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Abstract

Optical burst switching presents challenges todésign of optical routers. This paper
considers how to dimension a router dfinput data ports with an addition® fiber
delay lines (FDLs) in an optical burst switchingwerk. The router incorporates tunable
FDLs that can vary their size to fit the burst lpeiouffered. Tunable FDLs can be
emulated using a set of static FDLs of unequalssiger this the size of static FDL set is
monotonically increased, in step size incrememtsmf minimum burst size till the
throughput increase is equal to corresponding ten@bL configuration. Tunable delays
achieve up to 20% higher throughput than statiaydeht high input port load. Multiple
recirculations are a critical requirement; whenkgas can circulate only once through the
buffer, no measurable improvement is achieved dfternumber of as FDLs becomes
equal to the number of data ports. When reciraais permitted, throughput increases
by up to 40%, depending on a combination of the memof FDLs added and the
recirculation limit, which must increase in tandédfor a given number of FDLSs, there is
an optimal recirculation limit beyond which theserno measurable throughput benefit.
By varying the recirculation limit or number of FBLtunable buffering can match the
gain achieved by wavelength conversion, possiblgvaer hardware cost.
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Index Terms Optical burst switching, recirculation, fiber dgllines, optical buffering,

wavelength conversion.

INTRODUCTION
Optical burst switching (OBS) supports high-spdaatsty traffic over wavelength-

division-multiplexed (WDM) optical networks {B]. The OBS scheme offers a practical
compromise between current optical circuit switghend emerging all-optical packet
switching technologies. In addition, the OBS schextigeves high bandwidth utilization
and quality of service (QoS) by eliminating elenimobottlenecks and by using a one-
way end-to-end bandwidth reservation scheme withiabke time slot duration
provisioning. Optical switching fabrics are attigetbecause they offer at least one or
more orders of magnitude lower power consumptiah wismaller form factor compared
to O-E-O (optics-electronics-optics) switches. Mostthe recently published work on
OBS networks focuses on next-generation backbotee rdgworks (i.e., metropolitan or
Internet-wide networks) using high-capacity (i.Tb/s) WDM switch fabrics [4-7]. It
has been previously suggested that the OBS schambecadapted to future high-speed
enterprise networks in order to meet the growingaled for high bandwidth applications
such as multimedia multicasting at a low cost [8].

One way to achieve some of these goals is by emimtice performance of a core
router using fiber delay lines (FDLs) or by emplayiwavelength conversion. There
have been several studies in the past that hactsievaluate optical router performance
with FDLs for burst and packet switching network&uger’'s work [9] includes the
evaluation of different buffering architectures farwide-area OBS environment. This

study compares simulation results for dimensionaigfeed-forward buffers for the
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PreRes (output port reserved before the burst ®ntey FDL) scheme and feedback
buffers for the PostRes (output port reserved d&fier burst enters the FDL) scheme.
However, the study restricts its evaluation up teedirculations and concludes that
increasing the number of recirculations helps tprome the performance. Singh et al.
[10] have analyzed the performance of a router gugynchronous traffic and have
provided exact and approximate models for througlapd blocking-loss characteristics.
Analysis of a synchronous model can help to provate upper bound on the
performance. However, as shown in [11, 12], thdfitcraon Ethernet and wide area
networks tends to be bursty over many time scadfiesice, to obtain a lower bound
analysis using an asynchronous model would be mmelgful. Tanevski et al. [13] have
shown that inter-burst voids created by asynchrenaffic can significantly degrade the
performance of an optical router having FDLs. Advi@ a gap in the output port packet
distribution. It is the time an output port isdrbecause a burst was switched to a FDL
having length longer than the transmission timehef previous burst at the contending
output port. In [14] void filling has been proposed an alternative to expensive
synchronizing hardware. However, this process afl fdling is too complicated and
computationally intensive to be currently realizedhigh-speed optical networks. Also in
[14] the authors show that the performance of aemowith feedback FDLs with
asynchronous traffic depends on the number ofaelated ports and the recirculation
limit. This paper investigates these two parametersan optical router with tunable
FDLs capable of burst recirculation. We assumellen&DLs to reduce the deleterious
effects of voids. A tunable FDL can change its dizdit a buffered burst and hence

reduce the time for which the output port is frééeratransmission of the previous burst



JLT submission, K. Merchant et al. “Analysis of@ptical...” p. 4

(void). Recently there has been significant inteneshe analysis and implementation of
tunable FDLs. For example Liu et. al. [15] have destrated the implementation of all-
optical delay by means of a recirculating loop colféd using optical processing
technology. Sakamoto et al. [16] have demonstragthble optical delay circuit using
highly nonlinear fiber parametric wavelength conees.

Ramamirtham et al. [17] have been demonstrated waaelength conversion can
help improve the performance of routers in an OBSirenment. Full wavelength
conversion, however, is still considered too expenand complex to be implemented
practically. It has been shown in [18] that a routéth a small range of wavelength
conversion capabilities can achieve approximatedysame improvement in performance
as compared to a router with full wavelength cosmer capabilities. This paper
incorporates this assumption for the analysis bbiwavelength conversion scenario. Also
a similar analysis in [19] for optical packet swiittg concluded that for a small number
of wavelengths it may be preferable to use optmdfers while in systems with large
number of wavelengths, full wavelength conversiboud be the preferred contention
resolution scheme.

The proposed model presented herein does not dudfarthe disadvantages of [10]
as it evaluates the performance of the router uasygchronous bursty traffic. Also, as
opposed to [9], router performance is examinedafarnde range of recirculations (up to
1000) and the trade-off between the increase wutfitput and accompanied increase in
average latency is evaluated as well. Althoughjsittechnologically infeasible to

recirculate a burst more than a few times (the adiglegrades without regeneration,
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which is limited in all-optical networks) — the esqgments with large recirculation limits
are intended to serve as limiting cases.

First the advantages of assuming a tunable FDLitantbre over a statically sized
FDL architecture are demonstrated. Tunable FDLs mrawide up to 20% increase in
throughput as compared to a static configuratioraf@2-port router with 256 FDLs and
a recirculation limit of 16. Next the feasibilityf assuming a tunable FDL architecture
with is demonstrated using static FDLs having eaqti@p size increments in length. By
varying the maximum FDL size the set of static FI2hs achieve the same increase in
throughput as the corresponding set of tunable FDhs work shows that for a 32-port
optical router with 32 tunable FDLs, a single reglation provides about a 10% increase
in throughput over the bufferless router. Incregdime number of FDLs beyond 32 for
this configuration does not help. When the numlédf@Ls is increased to 256, up to 16
recirculations provide an improvement of 37% oviee bufferless router. However,
increasing the number of recirculations beyond gravides a very small improvement
(~2%) only at high loads. Also, with the maximum rhen of recirculations fixed at 16,
the nonlinear throughput vs. load curve for 32 FDhsves to a linear curve for 256
FDLs.

Next full wavelength conversion is compared witmahle buffering. With 8
wavelengths, wavelength conversion improves perdmce by about 28% at 100% load.
To match this increase in throughput with 256 te&bLs, a recirculation limit of 4 is
required. If the recirculation limit is raised t®,1for low loads 64 tunable FDLs can
provide the same improvement as the 8-wavelengit wdile for the high load case 90

FDLs are required.
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The rest of this paper is organized as follows.tiSecl discusses the router
architecture and trafficharacteristics. Simulation setup and parametanitdehs and
values are explained in Section Il. Simulation hsséor the single wavelength and
multiwavelength model in Section Ill and IV, respeely. Section V concludes the

paper.

I. ARCHITECTURE

A router in the OBS core is modeled and its perforoe evaluated under varying
buffering and wavelength conversion parameterssi&swvn in Fig. 1, the router can be
thought of as an optical space switch with buffeesfelength converters.

The label edge router (LER) function of aggregatagkets into bursts is assumed to
have been completed by using the burst assembdyithlign proposed in [20] for the LER
model in an OBS environment. This algorithm (alon 2 in [20]) sets a timer as soon
as a packet reaches the LER and when the timeseddapthen sends the burst into the
core. (Note here that a burst refers to a datat laung in some previous works a control
packet is called a control burst.)

In the core router, functions of switching, buffeyiand wavelength conversion are
handled by the control unit possessing the comtaakets. The control packets contain
information about the burst such as the input potitput port, burst length burst
wavelength and expected burst arrival time at théen Control packets undergo O-E
conversion and configure the router based on theyee reservation scheme of the just-
enough-time (JET) protocol. This model assumesJEE protocol, as it has been shown

to be a more efficient OBS control scheduling altgon then other protocols [21].
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Multiwavelength operation is likely to be the commmode of operation for most
OBS systems of the future. Hence the later halthef analysis focuses on a multi-
wavelength model and compares the advantages oéleragth conversion to multi-
wavelength buffering. Full wavelength conversion assumed, in which a burst
contending on its destination output port wavelbnggn be converted to any available
wavelength on the destination output port. Althottghrould be a difficult to implement
full wavelength conversion among an arbitrarilygkiset of wavelengths, we believe it is
a reasonable assumption given that we restrictntimaber of wavelengths to 8. For
multiwavelength buffering a FDL is modeled suchttitacan simultaneously buffer
bursts on different wavelengths contending forghme or different destination ports.

Tunable FDLs are a key feature of the model. Alblm&DL changes its size to just
fit the size of the burst that is to be bufferedtjrbased on the information provided by
the burst’'s control packet. We demonstrate thaetao$ static FDLs having step size
increments can be used to model reasonably wellnabte FDL buffering system.
Without loss of generality this analysis assumest thDLs sizes are monotonically
increasing and based on the following equation:

S=L+F*x
where
Sis the FDL sizeF is the FDL number which varies from 1RoR is the total number of
FDLs, L is equal to the minimum size of the burstis the increment in the FDL size
given by [U-L)/R] and U is the maximum size of the FDL and is increasdditie

throughput of the static set of FDLs approaches ttireughput of set of tunable
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configurations and. Fig. 5 explains this concesetof tunable FDLs are emulated using
a set of static FDLs with step size increments.

We also model burst recirculation and study thea$f on performance as maximum
number of allowable recirculations varies. A bureeds to be recirculated if its intended
output port is busy when it emerges from the FDbwidver, recirculating the burst too
many times affects switching performance and mayratke the signal unacceptably.
Once a burst enters a FDL, it can only recircwatlin that FDL (it cannot shift to some
other FDL). If the output port is busy up to the xmaum number of allowable
recirculations then the burst is dropped. Therelmonly one burst at a time in the FDL
due to the tunable and recirculation features.

A tunable FDL can only change its length when themes no bursts present on any
wavelengths in the FDL. A multiwavelength-tunab@LFs tuned to the length the first
burst that enters it on a particular wavelengthisBuentering later on other wavelengths
must be shorter in length than the tuned size ef ADL. Only when it becomes
completely empty can the FDL size be retuned.

Wavelength conversion is employed only for contamtiesolution; entering bursts
are routed on the same wavelength on which theyeaif there is no contention. The
delay for wavelength conversion is assumed neddgib

Traffic is modeled with an exponential interarridalirst time distribution and a
heavy-tail Pareto burst size distribution. The nataval time is varied to adjust the load
on the router. The combination of exponential iaeval times and heavy-tail burst
length probability distributions is known to resuit self-similar traffic [22]. The

destination wavelength and port distributions oé thurst are uniformly random.
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Although traffic on a local area network may follow more complex model, the
destination wavelength and port distributions a@eted as uniformly random because
it is the simplest traffic model but can still prde important testing results for the
switch.

We consider the burst propagation delay in theerotat be negligible. Throughput the
rest of the paper we will assume that limit of gireulation means that a burst can pass
through the only FDL once.

This paper uses the conventioxy ‘ port to represent the port (input or output)
wavelength combination, where is the port (input or output) number agdis the
wavelength number, where both are single digitsdfscussion).

Consider a scenario in which bursts arrive on inputs 11, 21 and 41 and are all
addressed to destination port 21 and bursts ont ipptts 22 and 32 are bound for
destination port 32. This results in a destinati@velength contention, as shown in Fig.
2. Without loss of generality assuming that thestgion port 11 and 22 arrive first, they
will be routed to output port 21 and 32, respedyivin a bufferless switch, this output
port contention would result in the dropping of §taron input ports 21, 32 and 41 as no
contention resolution scheme is available.

In the FDL contention resolution scheme, burstsramed to FDL ports if there are
any buffers available. Fig. 3 shows this type ofteation resolution — the bursts from
input ports 11 and 22 are routed to output portau2d 32 respectively, while the bursts
from input ports 21 and 32 are directed to FDL @ #me burst on port 41 is routed to
FDL 2. FDL 1 output is scheduled to connect to atitports 21 and 32 when the

corresponding bursts emerge. If the output pobuisy when a burst exits the FDL then
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the burst is recirculated up to a maximum numbegltdwable recirculations. If the
output port is busy after the maximum number ofroedations are completed then the
burst is dropped.

In the wavelength conversion scenario, as showhidgn 4, again assuming without
loss of generality, the burst on input port 11 getsted to 21 and the burst on port 21
gets converted to wavelength 2 and gets routedotd 22. In the case of a two-
wavelength system the burst on port 41 has to loppéid as both wavelengths on
destination port 2 are now occupied. Bursts onsp@ft and 32 can both be switched
almost simultaneously to destination port 3 by @tiag the one from input port 32 to

port 31.

[I. SIMULATION SETUP
a) Design
The model is analyzed using a custom C++ discredatedriven simulator. The
simulator is divided into different components s@ashinput port, router, output paanhd
delay line to model different components of theteouSynthetic bursts are generated
using a separate model (based on agorithm in [20]) that uses the simulation
parameters to create traffic having output wavelergnd port distribution as uniformly

random.

b) Parameter definitions
1. Normalized load per wavelength per port: This is thtio of the total number of
bits per second that enter a router input port evagelength to the bit rate. It is

averaged over all the input wavelengths and ports.
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Normalized throughput per wavelength per port: Tisighe ratio of the total
number of bits per second that are routed throbglottput port on a wavelength
of a router to the bit rate. It is averaged ovetha output wavelengths and ports.
Latency: This is the time taken by a burst to rotiteough the router. This
includes the transmission time and buffering deifathe burst is routed through
an FDL port. For wavelength conversion the delauasged to be is zero.

Average Latency: This is the ratio of the sum & ldtency experienced by all the
routed bursts to the number of bursts routed. Thet that are diverted to FDLs
and dropped after exceeding the recirculation lohai to contention at the output
port are not considered for the latency calculation

Throughput delta (): This is the difference between the throughpitieed by
the set of tunable FDLs and the set of static Fidlth step size increments. It is
normalized to 100% load i.e., value of 1 indicates that the tunable FDL
configuration has 100% throughput while the sestatic FDL configuration has
0% throughput. It is used as a measure to demadadtra feasibility of tunable

FDLs using a set of static FDLs (with step sizea@ntents).

Parameter values

The simulations were run with the following modargmeter settings: line speed

of 10 Gb/s, control packet processing time afsl The output wavelength and port of a

burst is based on the uniform distribution and bugize is based on the Pareto

distribution with maximum burst size set to 10 kBlote here to generate synthetic

bursts, a maximum value needs to be set for thet®adistribution.) Hence the

probability of generating a burst size of B Was set to 99.9999%. (Also note that
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although these results are for maximum burst sizBOkB, higher burst size limit will
only increase the average latency and the FDL sipegespondingly. The following

analysis is still valid). The following parameten® varied in the simulation

1. The number of router portsl)
2. The number of FDL portsV)
3. The number of maximum allowable recirculatioK3 (

4. The number of wavelengthg/j

The FDLs are tunable such that they just fit thesbbeing buffered. All the
results are with 95% confidence intervals for fraedomly seeded simulation runs. For
most results the confidence interval bars are toallsand hence not visible. Simulations
were performed for a router witkh equal to 32 ports. The average degree of coremut
is 3. Also some core routers have 100’s of datdspdrence we believe that 32 is a
reasonable compromise between these vaMewas varied from 0 (bufferless) t&/2
(16), N (32), &N (64), NN (128), and Bl (256). K values were 1, 8, 16 and 1000
(effectively infinite). W is one for the single wavelength results (firgefresults) and for
multiwavelength analysi®V is varied between 4 and 8. Each single waveleiagith

multiwavelength runs were with about 32 and 25@i#amd bursts respectively.

lll. SINGLE WAVELENGTH ANAYLYSIS

a) Comparing the effects of tunable and static variabn of FDL sizes with
constant number of FDLs and number of recirculatiors.

This result we demonstrates the advantage of athitactural assumption of

using tunable FDLs. Fig. 6 shows the simulatiomltesf normalized throughput vs. load
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per wavelength per port for tunable and two comfigjons of statically sized 256 FDLs
with up to 16 recirculations. The two configurasoaof the statically sized 256 FDLSs,
each of size 0.112and 0.8 (L = 10 kB), can accommodate about 50% and 99% of the
bursts and show an increase of about 15% and 188pgectively, over the bufferless
case. The dynamically sized FDLs (tunable), whiah tune their size to fit the burst
being buffered according to information providedtbg burst’'s control packet, show an
improvement of about 37%. The reason for the higimerease with the tunable
configuration is because the length of the voidhatoutput port is reduced.

The buffered burst has to wait the minimum poss#mteunt of time (a FDL has
to be as long as the buffered burst size to betalideffer it) before it finds that its output
port is free while in the static case a bufferedsbthat has yet to traverse the entire FDL
might lose the output port to a new burst from gput port due to the excess length of
the FDL. Essentially, fitting the burst exactly it a FDL means that in the highly
loaded case bursts are emerging from the full SEDhs as rapidly as possible; thus the
bursts are able to be re-sampled for a free oypritat the fastest possible rate.

The throughput of the static 99% curve remains tzomisat about 67% after 70%
load. This could be because packets that contefadebbuffering will also contend after
buffering (because buffers are the same size).tSogaer loads, buffering helps, but
eventually contention catches up. The limit maydtén be around 65%. We plan to
investigate this issue further. Note here that thsult evaluated set of static FDL that are
all of the equal sizes while the following resudtgaluate a set of static FDLs with step

size increments. (of unequal sizes)
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b) Tunable FDLs vs a set of static FDLs with step sizacrements

Given the benefits of assuming a tunable FDL agchifre, it is useful to consider
the feasibility of implementing tunable FDLs usiagset of static FDLs sizes with step
size increments based on the equation defineddnathhitectural assumptions. Fig. 7
shows the simulation result of throughput delta ¥s. maximum size of FDLs with 32,
64, 128 and 256 FDLs and maximum allowable recatoois restricted to 16. The value
of the maximum size of the FDL (x-axis) is varigdrh 1 kB to 2 kB as 1 kB is the
minimum size of the burst and by 2 kB all the cgafations have value of 0.

As shown in this figure for the 32- and 64-FDL cadbe curves decrease
exponentially and at 1.2 kB and 1.25 kB (respebfjve reaches 0 and continues to stay
at that value as the maximum size of FDLs incredsassthe 128- and 256-FDL case the

value also decreases exponentially, albeit atoeesi rate, with the increase in the
maximum FDL size and reaches 0 at about 1.35 kB1a®8 kB respectively. Thus we
claim that by adjusting the maximum value of theLB[ static set of FDLs can be used
to implement tunable FDLs. Based on this analgsesrest of the results are evaluated
using a tunable FDL architecture.

Fig. 8 shows demonstrates that after setting tree i set of static FDLs based on
the previous analysis at 100% load (Fig. 7), thhpug delta () value varies less than
10% for the 32- and 256-FDL configurations at alhds. This further reinforces the
claim that we can emulate a tunable set of FDLsguaiset of static FDLs with step size
increments. Note here that the plots for 64 andARBs are similar to 32 and 256 FDLs

( varies less than 10%) however they not been shiowig. 8 for clarity.
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c) Constant number of recirculations and variable numker of FDLs

Fig. 9 shows the simulation result of normalizedotighput vs. load per
wavelength per port with 32 and 256 FDLs and maxmmallowable recirculations
restricted to 1. As shown in this figure, both B#& and 256-FDL cases have nearly
identical increases of about 10% over the bufferlesiter (the curves overlap). Curves
for the 16- and 128-FDL cases would also overlags Ts because with recirculations
restricted to 1 the FDLs are quickly freed and leecen buffer other bursts whose output
ports are busy.

In addition, when the burst emerges after 1 retatmn, if the output port is
busy, the burst will be dropped, which does notphel increasing the throughput.
Simulations indicated that, given 32 router pomsl aecirculations restricted to 1, the
maximum number of FDLs that are occupied is ab@ufeven at 100% load). In other
words, adding FDLs without increasing the recirtola limit in tandem will not yield
any benefit. One way to increase the throughputhierconfiguration is by increasing the
number of allowable recirculations ko= 16, as shown in the following Fig. 10.

Fig. 10 shows the simulation result of normalizéuotighput vs. load per
wavelength per port with 32, 128 and 256 FDLs arakimum allowable recirculations
restricted to 16. As shown in this figure, increasihe recirculation limit up to 16 from 1
delivers a significantly enhanced performance @ $ame configuration. The 128-FDL
and 256-FDL cases have an increase in throughputbaut 20% and 25% respectively
over the 1 recirculation limit case. This incre@sdecause the buffered bursts have a

higher probability of finding their output port &efter recirculating more than once.
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The simulations indicated that for the 256-FDL c¢guafation the average number
of recirculations was about 7.5 and about 225 Fiiesused to buffer bursts. The 128-
and 256-FDL curves tend to overlap until high leades as for low loads, less than 128
FDLs are needed to buffer all contending bursts.

d) Constant number of FDLs and variable number of reaiculations

Fig. 11 shows the simulation result of normalizédotghput vs. load per
wavelength per port for the bufferless case, amdHe 32-FDL buffered case with the
maximum allowable recirculations set to 1, 8 andQO0This figure also shows an
increase in throughput of about 10% with 1 recmtoh. Increasing the number of
recirculations to 8 provides an increase of ab&db hbove the bufferless configuration.
Beyond 8, however, there is no increase in throughf¥ith 8 recirculations all the FDLs
are filled up and the router starts to drop buitsés need to be buffered. Further increase
in throughput requires corresponding increaseemtiimber of FDLs.

Fig. 12 shows the simulation result of normalizédotighput vs. load per
wavelength per port for the bufferless case, amdhe 256-FDL buffered case with the
maximum allowable recirculations set to 1, 8, 18 4000. As shown in this figure, the
increase in throughput obtained with 256 FDLs gher compared to the 32-FDL case
shown in Fig. 11 for the same number of allowedrcetations.

Most of the increase is provided by the singlercedation case and higher
numbers of recirculations provide diminishing resirThe 8, 16 and 1000 recirculation
cases provide an increase of about 32%, 36% andepéttively over the bufferless
case. The 16 and 1000 recirculation curves almestiap. Thus, allowing a maximum

of 16 recirculations seems ideal, as further ireesaesult in little change in throughput
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at a cost of significantly increased burst attelomat Next the effects of multiple
recirculations on average latency are considered.

Fig. 13 shows the simulation result of averageni@aevs. normalized load per
wavelength per port for the bufferless case, amdhe 256-FDL buffered case with the
maximum allowable recirculations set to 1, 8, 16d atD00 (effectively infinite)
recirculations. This figure demonstrates the trafleassociated with increasing the
number the recirculations. Increasing the numberrafirculations from 1 to 16
moderately increases the average latency by al@&%tahd provides a 20% increase in
throughput. With up to 1000 recirculations the euimost increases exponentially,
reaching a near-maximum of about 9% while providing a negligible increase in
throughput as compared to the 16 recirculations.cBisus, for this configuration, the 16
recirculations case is preferred. (The 8 recircniatcase provides about a 5% lower
increase in throughput and may be preferred inog@samum throughput is not the main

objective.)

IV. MULTIWAVELENGTH ANALYSIS

Next the performance in a multiwavelength scenavith up to 8 wavelengths is
evaluated. It has been previously demonstrated ftiél wavelength conversion can
significantly improve the performance of a rout€he next section demonstrates this
increase in throughput achieved with wavelengthveosion and then discusses the trade-
offs associated with achieving a similar increasiagitunable buffering.

a) Increase in throughput with wavelength conversio

Fig. 14 shows the simulation result of normalizéaotighput vs. load per

wavelength per port for a) 8 wavelengths with noLE&nd no wavelength conversion
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and b) 4 and 8 wavelengths with wavelength coneersAs shown in the figure,
incorporating wavelength conversion for 4 wavelbasgprovides an increase of about
20%. When the number of converters and wavelengitreases to 8 the increase in
throughput is about 28%. Thus increasing the nuraberavelengths and converters does
increase the throughput but the returns are ditmimgs while it adds to the cost of
hardware. Next we investigate that to achievestimae increase in throughput (28%) as
the 8 wavelength conversion case what are the vatig) the recirculation limit if router
has a large number of FDLs (sely= 8N) and 2) the number of FDLs if the recirculation
limit is large (say up to 16).
b) Comparison of wavelength conversion with buffeng
1. With 256 FDLs and varying the number of recircualtions

Fig. 15 shows the simulation result of normalizéaotighput vs. load per
wavelength per port for the curves with 8 wavelaegind a) no FDLs and no wavelength
conversion, b) wavelength conversion and c) 256-Rilffers with the maximum
allowable recirculations restricted up to 4. Th&-EDL configuration with up to 4
recirculations achieves a similar increase in tghput (about 28%) as the 8 wavelength
case with conversion. The nearly linear increaganoughput is because the large number
of FDLs in this configuration provides sufficienuffering capacity to handle all the
contending packets. (This is not the always caseeashow in the next configuration —
Fig. 17 and 18.)

Fig. 16 shows the simulation result of averageniey vs. normalized load per
wavelength per port for the curves with 8 wavelaegind a) no FDLs and no wavelength

conversion, b) wavelength conversion, and c) 25&-Hidffers with the maximum
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allowable recirculations restricted to 4. The wawngth conversion case demonstrates no
increase in average latency (latency remains conatad equal to the single wavelength
no FDL case). The configuration with 256 FDLs destoates an increase in average
latency as the load increases. The 4 recirculdiimit case demonstrates maximum
latency of about 2.8s at 100% load.

From Figs. 15 and 16 it may appear that waveleogtiversion is a better choice
to increase the throughput as it does not incrélaseaverage latency as opposed to
buffering which does increase the average lateHoyever the wavelength conversion
configuration assumes that there is one convedemavelength per port and for the 32-
port router with 8 wavelengths 256 converters aeded. 256 converters are likely to be
more expensive as compared to FDLs and thus thé-R&6configuration with a slightly
higher average latency may be the more efficielti®n in this scenario.

A more optimal arrangement (in terms of hardwarst)coan be found by increasing
the recirculation limit (e.g. to 16). Given thisgher recirculation limit, the number of
FDLs required to provide the same increase in tjiinput as the 8-wavelength case with
conversion can be determined.

2. With up to 16 recirculations and varying the numberof FDLs

Fig. 17 shows the simulation result of normalizgnloughput vs. load per
wavelength per port for the curves with 8 waveleegand a) with no FDLs and no
wavelength conversion, b) with wavelength conversamd c) 64- and 90-FDL buffers
with the maximum allowable recirculations restritig to 16. As shown in the figure up
to 70% load, the 64-FDL case can achieve similareiase in throughput as compared to

the 8-wavelength conversion case. Beyond 70% I|danita90 FDLs are required to
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provide increase comparable to the 8-wavelengthresion case. The non linear increase
in throughput (the curve flattens out at about 7066)the 64-FDL curve is because at
high loads all the available FDLs are recirculatihg bursts for long periods of time and
the new contending bursts cannot be buffered amthas dropped.

Fig. 18 shows the simulation result of averageniey vs. normalized load per
wavelength per port for the curves with 8 wavelaegind a) no FDLs and no wavelength
conversion, b) wavelength conversion and c) 64-2h&DL buffers with the maximum
allowable recirculations restricted up to 16. %amto that shown in Fig. 16 the FDL
scenario show an increase in average latency wielevavelength conversion case has no
increase in average latency. The reason the FDlesutatten out at about 65% load is
because all the FDLs are filled up by 70% loadngsas above).

Figs. 17 and 18 show that by increasing the relaticun limit to about 16 we can
achieve the same increase in throughput as thev8laragth conversion case with lower
number of FDLs and thus lower hardware cost. Howeiwereasing the number of
recirculations may lead to increased attenuati@hather physical layer problems such as
dispersion and polarization mode dispersion (PMD)

¢) Router Scaling

Fig. 19 shows the simulation result of number ofLE¥s. number of input/output
ports for 35% increase in throughout at 100% loatth wecirculation limit of 16. The
curve is plotted on a logarithmic scale as the remadd input/output ports is increased
exponentially from 4 to 64. The result demonstréites the buffered router model grows
linearly in terms of the number of FDLs requiredatthieve about the same increase in the

throughput. For an increase of about 35% in thrpughM should be equal to about 8
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timesN. This result is limited up to & extendingN further will need a similar increase

in M.

V. CONCLUSION

This paper presents a performance analysis ofpfinab router with FDLs including
recirculation for an optical burst switching enviroent. The analysis demonstrates the
advantage of having a tunable FDL architecture novigding considerable increase in
throughput compared to a static FDL setting. Ong waimplement tunable FDLs was
demonstrated using a set of static FDLs with step screments (by varying the
maximum FDL size). Analysis of the dimensioningtbé router as a function of the
number of recirculations shows that although alsingcirculation can help to increase the
throughput, having multiple recirculations can pdav a significant improvement.
However, these results also showed that when tihebeu of FDLs remains constant,
increasing the number of recirculations beyond rastiold value provides diminishing
returns, at a cost of increased attenuation anst katency. When this threshold value is
reached, to increase the throughput further we teettrease the number of FDLs.

Wavelength conversion was evaluated as an altgenatintention resolution scheme.
The comparison of wavelength conversion to buffpdemonstrates that any increase in
performance achieved using wavelength conversiarbeamatched by either varying the
recirculation limit or the number of FDLs. Emplogira larger FDL set (in terms of
number of FDLsS) with variation in the recirculatidmit can provide a near-linear

increase in performance but may lead to increasgdware cost. This increase in
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hardware cost can be lowered by increasing thecdation limit. However, that may
lead to increased signal attenuation.

This work has evaluated tunable buffering and wawgth conversion individually
and then compared them. A possible extension ®wlrk could address the issue of
combining these schemes and evaluating the paramettngs required to achieve an
optimal increase in performance. Another extensmuld be to evaluate the performance
after modifying the architecture to tune the FDkesequal to the time the output port is
busy (instead of the size of the burst). Also analy the relation between the number
input/output ports, FDL ports and recirculations rmaximize the throughput and

minimize the average latency could be an intergdtiture direction.
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Figure Captions

Figure 1: Core router architecture

Figure 2: Burst contention scenario — Bursts onelength 1 on input ports 1, 2 and 4 are
all contending for wavelength 1 on output port Br&s on wavelength 2 on input ports 2
and 3 are contending for wavelength 2 on output por

Figure 3: FDLs for contention resolution — contendbursts are diverted to FDLs, where
they can, upon exiting, be routed through the gmeaite output ports

Figure 4: Wavelength conversion for contention heson — contending bursts are
converted on available wavelength on the output. @dre burst on wavelength 1 at input
port 4 has to be dropped as no wavelength is dlaifar conversion at output port 2 (2-
wavelength system).

Figure 5: Tunable FDLs emulated using a set ofcsEDLs with variable sizes. L is the
lower limit of FDL size, is the increment in the FDL size and n is numbdt@Ls —1.
Figure 6: Normalized throughput vs. load per wamgth per port for 32-port router with
256 FDLs and 16 recirculations for tuanble andstted FDLs

Figure 7: Throughput delta { vs. maximum size of FDLs for 32-port router wizhe,
128, 64 or 32 FDLs and number of recirculationsriesd to 16

Figure 8: Throughput delta J vs. load for 32-port router with 256 FDLs or 3RIEs and
number of recirculations restricted to 16. Maximaine of FDL set at throughput delta
value equal to 0. (Figure 7)

Figure 9: Normalized throughput vs. load per wangth per port for 32-port router with

up to 256 FDLs and number of recirculations retgtddo 1
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Figure 10: Normalized throughput vs. load per wearmgth per port for 32-port router
with up to 256 FDLs and number of recirculationstreted to 16

Figure 11: Normalized throughput vs. load per wearmgth per port for 32-port router
with 32 FDLs and number of recirculations restiicte up to 1000

Figure 12: Normalized throughput vs. load per wamgth per port for 32-port router
with 256 FDLs and number of recirculations resétcto up to 1000

Figure 13: Average latency vs. normalized load wewelength per port for 32-port
router with 256 FDLs and number of recirculatioestricted to up to 1000

Figure 14: Normalized throughput vs. load per wearmgth per port for 32-port router
with 4 and 8 wavelengths using wavelength convarsio

Figure 15: Normalized throughput vs. normalizeddigeer wavelength per port for 32-
port router with 8 wavelengths, 256 FDLs and nundfeecirculations restricted to up to
8

Figure 16: Average latency vs. normalized load wewelength per port for 32-port
router with 8 wavelengths, 256 FDLs and numbeeeoirculations restricted to up to 8
Figure 17: Normalized throughput vs. normalizeddigeer wavelength per port for 32-
port router with 8 wavelengths, up to 100 FDLs andchber of recirculations restricted to
up to 16

Figure 18: Average latency vs. normalized load wewelength per port for 32-port
router with 8 wavelengths, up to 100 FDLs and nundfeecirculations restricted to up
to 16

Figure 19: Number of FDLs vs. number of input/outports for 35% increase in

throughout at 100% load with recirculation limit 1
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32 port router with up to 16 recirculations
Max. FDL size varied to emulate FDL tunability
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32 port router with up to 16 recirculations
FDL size set at throughput delta value equal to O (Fig. 7)
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