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ABSTRA CT

The proposedstandard for the IEEE 802.3Ethernet Passiwe Optical Network includes a random delayed trans-
mission scheme for registration of new nodes. Although the scheme performs well on low loads, our simulation
demonstrates the degraded and undesirable performance of the scheme at higher loads. We propose a sim-
ple modi cation to the current schemethat increasesits range of operation and is compatible with the IEEE
draft standard. We demonstrate the improvemert in performance gained without any signi cant increasein
registration delay.
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1. INTR ODUCTION

This paper reports the results of our study of the performance of the point to multip oint Ethernet Passive
Optical Network (EPON)?! node registration process(also referred to as node discovery process)and proposesa

schemeto addressthe issuesthat were discovered during the evaluation. EPON technology seemsto be the next

step in the ewlution of networks delivering connectivity to the residertial customers? It is clear that the sud

networks are starting to be usednot only for best-e®ortdata but alsoto deliver services,such asvoice and video

that place strict constraints on the quality of service(QoS). There have beennumerousstudies of QoS of EPON

networks published recertly, >4 concertrating in most caseson scheduling of data transmissionsby the headend
node. Relatively little attention hasbeenpaid to the processby which new nodesare discovered and registered
with the headend. The performance of the registration processimpacts the speedwith which usersgain access
to the network. Furthermore, ONUs may get de-registereddue to internal clock drift and enter the registration

processeven in the midst of a data transmission requiring QoS guarartees. Especially from this perspective, it

is important to ensurethat the discovery is handled as quickly as possible.

Earlier versionsof the EPON standard consideredan exponertial backo®-basedschemeto handle collisions
during the registration process? Howewer, as a result of a study,® exponertial backo® has been dropped
from the standard and a preferencehas been given to a scheme that allows nodesto choose randomly when
they transmit during an enlargedwindow of opportunit y, termed discovery slot or discovery window. The main
argumert for this decisionwas the reduction in the averagewait for the registration.

This paper presens a simulation study of registration processperformance under sustained load for three
categoriesof node distance distributions. The results shaw that for higher loadsand caseswherethere is a higher
percertage of nodeswith similar distancesfrom the OLT, the performance of the registration processdegrades
signi cantly.

To addressthe obsened shortcomings of the current protocol, the paper proposesa modi cation of the
way the OLT sdedulesthe discovery slot. The length of the discovery slot is dynamically adjusted based
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Figure 1. PON topology example?

on whether collisions were obsened by the OLT during a discovery cycle. The proposed scheme does not
fundamentally deviate from the proposedstandard. The results of a simulation study show that the scheme
improves performance when compared to "xed discovery window size while limiting the increasein overhead
assaiated with larger constart discovery slot sizes. The scheme doesnot su®erfrom the increasein wait time
that has been obsened in the exponertial badko®-basedschemesthat were a part of the earlier version the
standard.

2. THE IEEE 802.3 EPON REGISTRA TION SCHEME

The IEEE 802.3ahis a proposed standard for Ethernet Passive Optical Network as a solution for the rst
mile accessbottleneck. Although the draft proposesseweral architectures, this paper will focus on the point to
multip oint tree topology. Figure 1 shows the topology of a point to multip oint EPON. In this architecture, a
pair of uni-directional optical channels, no more than 20 km in length, sere as the medium of transmission.
The Optical Line Terminator (OLT) serwesasthe edgeforwarder for the tratc leaving and entering the EPON.
The OLT is typically located at the serviceprovider's premises. Subscriber devices,called Optical Network Units
(ONUSs), are connectedas leaf nodesto the split and branched optical channels. The channel directed to the
OLT is referred to as the upstream whereasthe channel directed towards the ONUs is called the downstream
channel. The downstream channel is broadcast whereasthe signal transmitted on the upstream is received only
by the OLT and not by any of the ONUs. The OLT arbitrates the timing of transmissionsby the ONUs on the
upstream. It receivesreports about the tratc load at various ONUs through periodic REPORT messagesand
basedupon this information grants transmission opportunities to the ONUs. The ONUs are informed about the
precisetime of their scheduled transmission opportunities through GATE messageser by the OLT suzciently
ahead of time. Thus, normal data transmission is collision free. The sctheduling scheme used by the OLT for
allocation of upstream bandwidth is not standardized and is open to the implementor's designs.

However, for the OLT to be able to direct ONU transmissions, the ONUs and the OLT needto be time
syndhronized. Furthermore, evenif the ONUs and OLT are synchronized, they cannot remain sofor long periods
of time due to clock drift. The OLT sendsperiodic timestamps to the ONUSs in order to correct their clocks for
drift error. Sincethe EPON canreac a maximum length of 20 km, the distance and hencethe round trip times
from the OLT to various ONUs can vary over a large range of values. Hence,the OLT must sendindividually
adjusted timestampsto guarartee the correctnessof the timestamp whenit arrivesat the ONU. This requiresthe
OLT to know the round trip time (RTT) to every individual ONU. Without this information, the OLT cannot
arbitrate the upstream channelin a collision free manner.

The OLT calculatesthe RTT to an ONU during, what is known as, the discovery process.When an ONU rst
joins the EPON, it is required to register itself with the OLT. The discovery processi,illustrated in Figure 2 is a
three-way handshale consisting of a REGISTRATION-REQUEST messagdrom the ONU to the OLT which is
replied to by the OLT in the form of a REGISTER messagewhich in turn is acknowledgedby the ONU through



OLT ONU

GATE

Grant start

Random
Discovery delay

window REGISTER_REQ

e
GATE

REGISTER_ACK

Figure 2. Discovery handshake messageexchange?

a REGISTER-A CK message.Through the REGISTER messagethe OLT provides the ONU with identi cation
and physical layer parameters. Next, the OLT providesthe ONU with a unicast grant to allow it to transmit the
REGISTER-A CK message.Howeer, this not the casewith the initial REGISTRATION-REQUEST message.
For the initial messagesincethe OLT has no information about the distance from which and when new ONUs
would transmit their requests,it resenesthe upstream for a special contention-based broadcastgrant called the
DISCOVERY-WINDO W. New ONUs are informed about the starting time of this window through a special
DISCOVERY-GATE messageon the downstream channel. New ONUs wait for the window to begin and then
asper the current IEEE draft, after a uniformly random delay into the window, transmit the REGISTRATION-
REQUEST message. Since the discovery window is contention-based, REGISTRATION-REQUEST messages
from multiple ONUs may overlap in time and collide. The random wait has beenproposedas a simple scheme
to minimize the probability of sud a collision.

3. MOTIV ATION

It is worthwhile to note the e®ectof distance of the ONU from the OLT on the discovery process. Firstly,
regardlessof the sizeof the discovery window advertised by the OLT to the ONUs, the OLT needsto additionally
resene transmission time equal to the maximum RTT (i.e., equivalert to 20 km), or about 200 ! s on the
upstream to allow a REGISTRATION-REQUEST messagefrom the farthest ONU to reach the OLT in full
beforesubsequetly scheduledtransmissionsbegin. In cortrast, the typical length of messagegxcangedduring
the discovery processis of the order of 1-2 1 s. Thus, the guard time forms a constart but considerablefraction
of the overhead assaiated with the discovery process.



Secondly two new ONUs may decide to begin transmitting the REGISTRATION-REQUEST messageat
the sametime but their messagesnay not overlap and collide if they are sutciently separatedin distance from
ead other. Thus, the distribution of distancesof the ONUs from the OLT serwesasa secondrandomizing term,
in addition to the random wait, in the calculation of transmission time of the REGISTRATION-REQUEST.
Howewer, this holds only under the assumption that the distancesof the ONUs from the OLT are uniformly
randomly distributed. Previous studies® have more or less, acceptedthis to be a truism. But this may not
be the case,and in fact may be an exception rather than the rule. It is plausible that subscribers may be
concernrated in clusters at random distancesfrom the OLT over the 20 km span of the EPON. In this scenario,
ONUs within a cluster may not be suzciently separatedin distance and hencetheir transmissionsmay not be
distributed over a wide window in time. As a result, the proposedsimplistic random wait scheme may prove to
be inadequate at reducing collisions and increasingthe number of successfulkegistrations.

Thirdly , contrary to intuition, a larger discovery window size may actually hinder performance. Intuitiv ely,
two nodesthat are suzciently separatedin distance cannot causecollisions and a®ectperformancewhen using
a suzxciently small discovery window. For a suzciently large discovery window, the two distant hodesmay now
be forced to chooserandom transmission times within their windows of time that now overlap owing to their
large size. Thus, any window sizelarger than the averagedistance betweennodesor betweenclusterswill worsen
performancegiven that the probability of collision dependsexponertially on the number of ONUs attempting to
transmit in a given discovery window. The e®ecton performancemay be lesssigni cant for uniform distribution
of ONUSs but will be heavy for the clustered case.

Another drawback of the random wait scheme is that it has a small region of optimal operation situated
only at lower loads for any given discovery window size. We de ne load as the rate of arrival of new ONUs
wishing to register with the OLT. At higher loads, the schemeis unable to manage the given resource (i.e.,
bandwidth inside the window) exciently and asa consequencefails to deliver the performancepossiblewith the
given resources. Since the size of the discovery window is xed, the scheme plays a passiwe role in bandwidth
managemen and cannot react to a changingload. On the other hand, owing to the simplicity of the scheme,the
load remains and may becomeincreasingly aggressie over time { retrying badklogged ONUs causea cumulative
buildup of load. Passiwe bandwidth managemen coupled with its tendency to create and inability to control
cumulative load buildup make this scheme a poor choice except in caseswhere the load is predictable and
discovery window overheadis not an issue. Current intended deployments for the EPON may appear to satisfy
these criteria. However, historically, applications, tratc patterns and bandwidth have proven to be the three
most unpredictable and elusive variables and have been primarily responsible for fueling the race to build next
generationnetworks. Owing to their costand capacity, sinceEPONSs are intended to provide a long-term solution
to the "rst mile accessottleneck, characterization of their scalingperformanceat higher loads desenesin-depth
study. Moreover, better alternativesto the current scheme are well-known. We presert a simple modi cation
to the current schemein this paper. In the next section we describe our simulation experiments to support the
above discussion.

4. SIMULA TION EXPERIMENTS

All the experimernts in this study were conducted using a point to multip oint EPON MA C-layer simulator. The
simulator waswritten in C and is capableof simulating the discovery and normal tratc transmission behavior of
the point-to-multip oint EPON. Work is in progressto add QoS simulation capability to the simulator. Various
parameters such as ONU distance distributions, messagdengths, window size and frequency are easily con g-
urable. The simulator producesa detailed trace along with grant snapshotsand other desired measuremets.
In addition, it also producesa visualization trace compatible with the NS-2/NAM trace Te format. Work is
also underway to build a unique time-line tool for automatic illustration of simulation everts in the familiar,
textb ook-style cause-e®ecarrow diagram similar to Figure 2.

As discussedin the previous section, the distribution of distances of the ONUs from the OLT plays an
important role on the performance obtained from a given discovery window size. Therefore, to investigate
the performance of the current registration scheme under high load we consider three di®erert categories of
distancesin our study. In the "rst case,ONUs are uniformly distributed betweena 100 m and 20 km from the
OLT (Figure 3-a). In the secondcase,we study a single cluster of diameter 600 m situated 15 km from the OLT
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Figure 5. Nodesin multiple clusters: Mean number of successfulregistrations attempts and mean waiting time.

(i.e., ONUs are randomly placed between 15 km to 15.6 km away from the OLT, similar to Figure 3-b). In the
third case,ONUs are distributed in between1 and 10 non-overlapping clusters of an averagediameter of 200 m
situated at uniformly random distancesfrom the OLT (Figure 3-c). For ead con guration, we vary the load,
de ned as the rate of arrival of new ONUSs, and the discovery window size and measurethe mean number of
ONUs successfullyreceivingthe REGISTER messageeply from the OLT. This will be the metric of performance
comparisonin our study. Each simulation was repeated for twernty random distance con gurations for ead load
and window sizevalue in ead of the three categories.

Figure 4 shows the performanceof the current random wait schemeon a con guration with ONUs distributed
at uniformly random distancesfrom the OLT. Each curve in Figure 4 represeits a di®erert discovery window
size. For low loads (i.e., - 10 arrivals/discovery slot), on an average,all new arrivals are servicedwithout any
buildup of backloggedONUSs. Thus, for low loadsthe current random wait schemedeliversoptimal performance.
Howewer, for medium to high loads (i.e., > 10 arrivals/discovery slot), the performance of the current scheme
deteriorates. Since the scheme "xes the size of the discovery window regardlessof the load, the maximum
performanceachievableis limited. Moreover, for loadsat the higher end, due to cumulativ e buildup, performance
su®ersand beginsto drop even lower than that possiblewith the xed window siz€.

Figure 5 shows the performanceof the current schemeon a con guration with ONUSs distributed in between

“Simulations for even higher loads and larger window sizesare currently in progressbut are delayed due to their heavy
computational demands. Pleaseched http://www.cs.unh.edu/cnrg/epon for updated results.
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1 and 10 clusters at uniformly random distancesfrom the OLT. Within ead cluster, ONUs are randomly placed
at an averagedistance of 200 m from the certer of the cluster. Figure 5 clearly illustrates the degradation in
performanceat higher loads (i.e., > 10 arrivals/discovery window). The schemefails to servicethe cumulative
badklog, and as a result alsofails to completely utilize the available window size. Consequetly, performanceat
higher loads is much lower than expected for the allocated discovery window bandwidth.

Figure 6 shaws the performanceof the random wait schemeon a con guration with ONUs arriving at a single
cluster 15 km away from the OLT. New ONUs arrive at random distancesfrom the center of the cluster within
an averagediameter of 600 m. As is clear from the downward trend in performancebeyond very low loads (i.e.,

5 arrivals/discovery window) the random wait sthemeis unable to deliver expected performance for higher
loads. The region of operation is particularly small and the drop in performanceparticularly quick for the single
cluster scenariosince, owing to a much smaller variance in ONU distances, the scheme can no longer bene't
from the added dispersionin transmission times due to random distancing of new ONUs from the OLT. Again,
this is a plausible scenario{ the assumptionthat ONU distancesfrom the OLT, when deployed in the "rst mile,
would be uniformly randomly distributed is questionable.

5. PROPOSED MODIFICA TION

We presert a simple modi cation to the random wait schemein order to improve its performance under high
loads. Our proposal stemsfrom the obsenation that the current scheme degradesin performanceat high loads
becauseit doesnot have any built-in medanismsto react to changesin bandwidth or load. To remedy this,
we proposethat the OLT, upon observing collisions in a discovery window, increasethe size of the following
window. If a discovery window “nishes collision-free,the OLT should decreasethe size of the next window. The
incremert, decremen, maximum and starting sizesfor this Dynamic Window Sizing schemeremain con gurable.

For low loads, the modi ed scheme advertisesa con gurable minimal discovery window. For medium loads,
the modi ed scheme dynamically adjusts the window sizeto match the o®eredload. For high loads, the new
scheme increasesthe window size to minimize the number of collisions. Since the dynamic window sizing se-
lects and matches the window size to the o®eredload, it can reduce the overhead of discovery windows for
low to medium loads. For high loads, whereasthe current random wait scheme degradesin performance, the
modi cation would allow it to scaleaccordingto the load.

In order to test these hypotheses,we conducted another set of simulations with the dynamic window sizing
modi cation addedto the discovery module the OLT. The minimum and maximum window sizesfor the dynamic
window were setto 1.6 s and 1.6 ms respectively. The incremernt and decremen for dynamic window sizing
were setto 12.81 sand 25.61 s respectively.

Figures 7, 8, and 9 shaw the performanceof the random wait schemewith dynamic window sizing for di®erert
distance con gurations. In ead case,dynamic window signi cantly improves(doubles) the region of operation of
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the random wait scheme. Moreover, the waiting time graphs show that apart from the gain in the mean number
of successfutegistrations, the schemeis alsoable to maintain the low averagewaiting time of the original scheme.
Thus, the new scheme o®ersthe advantage of load managemenm of a backo® schemebut without its steeprise in
latency.

Figures 10, 11, and 12 shaw the averagesize of the discovery window used by the dynamic window scheme.
This, represens the overhead of the proposedmodi cation. As expected, the dynamic scheme adapts to high
loads and useslarge window sizesin an attempt to deliver acceptableperformance. At low and medium loads, as
illustrated in Figures 10, 11, and 12, the dynamic schemeselectsthe appropriate window sizeto deliver optimal
performance. The performancedelivered by the dynamic scheme can be improved even further by changing the
incremert and decremen values per discovery window. A higher incremert will allow the schemeto adapt to
high loads faster, thus delivering performance competitive with the original scheme. A higher decremen value
on the other hand will allow the schemeto curb excessie use of larger window sizesthus achieving optimal
reductions in overhead.

6. CONCLUSIONS AND FUTURE WORK

In this paper, we investigated the performance of the IEEE 802.3 EPON discovery and registration scheme
under high loads. We studied the performanceof the schemefor three di®eren distributions of nodes: uniformly
random, uni-clustered and multi-clustered. Our simulations demonstrate that the performance of the random
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wait scheme degradessigni cantly for medium to high loads for all three distributions. The results shaov that
the random wait schemedelivers acceptableperformanceonly in a very small load region and doesnot scalewell
to higher loads. At high loads, the advantage of low waiting time is no longer suzcient to o®setthe degraded
performance. To remedy this, we proposeda simple modi cation to the schemeinvolving dynamic sizing of the
discovery window to match the load and demonstrated the improvemen in performancedue to the new scheme.
Our simulations shaw that dynamic sizing of the window allows the random wait schemeto scaleto higher loads.
Moreover, unlike badko®sthemes,it doesnot increasewaiting time signi cantly.

The simulation results discussedn this paper are promising. Our proposedmodi cation increaseshe region
of operation of the random wait scheme. Howeer, for high loads, the dynamic window increasesto large values.
The e®ectof various window sizeincremerts is still under study. To decreaseoverheadfurther, the schemecanbe
modi ed to increasethe window size sublinearly. For example, the scheme can be tailored to tolerate a healthy
number of collisions by maintaining current window size for a number of discovery windows despite collisions.
This headendanalogueof a backo® schemeis currently under study. A priorit y schemeis another alternativ e to
managehigh loads. In sud a stcheme, certain discovery windows or portions of every discosery window could be
resened for ONUs whosewaiting time has exceededa con gurable threshold. Such a schemewould be capable
of bounding the waiting time for registration { a useful property for QoS sensitive applications.

Another aspect of characterizing the behavior of the random wait schemeis the nature of the load o®ered.
In this study, a sustained, constart load was used. However, the experiments needto be run against more
realistic load models as well. For example, a bursty (self-similar) load would be very useful in demonstrating
the reduction in overhead due to our proposed modi cation.W ork on analytical veri cation of our proposal is
currently underway.
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