of the AWG andsit’

power at the ith port [SmDa96] is given by

.20

m =P,e" @
where, Pais the max. power at a port ,9 gives the angular deviation from the midpoint of
central port and OWis 3dB beam width of focal field (at 1/e2ofP ) = A _ L_

NFPR we>/2*'

6Wis inversely proportional to the modal field width of input waveguide, and hence, drde
mode fibers which have low values of modal widths, are used both in the aray adi.
input/output ports. Thus, as seen in Fig. 5.3, the far-field pattern has a Gaussian prdfile with
the peak coinciding with the central channel (at central port) of the mhorder diffraction ben
The curvature of the far-field indicates that the field intensity reduces towards the edppats
affecting the signal quality of the channel routed to those ports. This gives rise to dfferate

in the signal loss between central and outermost ports called loss non-uniformity.

Routed
Far-field intensity profile Signals
FSR WDM signal z} !Lh
- ’
1x2
A
Image Plane w oL
¢ :
m- m m+1 4—K
(@) ) FSR  FSR
rnuld be sitisfied 2

From c. r ) )
Fig. 5.4. (a) Diffraction order and (b) FSR of AWG-RN

multiples ofyc niipj*ing llltu ;,cve,ai UIUCIS jjj uijuacuuii is pusMuic aiong the image plan
the device. Higher orders allow more number of wavelength components to be gi
separated and so diffraction order of the device m is a parameter which denotes the resold
capability of AWG. Takahashi et. al took experimental results using AWGSs of order

[TOT195]. Depending on the desired value of m and/c, other parameters can be calculated

using eqgns. 5.2 through 5.5. The spectral distance between two consecutive diffraction
beams is called the FSR of the AWG. The value of FSR determines the periodicity !*_
AWG as shown in Fig.5.4. This property can be utilized in a PON to save the port cont®
AWG since upstream transmissions can be sent on an optical frequency which isseP *

from the downstream carrier frequency by one FSR using a single fiber per ONU. Infa

included this aspect in our PON configuration.
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We examine the impact of these functional parameters on the channel performance

through an analytical model and discuss the results in subsequent sections.

5.3 Impact of Laser Spectrum on AWG Performance

Next we consider some of the salient signal impairments that affect the performance of
demultiplexed optical channels in a WDMPON. Impairments have two-fold effect on the
PON performance. They increase the noise variance of downstream signal transmissions,
meking data recovery erroneous at the ONU. Similarly, upstream transmissions generated
fron ONU reach the OLT with reduced signal to noise ratios, demanding additional
processing to restore the signal quality. We examine the nature of three such impairments at
three different points in the optical link viz., the transmitter, the RN and the receiver.

A typical WDMPON of a moderate size may need to support 16-32 ONUs (and
wavelengths), which on demand may have to scale upto 64 or more, in order to justify the
deployment costs. In this regard, linewidth of the laser along with the wavelength channel
spacing would play crucial role in determining the performance of a WDMPON. The
principal cause of line broadening of a laser is associated with quantum fluctuations in photon
emissions which give rise to laser phase noise. Random spontaneous emission is intrinsic to
Laser operation. Salz described it as a Weiner process, characterized by a zero mean, white
Gaussian frequency noise with two-sided spectral density NO [Salz86]. This gives rise to
phese deviation in the radiated field of the laser and reduces its coherence time. As a result

emission spectrum of an optical channel exhibits a spectral spread leading to a non
ne8Hgible linewidth. The electromagnetic field of such a lightwave for a given channel can
be viewed as a wide sense stationary random process whose power spectral density (PSD) is
commonly referred as “Lorentzian”. Accordingly, the PSD of the Lorentzian laser emission

SJ) with a center frequency 0, corresponding to ith wavelength (channel) [Salz86] and is
expressed as

% )=- (5.7)

+-
1+'l] +fo " l+rf—fo \Y/
nNo J nNo J
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where, A represents the amplitude of the optical field, NO denotes laser frequency nov
spectral density and BL is the 3 dB laser linewidth with n NO BL

Though crosstalk in WDM channels may be caused due to various mechanisms, int-
AWG-based RN, which operates as a 1 x N demultiplexer in downstream, inter-chanre!
crosstalk may become more significant. The finite laser linewidth causes a spectral sreedi;
its emission spectrum. As a result spectral components deviating from the center frequena
but belonging to a single optical channel get routed to adjacent ports on corstrudive
interference in the RN. This leads to an overlap of the focal fields belonging to dffeat
wavelength channels and manifests as inter-channel crosstalk. Closely spaced dards
undergo further deterioration due to the proximity of the corresponding spectral main ldes
Fig. 5.3 illustrates this effect. Inter-channel crosstalk increases shot noise in the receiver bah
directly and indirectly through beat noise formation which we discuss in the fdloning
section. It can be detrimental to closely spaced WDM channels such as in WDMPON warg
> 64 channels.

Photodetection in an optical receiver is a non-linear process where the amplitude oftre
detected electrical signal is proportional to the square of the incident lightwave. When te
lightwave consists of other signal components (due to crosstalk) apart from the desired a®
the photodetected output consists of sum and difference terms of the constituent sgd
components. When the difference-frequency terms fall within the photodetector bandwidth,
they contribute towards beat noise. This beating phenomenon occurs with all combinationso
signal and crosstalk terms and is aggravated by broader laser linewidths. Beat noise effe
reduce the receiver sensitivity and have to be contained with appropriate system design
addition laser transmit powers might also be subjected to small variations due to temped
changes. We consider the effect of these phenomena on the signal quality at various data
and laser linewidths in our BER analysis and make our observations in Section 5.3.3.

Next we derive the analytical expressions for signal and inter-channel c n
components associated with a demultiplexed optical channel at the AWG output port
earlier sections we have seen that the routing pattern of the AWG is characterized by its
field intensity profile which is expressed in terms of the angular position of the rout
along the image plane (egn. 5.6). The Gaussian focal field pattern relates the input s1”
power to the routed output power through an exponential term. Since this term i n

determined by device parameters, it can be treated as an equivalent to a transfer fonctio
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spatial domain \H{6.)2 for the RN. Assuming that AWG is a linear device, we get the output
power PO= W | 2times the inPut si§nal Power

Also from egn. 5.7, which gives the PSD of the laser emission, we observe that the
Lorentzian Spectrum modifies the input signal power (square of input signal amplitude) in the

frequency domain. Combining eqn. 5.6 and 5.7 we get the demultiplexed output power for (h
signal as

-20?
el (5.8)
AX*N -
| +/ . f-f
uN
Table 5.2. System Parameters:
Parameter Description
e Noise Equivalent Bandwidth (-Ri,/2)
K Boltzmann Constant
T Absolute Temperature In Kelvin
. Load Resistance
nh Noise Power Spectral Density
a Electronic Charge
e Laser Extinction Ratio (=0.01)
R>. Photo Detector Responsivity
No. of Ports (Adjacent) Contributing To Crosstalk
£Po, Polarization Mismatch Factor (=0.5)
Pr-on Probability of Data Symbol Being “1” (=0.5)
Pug' Optical Signal Power of i'hchannel
Padj™l 1 Pad)*! Optical Signal Power From Adjacent Ports of j= channel
PJ Optical Crosstalk Power of ilhchannel
Thermal Noise Variance
—@0 Shot Noise Variance For “0” Bit
Shot Noise Variance For “1” Bit
(n«r2) Crosstalk Variance from n adj. ch.s
xt Signal-Crosstalk Beat Variance

Crosstalk-Crosstalk Beat Variance
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In egn.5.8, the output signal is acted upon by two transfer functions, one related toft*
laser linewidth (in frequency domain) and the other related to the far-field pattemn of tt
AWG (in the spatial domain). However we are aware of the fact that, in an AWG, ratirg
mechanism is frequency (i.e., wavelength) dependent. Every input frequency corporet is
subject to angular dispersion and routed to a distinct spatial position. We make use of ths
fact to develop a model for transformation between the two domains of eqn.5.8 as dsassd

in the following section.

5.3.1 Spectral-to-Spatial Domain Transformation of Lightwave

In this section we develop a transformation technique to map the frequency domain PSDtem
of a lightwave in an optical channel to the angular domain variation of the light intensity. B
integrating the transformed PSD expressions over the port dimensions, the total caiured
signal power at each port is estimated. The central idea involved in the transformation is tret
the frequency deviation of a spectral component from the AWG central frequencyfc(~fo) b
linearly related to the lateral displacement of its focal field. Let dd be incremental anguar
displacement corresponding to an incremental frequency deviation df. Some of the functiordl
parameters which are used in the following are: the center frequency of the central port/Qte
center frequency of the /* port (/ *0)f,,h the angular separation of the zn channel/ port fran
the central channel/ port iA&cHt; output channel spacing in the frequency domain A/d ad
output channel spacing in the spatial/angular domain Add+ We next consider egn. 54

integration over 9 and/ on either side, which gives

j-f +cC

. . . . r f) =0which
where c is the constant determined by the initial conditionf-fo « Thus at/ -Jo,

gives ¢ = -{D/Ray 0. By substituting the value for ¢, we get the mapping relation as foil

R 6 /5 9)
Eqgn. 5.9 can be used to obtain the desired transformation between the two domai A
this relation, to transform the frequency difference term /-/<,,m ofeqn.5.9, intot
domain. The i channel center frequency f0i can thus be expressed in terms of channel
frequency deviation from the central channel (/ = 0) frequencyf, as
foi ~fo +'4

nhy

Using eqn. 5.9, fd can be mapped into its corresponding angular dispersion Om, S
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0 =9 +ikddc = iA9ci (0o- 0)
viw *

Using the above results, the difference frequency term can be expressed as

00 - DA
raei B R (5.10)

Next we consider the PSD of the laser emission spectrum as expressed by egn. 5.7., in

order to compute the routed signal powers at output ports. Taking into consideration only the

positive frequencies of the laser emission spectrum and using eqn.5.10, we get

i+ -fn-Wee
By using the egn. 5.9, we get the transformed laser emission in spatial domain (9) as

A
kB 1 u (2Rae i2Ra“oh T
\B D )

Thetransformed PSD for the zhoutput port can be expressed as the product of peak optical

power and a normalized PSD sf (9) as

S,0) =P¢ S'(9) (5.11)
where,

and

W f2Radech}
»ld  b,d ]

Pd= -

W& Cn now substitute the normalized PSD in the angular domain in egn. 5.8, to get the

°\eraHtransfer function as

* Sn(0)

A the lightwave power at the ihoutput port can be expressed in terms of the spatial
Nable* as
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-2(iA0)
270 2RaA&h

7rB, h D bld
Therefore, the total desired signal power captured at the ilhport can be obtained by ineyaing
egn. 5.12 over the angular width AOwg of the output port as follows

-2{iAOch>

. eqs < 2RQ 2RA&
ptI_SI.g 1/ 1+:D 14 d& G1)
bld

uh-

On applying the limits of integration, we get the desired signal power captured at the i" pat
as

1 2 -2md

tan 1 (5.14)
vB,P ,3 p | bid

At the central port where i= 0, power at the central channel is given by
!
¢ n BLD

Next we evaluate the crosstalk power at an output port by considering the overlapping

tails of the light intensity profiles from the two neighbouring adjacent channels. Opical

powers at each of the adjacent ports Phi(9) and -P,-t(6) are given by

2i+Aich)2
RJ, RN\)Mch
5O HD
and
-2(/-1A"a)2
5.19
s'\0)= £ -e < 1 (
7$. 2RO 2R{i-\)Mh
u L yB’P BQ !J . , ,50wertre
nter-channel crosstalk at a port can be estimated by integrating the termsinegn m
*
nort

desired port dimensions i.e., (iA6ch = AOwg. Thus the total crosstalk appearing a 1
given by
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By substituting egn. (5.15) in the above expression, we get the inter-channel crosstalk power

&

L 2(/+IAMNN

IM* i

. el 1

B = \ nB, UQED 2UaE))Yech\2 de
AL v, J_\BD*' HD )

180k Vet

| = dd (5.16)
1A8ch-i

Onintegrating egn. 5.16 we get the total crosstalk appearing at the * port, given by

-2{"Aech)2
P« =Tke w tan 11 élRaD \AQCh+ 5 -tan 5D Ad g
-2(/-iaech)
A* %W IR A6.. Aft. (5.17)
~27e e e
Forthe central port (i =0), this reduces to
PO" AZ 9& 1 2Rr AOWg 2Rn AOWQ (5 18)
Xi--=--- e - .
n tan AOCh"" mtan
BLD h D

signal and the crosstalk powers, derived in this section, are incorporated in the BER

developed in the next section

532 BER Evaluation

Asection we develop an analytical model for evaluating the BER performance of the
u't>plexed optical channels by using the models developed in the foregoing sections,

Emission impairments and the signal powers received at various AWG ports.



consider the intensity-modulated direct-detection (1LM-DD) communication scheme fc:-t
evaluation of BER at receiving end. Like thermal noise, for binary data, inter-ci-,
crosstalk affects both for ‘on’ (data bit 1) and ‘off (data bit 0) signal pulses. \Weco-ijr
crosstalk contribution from only two neighboring ports/channels. Since beat noise practice
affects only the ‘on’ pulse (e = 0.01 from Table. 5.2), the corresponding probabih

occurrence of data bit 1 is included. The various noise components corresponding o>
channel (given as a superscript for signal and crosstalk powers) are expressed in term:

their respective noise variances. The thermal a]h and shot noise variances for “0” bt <,
and “1” bit cr&) are given by

AKTB.
Rl
= Z1£RX andcrnA= 2qRAP"Bt

where the symbols used in the above expressions represent the variables as defined inTa.:

5.2

Further shot noise variances from crosstalk from nadj adjacent channels (considering alyt*
adjacent channels) can be expressed as
=27 RiK nalBeprm

As discussed earlier, the beat noise variance between signal and crosstalk can be expressed ;
crsg_a -~pol~rX RsigPxl Pr-on

and the crosstalk-to-crosstalk beat noise variance is given by

2

xt- xt polR X Ractj+\"*adj-\ P 0

CQowsidianing all the constituent noise components, the standard deviations of total no
0” and “1” bits are given as

ao- +700 +<f + and a, ="cxfh+<¢*, +erl+al A

At the receiver we choose a value for the decision threshold which is kept irtd p

beat noise to make the receiver electronics simple [RDFM99]. Accordingly w

decision threshold term Lhusing the noise variances as
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RxP ga 0+ eRxP"HA

“‘h:— ! cr‘li + cr(‘)'

where, s =extinction ratio of the optical source

Pig = Captured optical signal power over ith output port

°ti- + crshl + C7xt

Finally, using Gaussian statistics for receiver noise processes for the “zero” and *“one”
receptions (with oo9 and cu'o as the variances, respectively), the receiver BER [RDFM99] is

expressed as

(5.19)

Here we ignore the signal losses and possible crosstalk encountered in WDM coupler at the
ONU, which can be duly accommodated in our model, when necessary, in the received signal
and cross talk power levels. Using the above expression, we evaluate BERs of;the routed

optical channels at various ports for relevant transmission parameters.

54 Results and Discussion

Inthis section, we present the results of our BER analysis for routed optical channels through
AWG. We employ the values used by Takahashi [TOTI95] for device specifications in our
numerical computation. Several AWG- related device parameters are taken from [TOTI96],
based on which other functional parameters were calculated using the expressions developed
In Section 52. A 1 x 16 AWG is considered with an insertion loss of 6.5 dB and a
propagation loss of 4 dB. Two operating speeds for PON, viz., OC-3 (155 Mbps) and OC 12
(622 Mbps) in c-band (1525 nm-1565 nm) are assumed. Class B PONs have typically 20-25
dB power budgets which our configuration can easily support. Further, we considered 100
GHz (~0.8 nm) channel spacing for 16 WDM channeis which specifies the minimum value of

Ras 1600 GHz. We assumed that effective spectral width of the main lobe of the received

o I1Sthe r°ot mean square value of the data rate and laser linewidth in all cases.
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Output Port of the Remote Node

Fig. 5.5. Loss characteristics of AWG at 155Mbps; P_OLT=-22.5 dBm;
Channels=16; Ch-spacing=100 GHz; Beat independent

Figures 5.5 and 5.6 illustrate the loss characteristics of routed optical channels at the AANG
output ports for different laser linewidth values at 155 Mbps and 622 Mbps. The total Sgd
loss is inclusive of the fixed amount of insertion loss of AWG and a variable component
which depends on the location of the output port along the output aperture. It is evident fran

Figs. 5.5 and 5.6 that, though the total signal loss for a channel increases with source

Fig. 5.6. Loss characteristics of AWG at 622Mbps; POLT" 16.5dB
Channels=16; Ch-spacing=100 GHz; Beat independent

linewidth, the differential loss between innermost (port #0) and outermost (port *
ports remains constant for both transmission rates. Further, we find that at higher "

the signal loss becomes relatively less sensitive to laser linewidth within 100
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range. On the other hand, for signals transmitted with linewidths far exceeding the data rates
(bGHz- 10 GHz), the absolute value of signal loss increases at all ports though to the same
extent for both the channel rates. We observe a 0.5 dB additional loss as the linewidth value
increases from 1 GHz to 5 GHz. This loss can be attributed to incomplete captured optical

power from the main lobe of the routed signal spectrum, whose intensity is spatially

7.8 t 1 t - — r — - - - i
; | Ii Ji iiI il iI
1 1 t 1 .t 1 1
m 7.6 1 1 f - - i
i i i t ji r
C R _b =26 2 2 RMbb622Mbps; P_OLT=-16.5dBm; Laserlinewiiﬁﬂh:&i]mnﬂiz—g—
@ 7*i L a s e r J i n e w i d Laserlinewidih=l Giez— i
0 R _ b = Rl b=155Mbps; P_CDIT—=2250dBra; Laser Kmewiiitr<500MHz
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Output Port ofthe Remote Node

Fig. 5.7. Comparative loss profiles at different data rates and linewidths;
Channels=16; Ch-spacing=100 GHz; Beat independent

modulated by the Gaussian focal-field pattern at the image plane. On the other hand, channel
data rate and source linewidth broaden the main spectral lobe of the routed emission
spectrum, which results in further loss of the captured signal power at a port. Their individual
influence on the loss profile depends on the relative dominance of data rate and linewidth in
determining the “effective” bandwidth of the transmitted signal.

Figure 5.7 compares the loss characteristics of the AWG at 155 Mbps and 622 Mbps
for 500MHz and 1GHz linewidths. It is observed that at 155 Mbps, inner channels (channels
ruted to port-location close to port #0) are <om .wn.: more susceptible to loss with
“creasing source linewidth than the outer channels (port near the edge of the output

aPerture). However the sensitivity to linewidth reduces at the higher data rate. We examine
this aspect in Fig. 5.8
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Atport#8 — i—

78 R_ba=622Mbps:P_OLT*-16.5dBm;At port#0 ~B —
At port US —
76
|
5 74
<
« 72
1000 1500 2500

Laser linewidth, MHz

Fig. 5.8. Signal loss versus laser linewidth; Channels”;
Ch-spacing=100 GHz; Beat independent

over a much wider range of laser linewidth (100 MHz-2.5 GHz) values. As expected, for
broader linewidths, signal losses become independent of data rates over the dmened
linewidth range of 100 MHz to 2.5 GHz [Fig. 5.6 & Fig. 5.8].

Figure 5.9 shows inter-channel crosstalk characteristics of 155 Mbps data charelsa
different AWG ports with laser linewidth as a variable parameter. We find that the cosstalk

variation with port is small, with; less than 1 dB margin at both inner and outer ports. As

50
Laser linewidth=100MHz —3—
Laser linewidth”200MHz —
45 .- Laser linewidth=500 MHz —B-
. Laser linewidth*3 GHz —
| Laser linewidth=5GHz —iv-
Laser linewidth*]0 GHz —

%
6 -t *2 0 2 4
Output Port of the Remote Node
Fig. 5.9 |nter-channel crosstalk Characteristics for 155 Mbps Lnt

P OLT=-22.5 dBm; Channels=16; Ch-spacing=100 GHz; Beat in P
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Fig. 5.10. Inter-channel crosstalk Characteristics for 622 Mbps channels;
P_OLT=-16.5 dBm; Channels=16; Ch-spacing=100 GHz; Beat independent

indicated earlier, inter-channel crosstalk is a spill-over from neighboring channels and
depends on both spectral spread and optical power from adjacent ports, and is more for
innermost ports. For this reason, inner ports accumulate slightly more crosstalk from adjacent
ports. As expected, it is evident from Fig.5.9 that crosstalk is a strong function of linewidth
over the observed range of 100MHz to 10GHz for OC-3 channels. For instance, data channels
atall the 16 port-locations accumulate approximately 3 to 5dB additional crosstalk with every

3dBincrease in linewidth. Figure 5.10 shows that at a higher data rate (622 Mbps) for

40

38 R b7Is5sMbps;P_OLT—22.5dBnv\t port #0;
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Fig. 5.11. Inter-channel crosstalk Characteristics® Su SJ/Reat independent
different data rates; Channels=16; Ch-spacing=
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linewidths below 1GHz, the absolute value of crosstalk increases more rapidly with lingwid-5

than at 155 Mbps, though the crosstalk variation with port is very small;
In Fig. 5.11, we observe the impact of laser linewidth on crosstalk at the centra] ad

outer ports for the two data rates. It is evident that the differential crosstalk across 8partsis|

Output Port of the Remote Node

Fig. 5.12. BER Characteristics of routed 155 Mbps channels without beat
noise effects; P OLT=-22.5 dBm; Channels=16; Ch-soacin£=100 GHz

dB irrespective of any change in either the data rate or the output port. Further, we find thet#
155 Mbps, crosstalk in the data channels becomes sensitive to linewidth: within 100-500 M+

range and all ports are affected equally. However at 622 Mbps, sensitivity to laser linewidth

« le-0078N.

Output Port of the Remote Node

Fig. 5.13. BER Characteristics for routed 155 Mbps channels considering
beat noise effects; P_OLT=-22.5 dBm; Channels=16; Ch-spacing=iw



reduces considerably. Crosstalk dependence on data rate gradually decreases for larger laser
linewidths, and beyond 1.75 GH:z becomes insignificant with an overall deterioration in
crosstalk performance.

Next we examine the impact of signal loss and crosstalk on the data channels in terms
oftheir BER performance. In Fig. 5.12, we present the BER plots for 155 Mbps data channels
a various ports for varying source linewidths <10GHz. Figure 5.13 shows the corresponding
performance when beat noise impairments are also taken into consideration. As depicted in
Hg 5.12, signal degradation of the routed optical channels is lowest at the central port and
increases by 3 orders near the edge ports for linewidth values <500MHz. However laser
linewidths of higher values affect the inner ports more seriously than the outer ports where
the BER degradation with location is only by 2 orders. Comparing the two figures, it is
evident that for laser linewidths < 1 GHz, beat noise effects on channel BER are relatively
nmore prominent at the central port, where the amount of power captured is maximum, be it
tre signal or crosstalk power. We noticed that channel quality at the extreme-end ports are
anly slightly affected by beat noise implying that the observed drop in BER is mainly due to
loner available power levels. This in turn makes shot noise-dependent impairments less
tangible at these locations. On the other hand, for channels using source linewidths exceeding
1G+, at all ports, beat noise degrades the signal quality significantly. However BER

variation with port is much less as evident from the corresponding curves at 5GHz and 10
Gt

Laser linewidth, MHz
Fig. 5.14. BER versus laser linewidth without beat noise effect for
different data rates; Channels=16; Ch-spacing=100 GHz
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In Figs.5.14 and 5.15, we examine the impact of laser linewidth on BER, at innermost *

outermost ports for two different operating speeds with and without beat noise rexectively
From Fig.5.15, we find that the inner channels are more sensitive to the laser lirenid1
variation at the lower data rate especially for linewidths < 750MHz. Channels routed to per.
#8 are less sensitive to linewidth variation and at both data rates. They register a BERdrop of
about one order compared to more than two orders by data channels at port #0. As senfro-

Fig. 5.15, beat noise effects are felt conspicuously at the inner ports for laser linewidth \elLes

Laser linewidth, MHz
Fig. 5.15. BER versus laser linewidth with beat noise effect at
different data rates; Channels=16; Ch-spacing=100 GHz

exceeding 1GHz, and relatively more for lower data rates.
In Fig. 5.16, we compare the BER performance of the optical channers with 10G+¥

channel spacing and different port counts. We neglect the beat noise effects as our foos

the device functionality with modified parameters. As per the analysis carried out in

5.2, when FSR ofthe device is altered (corresponding to change in port count), forr
device parameters to be same, order of AWG which is inversely proportional to
changes. We find in Fig. 5.16, that for RNs with smaller port-counts, channel BER

veiy sensitive to the port it is routed to. Thus 3-order variation in BER iS observed ac
output ports in a 8-port RN. In comparison there is hardly 0.5 order drop in BER

16 ports in the case of a 32-port RN. This is due to the fact that in an AWG-RN d3* »
coefficient increases with the diffraction order, which causes the spectral C[??:ﬁns i 0o
wavelength channel to spread laterally across the image plane. This in turn

inter-channel crosstalk to be coupled from adjacent ports giving higher BER va
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the inner channels as well as the outer ones. This is verified from the figure where central
inner channels in a 32-port AWG have better BER values than those in 8-port AWG. Outer
pot performance is far better in lower-order AWGs with larger FSRs. Similarly BER
performance at the inner ports is relatively better in such AWGs due to the corresponding
loner values of dispersion coefficient. However it may be noted that a trade-off exists

between channel performance and frequency resolution associated with lower value of m.

Output Port of the Remote Node

Fig. 5.16.BER performance with different port count and fixed channel
spacing; P_OLT=-22.5 dBm; Channels=16; Laser linewidth=500 MHz;
Ch-spacing=100 GHz; Without beat noise m

Next we compare the channel performance of AWGs with the same FSR supporting
WDM channels with different channel frequency spacing as shown in Fig. 5.17. Here the
BER profiles for different port-count AWGSs are similar to the earlier case but converge to a
@men point at the central channel in this case. If we compare the corresponding curves in

5.16, we find that error performance improves slightly for the inner channels in an 8-port

W3 when the channel spacing is increased from 100 GHz to 200 GHz. In the case of 32-
PP AWG, BER performance slightly deteriorates at the central channel for reducing the
(larel sPacag from 100 GHz to 50 GHz. This is because in spite of the unchanged lateral

rsion coefficient (FSR being constant), channels are more closely spaced in the
eqUency sPectrum for the 32-port AWG which increases interchannel crosstalk. The

nverse happens in the case of 8-port AWG which experience less inter-channel crosstalk at
lts output port.
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Output Port of the Remote Node

Fig. 5.17. BER performance of RNs with different port count and FSR;
P_OLT=-22 5dBm; FSR=1600 GHz; Laser linewidth=500 MHz;
Without beat noise: AWG order=I 18

5.5 Summary

In this chapter, we presented our studies on a wavelength-routed WDMPON employingan
AWG device in the RN. The AWG-based router demultiplexes the downstream WDM sigdl
to distinct output ports, through static wavelength-routing mechanism providing dstinat
optical channels for every ONU. Each ONU is equipped with a fixed-tuned transceiver wose
transmit-receive frequencies are separated by one free spectral range of the AWG, so thatth
same fiber 1ink can support bidirectional ONU traffic. However several physical-layer iSUES
related to the transmitter, AWG and receiver can affect the signal quality at th
operating data rates in a WDMPON. Our work dealt with the analytical modeling of roued
optical channels taking into account transmission impairments of the propagation path
lightwaves. Our model takes into consideration Lorentzian emission spectrum ofthe *
laser, angular dispersion and far-field intensity profile of AWG. Our analytical
indicated that variation of signal strength of demultiplexed optical channeis Was
determined by the Gaussian focal-field pattern of the AWG. It was noted that for line *
ranging from 100MHz to 500MHz, BER of the routed channel deteriorated by 3-4 or

all AWG ports. Interchannel crosstalk accumulation was found to be considerably

higher rate channels with slight advantage to outer port channels compared to the
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chapters

Conclusions

WDM-based optical access technology is indeed emerging as the most powerful means for
realizing future-proof, wired last-mile solutions. However, there are several ddlengg
issues to be investigated before the benefits of the optical solutions in the access sgrat
reach the customer end as well as the service providers. Extensive research activities hae
been reported over the last two decades to improve both the device and networking relaed
issues. In view of this we examined in the present thesis some of the relevant ises
concerning the design and resource provisioning of some candidate realizations of
WDMOAN:Ss. In particular, we considered three different realizations of WDMOANSs ad
investigated some of the MAC-layer and physical-layer issues therein.

First, we considered a WDMOAN in Chapter 3 with two-level hierarchical topology of
a backbone ring connecting several passive-star-based clusters of ONUs at the astarer
premises with ANs interconnected by a WDM ring. The network . 1o, both activead
passive subsystems for the collection and distribution segment. We proposed an AN
configuration that handles both intracluster and intercluster communications through
appropriate scheduling functionalities. For the proposed AN configuration, we studied
performance of two candidate MAC protocols, that are employed in the scheduler-based
to manage the transport of data packets. For intracluster traffic, the protocol incorporate p
transmission co-ordination based scheduling, whose performance has been evaluated
computer simulation. The delay performance has been found to improve on increas’ g
number of control channels but with an early take-off of the delay curves. Further,ourres®
A

indicate that, incorporating a few SCM subcarriers ona single control wavetength red

number of collisions between the control packets, without reducing the nu

wavelengths needed for data traffic. This in turn improves the delay performance, A

some additional hardware complexity at ONUs as well as ANs. The problem A

contention could also be alleviated in the given network setting by incorporating
\MC pretec

ahead” feature in the scheduler. For intercluster traffic, we examined a
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employing priority-based queuing to differentiate between RT and NRT services. An
analytical model was developed for evaluating; the network performance and a comparative
study of the two priority queuing schemes in terms of end-to-end delay was carried out to
understand the mutual impact effect of RT and NRT service traffic. The methodologies used
in this study are expected to serve as useful tools for designing a WDMOAN with ring-on-
star topology, both for intracluster and inter cluster communications.

Next, we considered a PON, referred to as W-OCDM PON (Chapter 4) with tree
topology employing OCDMA over WDM, which can accommodate a large number of ONUs
through two stages of RNs using AWGs and PSCs. We first investigated the resource
allocation issue for such a network using a heuristic method, taking into account the natural
traffic asymmetry in an access network. We developed analytical models for data throughput
with binomial and Poisson distributed traffic, with due considerations to (a) multi-user
interference from bidirectional traffic and (b) code contention in the upstream transmission. It
was observed that our heuristic estimate for code allocation offered a handy reference point to
initiate the search for an optimum solution for resource (code) provisioning. This approach
enables the designer to examine some of the network design aspects of W-OCDM PONSs viz.,
trade-off between per-user throughput and user count (PON size); interplay between
contention relief in the upstream channels and data packet size etc. In general, it is
understood that the PONs with lower traffic ratio can support more number of users with
reasonably good overall throughput performance as compared to the PONs with higher traffic
ratios. This study is expected to help designers to allocate resources with the objective to
improve overall throughput performance of the network.

Finally, we considered a wavelength-routed WDMPON in Chapter 5, with tree topology
with an AWG as the RN and examined the transmission impairments affecting the
downstream BER at the output ports of AWG. An analytical model was developed for
studying the impact of transmission impairments and various system design parameters on
the BER performance of such WDMPONSs. We observed that variation of signal strength of
the demultiplexed wavelength channels across the AWG ports is largely determined by the
Gaussian focal-fleld pattern of the AWG. The non-ideal lasers with finite linewidth and
crosstalk limitations of the routing mechanism were found to cause variations in the quality
°fthe received signal at various output ports. Moreover the beat noise effects deteriorate the
signal quality of channels routed to innermost ports significantly than other ports. It was
noted that, for increasing linewidths, beat noise effects on the optical signal at the receiver are

strong enough to deteriorate the BER values by 2-3 orders at the outer ports and by 3-4 orders
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at the inner ones. The proposed theoretical model gives useful insight into the \aias
transmission impairments affecting the WDMPON performance and the results obtained fram
the model can be utilized as a design tool for optimizing the overall power budget of
WDMPON:Ss.

It may be also worthwhile eventually to look into the possible directions for fure
extension of the present work. While analyzing the delay performance of the MAC pratoools
for inter-cluster traffic in WDMOAN with ring-on-stars topology, we considered only tre
queuing delay at the exit point of the AN. The delay that these packets encounter while
waiting to be scheduled in the local cluster (through control channel/s common to bath irtra-
and inter-cluster packets) was ignored. This may not be justified for a network with hich
intra-cluster loads. Therefore it may be worthwhile to include also the delay incurred intre
local cluster to get a more realistic estimate of the RT/NRT delay profiles in presence ofhigh
intra-cluster traffic.

In W-OCDM PON, if the RSOA in the ONU is replaced by a fixed-tuned transitter
whose wavelength is one FSR away from the downstream, the data packets will experience
MUI only from unidirectional traffic. The performance analysis for this modified neork
can be explored as it is expected to give more scope for higher throughput and better link
power budget. Moreover, to make the code strong in both scalability and performance, two
dimensional (2D) code sequences have been explored in recent times, in which data is
encoded both in temporal and wavelength domains avoiding long codes [RaDa02]. Sne
each ‘ON’ chip pulse in such two dimensional (2D) code sequence is on a disinc
wavelength, there is less probability of interference. Similarly, two dimensions offer n?
combinations of the chip-pulse sequences allowing a larger code dicti*onary, Sueh
configurations can be used in W-OCDM PONs with larger split ratios with better
connectivity (due to larger cluster size) and service quality (due to reduced impact of Mifl)

Furthermore, in the last problem on WDMPON studied in Chapter 5, we consld®
single-stage AWG in the RN for evaluating the transmission impairments. Ina P
situation, a multi-stage-AWG in RN might be more useful t0 connect clusters 0 »
geographically spread out over a wide range. Signal loss and BER performance ®
stage-AWG.RNs can give useful results for improving the end-to-end link des.irgn o
configurations. It would indeed be worthwhile to investigate the transmission impai

such WDMPONSs by making use of the analytical models we developed in Chapter
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