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8.1 Introduction

8.1.1 Definition and Motivation of OBS

Optical Burst Switching has been proposed agw switching paradigm [6] for optical
networks and has emerged as ladidate for the optical transgdayer of the next generation
Internet. Bandwidth and quality of service (QoS) requirements of future Internet sengces, e.
voice-over-IP (VolP) or distributed multimedia applications, as well as the currently
exploding number of high-speed Internet access lines motivate a scenario in which optical
transport capacity can be provisioned on the time-scale of IP-layer dynamics. In OBS
networks (Figure 1), these dynamics can be sup@dry edge nodes that aggregate traffic and
assemble it into variablength optical bursts as well asremodes that switch these bursts in
optics.

OBS is a fast circuit switching techniqued®) that provides a granularity in between
wavelengths and packets but neittmandates the use of optibalader processing nor optical
buffering, ie., it requires less complégchnology than optical packet switching. A key
characteristic is the hybrid amarch, in which control informatn is signaled out of band and
processed electronically while data stay in the optical domain at all times. Another key
concept of OBS is oRpass reservation g., transmission of a burst is not delayed until an
acknowledgment of succeatsend-to-end path setup is recalMgut is initiated as soon as the
burst has been assembled.

Efficient contention resolution in core nodegssential in order tachieve a low burst
blocking probability despite one-pass reservation strategy and statistical multiplexing.
Contention resolution can be performedha time domain, wavelength domain or space
domain. In this report, FDL buffers as wa#l shared wavelength converter pools are
investigated. Less complex FDL buffer architeetuthan the ones proposed in the context of
OPS [7] can be deployed in order to redtaeloss probability o©OBS nodes and are shown
to improve performance significantly [4, 17, 26 far, all proposaland investigations
assumed contention resolutionfiil wavelength conversion. Thigs been shown to provide
low loss probabilities because all vedength channels of an quit line can be shared among
all bursts directed towards this output l[A&€, 22, 14, 13, 20]. As walength converters are
technologically complex and expensive, thesage should be minimized without significant
degradation of performance in an OBS awoee. Therefore, performance of an OBS node
which employs onlyartial wavelength conversiong., wavelengthanverters are only
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Figure 1: Network scenario for optical burst switching

available for a limited number of bursts at a time, is studied. In this scenario, tunable
wavelength converters (TWC) are shared nonverter pool and can be assigned to a
wavelength channel in casécontention. Paial wavelength onversion has been
investigated for bufferless opél packet switches under the asgtion that all packets have
identical length [17, 21] and in the contextapitical cross-connects for wavelength routed
optical networks [11, 12]. It is reported tltpending on node dimeasing, traffic model

and converter assignmesttategy a substantial numbercohverters can be saved. However,
performance of partial waveletigconversion has not beeragvated under self-similar traffic
and in combination with simple FDL buffers which are both interesting topics.

8.1.2 JET Reservation Strategy

As depicted in Figure 1, burst transmission vgaaik follows: IP packets are assembled to data
bursts [13] in an OBS edge node. Beforegmaitting a burst, a resation request (control
packet) is sent ondedicated channel,g.on a separate wavelehghfter a basic offset and
without waiting for acknowledgemenf successful reservatiortbe data burst is released

into the network. This basic offset has todrge enough to electronically process the control
packet and set up the switchingtmain core nodes on the patiWhen a data burst arrives in

a core node the switching mathas been already set uge.ithe burst is kept in the optical
domain.

Different mechanisms have beproposed for reservation of welengths as well as FDL'’s for
burst transmission. In [14] and [4] wevgia detailed overvievglassification, and

performance comparison of the most imporfanaposals. In JET [18] which is calledid

filling in [26], predetermined start and end timesad¢h burst transmission are considered for
reservation. This allows botlifieient utilization of resourceand service differentiation. The
latter is achieved by assigning an additional quality of service (QoS) offset to a high priority
burst which leads to a higher probabilitysoiccessful reservation weh is illustrated in

Figure 2 for a scenario with three wavelengfitse low priority burst canot be served as all
wavelengths are already occupied during itssmaission time whereas the high priority burst
can be served on an availableveigngth due to its much largeifset. However, as larger
offsets cause additional fixed delay thifset has to be chosen carefully [3].
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8.1.3 Overview of Investigations

Section 2 discusses options &&y design parameters fasrtention resolution in OBS nodes
which employ wavelength consters and simple FDL bufferélso, FDL buffer architectures,
buffer reservation strategiesdconverter pool architectures isth are investigated section 4
are introduced. Section 3 descslibe traffic models and simulation scenario used for the
performance evaluation. Sectidrl focuses on the dimensioning of FDL buffers while
section 4.2 investigates converter pools for OE8ally, section 4.3 finally concentrates on
the combination of FDL buffs and converter pools.

8.2 Contention Resolution

8.2.1 Options for Contention Resolution

In an all-optical burst switch, incoming Isis should primarily beent on the same
wavelength to their designated outputlitn case of a reservation conflicg.i.the

wavelength on this output line is already resdywme or a combination of the following three
major options for contentioresolution can be applied.

* Wavelength domain. By means of wavelength conviens, a burst can be sent on a
different wavelengtichannel of the designated output line.

* Time domain: By applying an FDL buffer, a burst can be delayed until the contention

situation is resolved. In contrast to buffanghe electronic domaj FDL'’s only provide a
fixed delay and data leave the FDL ie tsame order in which they entered.

* Space domain: In deflection routing, a burst is setat a different output line of the node
and consequently on a different route todgaits destination node. Space domain can be
exploited differently in case sew fibers are attached to an output line. In this case, a
burst can also be transmitted on a differiédioér of the designated output line without
wavelength conversion.

In contrast to using a wavelgth converter, an FDL buffer a different parallel fiber
deflection routing does not reseleontention locally in a sitggnode but reroutes over-load
traffic to neighboring nodes. €nefore, it depends heavily oetwork topology and routing
strategy. Investigations comparing the efficien€gifferent contentin resolution strategies
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have shown that it results in only limited imgement [22]. Deflection routing is not
considered in this report.

8.2.2 Key Design and Dimensioning Parameters

Performance of contention resolution in an Q&8e is influenced bgeveral parameters.
Following list provides an overview of the keysin parameters andtinduces strategies for
the combination of FDL bufferand wavelength conversion.

* Node functionality: This relates to the availability and architecture of wavelength
converters and FDL buffers the node. Nodes can provide fal] or partid wavelength
conversion. In the latter case, converters agarozed in a converter pool and can be used
in case of a reservation conflicConverters can be eitheraped at the input or at the
output of the switch. A node can employ no bidfat all or FDL buffers of different
complexity and architecture,@, feedback or feed-forward structure. FDL buffers can be
shared per input line or per output lirespectively or be shared per node.

* Node functionality is closglrelated to the physicakalization of the node, g., some
node architectures trade-off wavelength cosim by the number of gates in the switch
matrix and vice versa [8, 21]. Therefor@, order to assesauidamental contention
resolution strategies in OBS nodes from afgrenance point of viewan abstract node
model is chosen.

» Dimensioning and physical constraints: In case of conversion, dimsioning relates to the
number of converters in a comter pool. Wavelength converts can either convert from
any input wavelength to any output wavejéh or can only convert within a limited
conversion range [22]. FDL buffers are chagazed by the number and individual delays
of the FDL's in the buffer as well as ltye number of wavelengths per FDL.

» Usage strategy: If wavelength conversion and FDL buf§eare applied in combination an
additional degree of freedom exists. The arrows in Figure 3 illustrate the order in which
the two strategies seek reservation. In threfer conversion strategy wavelength
converters are applied prefelaland only if they cannot sslve the conflict FDL buffers
are used. In therefer FDL strategy FDL buffers are appligoreferably and only if they
cannot resolve the conflict wdeagth converters are usedl/hile the former strategy
extensively uses wavelengtbrverters the latter can be eqbed to save converters.

* Reservation strategy: In case a burst uses a wavelengtimverter or an FDL buffer for
contention resolution these resources also havee reserved. Senad strategies which
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Figure 4: Architecture for a.) feed-forward FDL buffer and b.) feedback FDL buffer

have been proposed for output channel regem can be applied [14]. Regarding FDL
buffers, an additional degree of freedom exikigng the reservation process. The output
channel for the time when the burst will leave the FDL buffer can be either reserved before
entering the FDL or when leaving the FDL.

Apart from the architecture, functionality aduinensioning of conwéers and FDL buffers,
node dimensioning as well &affic behavior have a sigficant impact on performance.
Concerning node dimensioning, the numbemnpiit and output lines as well as the number of
wavelength channels per outpiae are key parameters. Regarding traffic, the offered load,
the arrival process of bursts aslivees the distribution of bursthgths have to be considered.

8.2.3 Fiber Delay Line Buffers

8.2.3.1 FDL Buffer Architectures

Buffer architectures can be categorize iireed-forward (FF) and feedback (FB)

architectures as well as into single-stage and multi-stage structures [7]. In FF buffers data are
delayed while forwarded towards the outputhe node whereas in FB buffers data are

delayed while being fed back to an earlier staighe node. In single-stage buffers, the delay

IS realized by a set of fixed-length FDL’s whifemulti-stage buffers the delay is determined

by a cascade of FDL and switch pairs. The capatigDL buffers can be increased by using
WDM in the FDL's.

In OBS switches, FDL buffers can be appliesbatput, input or recindation buffers and can
either be dedicated to a siagort or be shared. Figua shows an FF output buffer and
Figure 4b a recirculation buffer for one outpfian OBS switch. Both are dedicated, single-
stage and employ WDM. The FF buffer has a direct liee deelayb,=0, withw,, wavelengths
andNg FDL’s with delaysh, andw,; wavelengthsi=1,2,...Ne. The function of the output unit

in Figure 4a depends on theseevation strategies introduckdlow. The FB buffer comprises

a single FDL of delap and allows a maximum @) recirculations. There axg wavelengths

on the output fiber andy, in the FDL. In FB buffers, a burst can only reenter the buffer on the
same wavelength if its length is shorter thaim case of full wavelength conversion, as
assumed heré,does not limit the burst length.
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For each wavelength in a buffer FDL there isrgiut port to the buffer. The total number of
buffer input portsn,, equals} W, in case of FF buffers and, in case of FB buffers. The

total number of buffer input ports correspond#hi® number of additional switch ports needed
per output fiber to support an FDL buffer. Thigeditly translates into cost as it determines
size of switching matrix or demultiplexer elements as well as number of wavelength
converters. For a given total number offbuports, assigning these ports to MeFDL'’s of

an FF buffer, ie. determining all individual,;, is an additional degree of freedom.

Another option in case of FF buffer optimiie is choosing individual FDL delays such
that burst loss probability is minimized. However, in this paper we only consider FF buffers
with linearly increasing FDL delaysgl.b=iD for i=1,2,...N.

From a technological point efew, attenuation in FF and FB fiers can be compensated by
amplifiers dedicated to and exactiyed to the attenuat of the FDL delay,. In FB buffers,
bursts going through the FDL repeatedly awualate noise, which limits the possible number
of recirculations.

8.2.3.2 Buffer Reservation Strategies

If a burst cannot make a reservation oroatput wavelength in an OBS node with FDL
buffers (Figure 4a and 4b) ikeks reservation of a buffer Firistead. For a system with one
output wavelength and one buffer EDFigure 5a depicts the arrivaf a reservation request at
timet, and of the corresponding busgparated by an offs&@t The new burst is blocked from

direct transmission by an already reserved btiswvever, as a buffer is available during the
transmission time of the new burst it can be buffered in the FDL. There are different options
for the order and exact time of the FDL andpotitthannel reservaiti. Figure 5b illustrates

two possible scenarios in which the new burstdrad in Figure 5a seeks reservation for the
time when it leaves the buffer after FDL delay

So far, the following reservation strateggs been proposed and evaluated [17, 26, 15]: At
timet,, i.e. when the reservation request of a burst is blocked for the first time, both the

shortest available FDL and antput channel are reservedngsJET. If either no output



channel or no FDL is available for the burst, st is discarded. As the output is reserved
prior to entering the buffer we call tHseRes. By requesting a waveigth reservation at
timet,, i.e. with an expanded offsktd prior to the burst transmission (Figure 5b), this

request is prioritized over unffered bursts. Hereby, buffetend unbuffered bursts take up

the role of high and low priority bursts in oftsbased QoS [18], respectively. The differences
are that partitioning into two classes is dynamic based on the current contention situation and
that the expanded offset is only effective in thigle if the control packet is sent to the next
noded before the burst. From this similarity, we deduce two potential shortcomings: (i)
Offset-based prioritization leads to a higher l@ds of long low priority bursts [14] which in
PreRes translates into a higher probability for long bursts to be blocked and sent to the buffer
or even to be lost. (ii) In a scenaritlvQoS classes and FDL buffers using PreRes,
prioritization of buffered bursts can interfere with QoS classes as the same mechanism is
applied in both cases.

In [4], we proposed and evaluated a diffemeichanism for reservation of buffer and output
channels: If a burst is blocked at titjehe shortest available FDL is reserved using JET but

no output is reserved at that time. Only, &b, i.e. after the burst has entered the FDL and

before the burst leaves theftan, an output reservation isquested. As can be seen from

Figure 5b, the offs&l of the burst stays unalteréor the buffered burst,a. it has no priority

over newly arriving bursts. We call this mechaniostRes as output reservation takes place

after the burst entered the FDL. In PostRéldylocked bursts are buffered if buffer space is
available. Those unable to reserve an output channel when they leave the FDL are either sent
back to the buffer and delayed in case oftftifers or discarded in case of FF buffers.

The output unit in Figure 4a casts of wavelengticonverters as well as of a combiner in
case of PreRes and components for selebuimgts which can be transmitted in case of
PostRes.

8.2.3.3 Port Assignment Strategies
The impact of the total number of buffer portg,of an FF buffer is investigated under the
assumption that all FDL's are agsed an equal number of povig=w,=n,/Nr. The latter

assumption raises two questions: (i) Is tlasignment strategy optit®a(ii) How should a

given number of ports),, be assigned tNr FDL's if n, is not divisible byN:? Regarding the

first question, assigning an eduaimber of ports to each FDL niigbe beneficial as reentry
times of blocked bursts are spread more uniformly over time. However, assigning more ports
to shorter FDL's may be adwtageous as simulation results show that the mean FDL
occupation is higher for the shorter FDL's in a multi-FDL FF buffer. This is due to the fact,
that PreRes seeks reservation on the shortdstiFdd and only if no reservation is possible it
probes the next longer FDL.

8.2.4 Wavelength Conversion

Performance of converter pools for OBS node=/eduated by simulation studies that are
based on an abstract node modeéis model is depicted in Figure 6 for an OBS node with a
converter pool and an optional FDL buffer.eTode has a non-blockisgvitching matrix N
single fiber input and output lines altwavelength channels pgiper. The converter pool
comprised\. tunable wavelength consters which can be sharedhong all wavelength

channels of this node and whican convert over the entire rangfevavelengths. In order to
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Figure 6: Model of an OBS node with shared converter pool and optional feedback FDL buffer

compare performance of nodes witffelient dimensioning, the figunversion ratio, r, is
introduced: It is defined as thatio of converters in the podil., and the total number of
output wavelength channels thslare this converter pool=N./(NIM). In case of FDL
buffers are employed together with coneerpools, the FDL feedback buffer hésfiber

delay lines with basic deldyand linearly increasing FDL delayse.i. FDLi has delayb,
i=1,...Ng. FDL's employ WDM withM wavelength channels per FDL. No further

architectural details of the optical switchingtma the converter pool or the FDL buffer have
been included in the model, because they carebedifferent for specific node realizations.
Wavelength channels on an output line andnrFDL as well as converters are reserved
according to the just-enough-time (JET) reseorasitrategy [18, 26]. It considers the exact
predetermined start and end tineé®ach burst for reservatiomhich allows most efficient
utilization of resources.

8.2.5 Combination of FDL Buffer and Converter Pool

In case an FDL buffer is applied, resourcesblaffering the burst in the FDL, for later
transmission on the output line and potentiallywiarvelength conversion ta to be reserved

in a coordinated way. He, it is assumed that a burst uses the same wavelength in the FDL
buffer and on the output linegl, a potential wavelettyconversion has tiake place before
buffering. Also, all resources are reserved at the same time, which was characterized as
PreRes policy above.



8.3 Modeling and Performance Evaluation Approach

8.3.1.1 Traffic Model

For the studies in this paper, two modelsthar arrival process of bstis are applied. In the
first model, bursts arrive according t&aisson process. The second modelsdfasimilar
traffic model and motivated by the rapid grovatid dominance of Internet traffic which has
been shown to exhibit self-similar behavior. In the future, when rather static traffic
management functionality provided by ATM or SDH today is no longer used but IP is
transported directly over WDM with only aithadaptation layer ibetween, dynamics and
long-range dependent characteristi€ Internet traffic [16] will eventually reach the optical
layer. As illustrated in Figure 1, traffic originates from a large number of sources in metro and
access networks. Superposition of a large nurab®N/OFF sources with heavy-tailed ON
or OFF phases has been proposed as a madehfiprange dependenetwork traffic [25].

An M/Pareto traffic model is obtained for arfinite number of sources with Pareto
distributed ON phases [23]. In an OBS edgéde, incoming traffic is aggregated in the
electronic domain and bursteaassembled dynamicallyge. based on size or time strategies
[2]. Large traffic volumes direet to the same egress edge nodieform trains of bursts. In
the context of OBS, the M/Pareto model is ugedenerate trains of optical bursts with mean
train interarrival timee [T,]. The number of optical burst&, in a train of bursts follows a

Pareto distribution with meda [Xg] and Hurst parameted. During a train of bursts, optical

bursts are generated with constant interarrival timhgse. the burst arrival rate isdl/instead
of E [T,] andd, the model can be characterized by the mean burst arrivatr&tgXg] /E

[T,] and the ratio of mean buratrival rate and burstrrival rate during train of bursts:
B=mid.

8.3.1.2 Simulation Scenario

For an isolated OBS node, performance evaludias been performed by discrete event
simulation of the model desbed above. The tool is lezed in C++ and based on a

simulation library [9] that provides support famsilation control, trafit generation as well as
statistical evaluation. In the simulation, burses generated according to either a Poisson or a
self-similar model as discussgdthe previous section. Burength is assumed to be
negative-exponentially distributed for the £smn model and constaot the self-similar

model with mean 10kbits which leads to a mean transmission tims&0 us on a 10Gbps

ine. The impact of different transmission time distributions with respect to offset-based QoS is
described in [3]. The termhoad refers to offered lad per wavelength.

Destination of bursts is uiormly distributed over alN output lines. Also, selection of the
wavelength on which a buratrives to the node followes uniform distribution. Eight
wavelength channels per outpimie or per FDL are used except for Figures 18 and 19 in
which there are 16 wavelengths per output W€l is used for wavelength and FDL buffer
reservation. Except for Figure 8, blirsts belong to the same class.

For a dedicated output buffer comprising either a single FDL FF, a multi-FDL FF buffer or an
FB buffer (Figure 4) and employing either PreRe®ostRes reservatictrategy, we evaluate

the impact of key design paratees on performance. In all simulations of the FDL buffer a
load of 0.8 per output wavelengghassumed. This combinatiohrelatively high load and

only few wavelengths yields rathleigh losses. However, thii@wvs us to study the principal
behavior of an OBS node in a situatiarwhich FDL buffers are essential.



The burst loss probability is used as the key performance metric but transfer time and
technological constraints acdst are also discussed. Usdestated differently, graphs
obtained for the Poisson arrival processudel 95%-confidence intesils based on the batch
simulation method. However, asndamental assumptions fibre analysis of confidence
intervals do not hold for long-range dependent traffic graphs for the self-similar arrival
process show no confidence intervals. In taise, a larger number of bursts has been
simulated.

8.3.2 Results of Performance Evaluation

8.3.3 Fiber Delay Line Buffers

8.3.3.1 Single FDL Feed-Forward Buffer

In order to explain the fundameahtifferences between PreRaesd PostRes, we first look at
their performance for a single FDL FF buffer atit capacity restrictions. Figure 7 shows the
burst loss probability for both strategiisioad 0.6 and 0.8 over the FDL debagormalized

by the mean burst transmission timdt can be seen that even a single FDL of lebgh
(which corresponds to 6 km ob&r) can lower burst loss probabiliB,, efficiently. For all

FDL delays, PreRes outperforms PostRes, edeethe difference is greater for load 0.6.

Curves flatten for larges, which shows, that the positive effect of an FDL is limited to the
resolution of temporary congesti. As PreRes prioritizes thesegvation request of a buffered
burst over the one of a newly arriving butsiffered bursts only compete with long bursts
already reserved as well as with requests of other buffered bursts. Again, this is similar to the
JET reservation process with offset-based Qtvever, our analysis from [14] for the burst
loss probability of two QoS classes is not applicéilglee as the partitioning into two classes is
not static but dynamibased on the current contention diima. Still, this interpretation tells

us that the competition with long active bursts decreases with increasingod@laich leads

to smaller losses.

For PostRes, a lower boundary can be obtainaddmjeling the initial aival and the arrival
from the buffer as independent and taking extoount the load of buffered bursts (repeated
call attempt model)Comparing the curves of this lomeoundary and PostRes shows that an
FDL of limited delay cannot achie the same performanceasystem in which buffers
provide arbitrary andlanost unlimited delay assaumed for the boundary.

Although PreRes only stores bursts whidh ke transmitted lateit sends more bursts

through the buffer than PostRes which stores all blocked bursts based on availability. This car
be explained by the fact that during a contamsituation in PreRes, blocked bursts enter the
buffer and reserve the output in advanceictviieads to a fragmentation of the output

channel. Newly arriving bursts camly reserve an output directly if they fit into a gap formed

by active bursts and reservatiafduffered bursts [4]. The fatiiat a substantial share of all
bursts is sent through the buffer in PreRes leads to an increased mean transfer time compare
to PostRes. As FDL delay is in the order of burst transmission tiraea,few microseconds

based on above describassumptions, FDL delay can bajleeted compared to propagation
delays.

As the offset-based QoS differentiation and RxeBontention resoluticstrategy are based on
similar mechanisms an undesired interactiantbhebe avoided by carefully choosing the
respective parameters. Therefowe study the impact of FDL buffer delay in an OBS node
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with a single FDL and two service classEle high priority class has a share of 30%.
Figure 8 depicts the burst loss probability over the FDL delay for a QoS offset of one
respectively two mean burst transmission timiel®ad 0.8. As already mentioned above, it
can be seen that for PreRes an FDL thliriger than the QoS offset leads to a reduced
isolation between the classes. Furthermorast of the improvement due to buffering
disappears for the high priority class if Qofset and FDL delay are chosen improperly.
Thus, in PreRes, QoS offset ar0L delay have to be adapted such that the QoS offset is
always greater than the FDL delay in ordertoid an inefficient use ahe system. However,
this results in either large QoS offsets, which yield longer delays for all high priority traffic, or
restrictions in maximum buffatelay and thus restrictions fihe choice of possible buffer
architectures.

In contrast, QoS offset and rimum FDL delay can be chosardependently for the PostRes
mechanism. Hence, it is possible to have long FDL's (multi-FDL buffers) in order to
overcome contention and at the same time have a small QoS offset. For the scenarios in
Figure 8, PostRes yields an even better loss pitityzof the high priority class than PreRes

for long FDL’s (at the cost of slightly higher losses of the low priority class). In the following,
we concentrate on a scenario with a singleiserslass. However, tHermer results for two
service classes have to mmsidered and principal relatioakso apply if more complex

buffers are used with two service classes.

8.3.3.2 Impact of Architecture and FDL Delay

Burst loss probability can be further reduced by FDL buffer architectures which provide more
diversity with respect to FDL delaygiwith respect to reentry times. For PostRes, an output
channel is only reserved when the burst leavedtiifer. If this output channel reservation is
blocked, the burst could be sent back to ah BBd seek reservation later in case of an FB
buffer but would be lost in case of an FF buffélso, as PostRes always selects the shortest
available FDL multi-FDL FF buffers cannot besdsefficiently. In contrast, as PreRes

reserves an FDL and an outghiinnel before entering theffar it cannot exploit the greater
flexibility of FB buffers. Therefore, we restrict our investigation to FF buffers WitHl,2,3,4
FDL's and linearly increasing deldy=iD (i=1,...Ng) employing PreRes and to FB buffers

with FDL delayb and maximum numbef recirculation€Q=1,2,3,4 employing PostRes.
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Figure 9 and Figure 10 depict the burst loss probalbilityover the basic FDL deldy In

both scenarios, the number of wavelengthsHi#r is chosen to be no restricting factor.
These figures illustrate the impact of FDL delay as well as of number of AR, and
maximum number of recirculation®, In case of the FF buffer with PreRes, it can be seen
that introducing more FDL's,e. increasing\g, leads to significantly reducd?] ... In case of
FB buffers with PostRes, increasitigg maximum number of recirculatiorg, also leads to a
lower P, but the improvement is sitter compared to FF buffers.

In both scenarios, this improvement comes at the cost of increased transfer times—even for
constanb—as several bursts areffared in longer FDL’s. However, increasiilg in FF

buffers means additional FDL'’s includingigelh ports and amplér equipment while

increasing in FB buffers means few additional sviatports but increased requirements with
respect to power and noise budget. In the nestian, we study these trade-offs with respect

to the number of switch ports as we do rmtsider the total length of FDL fiber the

restricting cost factor.

In case of FF buffers with PreRes and FB buffers with PostRes, burst loss probability always
decreases for increasing FDL deléysntil a boundary is reached. At load of 0.8, in case of

FF buffers withNg=1 andNg=2 curves flatten from approximatedy2h on while forNg>2

this boundary is reached only for higher valueb.dh case of FB buffers and all values(®f

the boundary is reached at approximabsigh. In case of lower loads, it can be concluded

from Figure 7 that a boundary is only reackadhigher values of the base delay.

Summarizing, choosing the basic detay the range of a few mean burst transmission times
yields significantly improved performance whiletfiber delay of the longest fiber in the FF
buffer is still in a feasible range. The latter conclusion is valid for burst transmission times up
to a few 10’s of microseconds as assunec, however, burgtansmission times of

milliseconds would lead to infeasibly long FDL'’s.

In the following, a base deldz2h is assumed as it provides an optimal or close to
optimal P, for most architectures considered.
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8.3.3.3 Impact of Total Number of FDL Buffer Ports

So far, the number of wavelengths inRIDL which corresponds to the number of bursts

which can be stored simultanetusn the same FDL as well &sthe number of switch ports
assigned to an FDL has not been limited. As the size of the switching matrix is a key design
parameter, we study the impacttbé total number of buffer ports,, onP,. for an output

with w, =8 wavelengths. In case of an FF buffer we assume for now that each FDL is assigned
an equal number of pong,=w,, i=1,2,...N, which results im=Nr, ports.

Figure 11 and Figure 12 depR over the total number of buffer ports, for the FF buffer

with PreRes antll-=1,2,3,4 as well as for the FB buffer with PostRes@ntl,2,3,4. For all
buffer architectures?, . decreases with increasing—in case of the FF buffer until a bend at

n,=Ng0, is reached and in case of the FBfeuuntil a lower boundary is reached for
n,<QM_ports. Due to the economies of scale relatively fewer ports are needed when

increasingQ for reaching the lower boundary. The beémdase of FF with PreRes can be
explained by looking at an individubuffer FDL: buffering more thaw, bursts at the same

time in the same FDL cannot lead to a loRgy as only a maximum ofj_ bursts can leave
the buffer at the same time and be sent to the output chaneets)lyw,<w, is a reasonable
dimensioning for an individual FDL. This holds true for each FDL in an FF buffer, which
leads to the bends af=NrW, .

For the FF buffer and a given number of buffer paytshaving a greater number of
FDL's, Ng, with a smallew, yields better loss performance than fewer FDL's with a
largerw,. However, the latter can be achieved atvwgelocost. As the difference is slight for
smalln, and more distinct for largex, a small number of FDL's iseneficial if only a smalll
total number of ports),, is available in order to minimize cost.
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W2 for constant g

Comparing a single FDL FF buffer and an FB buffer @tl,2,... under the assumption of
an equal number of ports,, is especially interesting as both scenarios are based on an

identical FDL buffer. From Figure 11 and Figure 12 it can be see@Qtfatecirculations in
the FB buffer are needed in order to achieve a I®ygrthan the single FDL FF buffer. This

is independent af,,, however, the difference is marginal for very smalbut increases
significantly for largemn,. From the technological point efew a key difference of both

scenarios is that in an FB buffer bursts tragea greater number sfvitching and amplifier
elements and therefore accumulate noise. Thus, if only few ports are available an FF buffer is
more desirable due to the reduced complexity.

8.3.3.4 Impact of Port Assignment in FF Buffers

In order to find strategies for assignment of FDL ports, we first evaluate the loss probability
for all possible port assignments in a twolHEF buffer with a constant total number of
buffer portsn,. Each combination of ports for FDL 1 and FDL®&,,( W), can be

characterized by the ratig,,/n, of ports assigned to the shorter Fd; and the total number
of portsn;=wy;+wy,. In Figure 13P,. is depicted on a linear axis over this ratjg/n, for
several values af; ranging from 2 to 16. As describedtire previous section, assigning more

than eight ports to any of the FDL'’s is not i@aable and is thus nobusidered here. The fat
line in Figure 13 connects the minirofall curves of constamk, even for those curves that

have been left out in order timprove clarity of the graph.

For only a few portsy,, the curves are rather flat, symmetric with respeeat,ttn, and have

their minimum either if half of the ports are ag®d to the shorter FDL and half to the longer
FDL, or in case of an oddj, if the longer FDL is assigned one more port. For a greater port

count,n,, the curves are no longer symmetric and minima are taken if the longer FDL is

assigned the maximum port count of 8 andstherter FDL is assigneall remaining ports.
From the boundary found in Figure 9 for ieasing FDL delay as well as from the fact
thatP,. is almost identical for the combinationg (=8, w,,=0) and (,,=0, w,,=8) it can be

concluded that the different FDL delay® aot the main origin of variations Bf,, over
Wy /N, but the different distribution of burstentry times is. This is also supported by
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simulations fob=4h which showed almost identical loss probabilities and minima as depicted
in Figure 13 fob=2h. For two FDL's we conclude that agsing half of the available ports to
both FDL'’s yields best results for a small pastint while assigning more ports to the longer
FDL is beneficial for a larger port count.

Based on the findings of the previous sattiwe introduce and evaluate four special
strategies for assigning ports toNr FDL's. From the results of our evaluations for two

FDL's, it can be deduced that dependamgthe total number of available ports, strategies

that spread ports over FDL’s uniformly or stragsgihat concentrate ports at either short or
long FDL'’s lead to better loss performance. This categorization motivates the following four
strategies:

» gpread head (tail) first: The ports are assigned to IED one at a time based on a round
robin scheme, starting with the shortest (longest) FDL until all ports are assigned.

« concentrate head (tail) with parametem,<w,: W, ports are assigned to th-1

shortest (longest) FDL'’s each and all remaining ports are assigned to the longest (shortes
FDL.

Reasonable domains forethotal number of ports, in the strategiespread andconcentrate
areNg=n,<NgM and (\IF-l)wm<npsNFM/m, respectively. The lower limits account for the
fact that there has to be at least one pertFDL and the upper limit accounts for the fact that
assigning more thaw,_ ports to an FDL does not improve performance or that atwgst

are allowed.

Figure 14 compares the burst loss probability of the stratggiesd head first andspread

tail first for a given number of ports,, andNe=2,3,4. It can be seen that the curves of both
strategies are very close together, withttikefirst strategy always slightly better except for
the points in which both strategies produce tlmeesassignment already studied in Figure 11.
However, for some medium valuesmfthe improvement dfiil first is about as big as the

improvement achieved by addiag additional FDL but comes at much lower cost. As both
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spread strategies have almost identical mean transfer timizsl thest strategy is more
suitable tharihead first.

The strategiesoncentrate depend on an adubnal parameteny,,,, and depending on that

parameter are defined ansmaller domain thaspread. Figure 15 depicts the burst loss
probability for the strategiesncentrate and two values of,,,. Forw,,=8, theconcentrate

tail leads to significantly loweP,, for all N except for the points in which both strategies
produce the same assignment. WRilg, decreases rather uniformly in caseaicentrate

head, it drops more radically witboncentrate tail for assignments in which there are only a
few ports in the shortest FDL. Fay,,=4, the difference is much sitfer or even disappears.

Thus, Figure 15 supports findings from Figure13: For a smatncentrate head andtail are
almost identical while for a largey, concentrate tail definitely has a lowel, .

Whenconcentrate tail is used and aNg FDL's in a buffer are assigned,,,, ports adding one

more port means adding an additional longek Fhifting all ports assigned so far to the
1 longest FDL'’s and assigning thew port to the shortest FDL. Thereby, the mean FDL delay
is increased by approximatddywhich has some positive impact on losses (Figure 9). In order
to quantify this impact, Figurgs also contains values Bf, (star symbols) for the case in

which the shortest FDL is assigned no port butbé longer FDL are assigned,,, ports
each, gg. for Ne=4 andn=24 ports. Comparing these values vt obtained for the
samen, butNe=3, it can be seen that the effect déimg one more port dominates the effect
of the increased mean FDL delay.

In Figure 16, we finally compapread tail first andconcentrate tail which performed best
so far. FoNg>2 concentrate tail andspread tail first perform almost equally for both values
of w,,.. However, foiNg=2 concentrate tail achieves lower losses for several values which

has been discussed in Figure 13.

Concluding, we found that in caseM#f>2 thespread tail first strategy produced the lowest
loss probability for by far most port counts, and should therefore be used to assign ports in
the process of FDL buffer dimensioning. In the case of only two FRbrgentrate tail is

more advantageous.
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8.3.4 Wavelength Conversion

8.3.4.1 Impact of Conversion Ratio

In Figures 17 and 18, burst loss probabiktghown versus the conversion ratigN/(NIV)

for different number of output lines and valuedaafd for scenarios with 8 and 16 wavelength
channels. In both scenarios, loss probability decreases steadily with increasing number of
converters until it reaches a lower boundarycdse of 8 wavelengths and load 0.4, this
boundary is reached at conversratios of apmximately 0.25-0.5, &., between 50% and
75% of the maximum number obverters can be saved. For greaadues of load the lower
boundary is only reached for greater conversitingaWhen comparing respective curves for
8 and 16 wavelength channélsan be seen that the lower boundary is reached at
approximately identical conv&ion ratios. However, loggobability decreases more
significantly for 16 wavelength channels wheareasing the number of converters. This can
be explained by the multiplexing gain of tlaeger bundle of channels. From Figures 17 and
18 it can be seen that for a larger numbeyugput lines the lower boundary is reached for a
smaller conversion ratio. Again, this can be axpd by the multiplexing gain which results
from the larger number of converters in the pdble curve for a single output line is included
for reference and corresponds to a converter wbath is only shared for a single output.

In order to quantify the dependence on the nurobeutput lines and to obtain values for the
number of converters needed in order n@xoeed a certain penalty in loss probability, the
effective conversion ratio is introduced. It is defined asetltonversion ratio which results in a
10% higher loss probability than the case dfdanversion. Figure 1@epicts the effective
conversion ratio versus the number of output lioeslifferent values of load and 8 as well as
16 wavelengths. No confidence intervals pr@vided as data have been extracted from
graphs. The effective conversion ratio decreéastsfor a smaller number of output lines and
much slower for a larger number of output linésom approximately forts on and a load of
up to 0.6, the effective conversiaatio is less than 0.5 and candselow as 0.25 which results
in substantial savings of waeagth converters. Again, theres for different numbers of
wavelengths have similar shalpeat for more wavelengths tlegfective conversion ratio is
greater which is due to the higher carried traffie,accupancy of the output lines.



T T T T

L B N

A ----A conv. ratio = 0.375

G——o M/Pareto arrival process, r = 2 I
<+---< conv. ratio = 0.5

& ---¢ M/Pareto arrival process, r = 8

-1f 1 N ] o g
210 Z107F E
a F o F Q\ N
[ - [} FooN
Q = e} L \

g T s [
o
0 r [ N b
U — D
g 1 g | o °
3 . o
5 2 BN =Y PR - DURPP g 2 A T TSI, BTy
210°F Pommm o m o m - m o - - - -y 2 10°F Yo =
C [ o © conv. ratio = 0.125
Foome = Poisson arrival process Fooo- © conv. ratio = 0.25

-3 ! | L 1 L 1 L 3 | | L | L |

107, 0.25 05 0.75 1 107, 5 10 15
conversion ratio rate ratio
Figure 20: Burst loss probabilty vs. conv. ratio for Figure 21: Impact of rate ratio on burst loss
self-similar traffic probability

8.3.4.2 Impact of Traffic Characteristics

Figure 20 compares the burst loss probability for the Poisson traffic model and for the self-
similar traffic model for two values of the rate raffo,The number of output lines is 8 and in
case of the self-similar traffic model there are in aveEag¢;] =8 bursts in a train of bursts

and the Hurst parameter is 0.6. The M/Ragerival proceswith rate ratio3=8 results in an
almost identical burst loss probability as the Poisson process. In case of rfie2atlee

lower boundary is reached for the same coneensatio but the burst loss probability is
significantly higher. As highly dynamic traffic is a key motivation for OBS, the impact of
parameters of the self-similar traffic model on burst loss probability is studied. Results which
are not included in figures show that vagyie Hurst parameter tseeen 0.6 and 0.7 and the
mean number of bursts in a traihbursts have hardly any impact.

For an offered load of 0.4, Figure 21 deptbis dependence of thmirst loss probability on
the rate ratio for different vadis of the conversion ratio. Highconversion ratios do not yield
better performance and are therefore not includédemgraph. It can be seen that for a small
rate ratio loss probability is significantly higher than for a large rate ratio. Also, the
improvement of loss probdity due to wavelengtlconversion is smalldor a small rate ratio.
It can be concluded that the higher the ddtedividual streams compared to the aggregate
rate the higher the loss probability and treslefficient the wavetgth converter pool.

8.3.5 Combination of FDL Buffers and Wavelength
Conversion

For a combination of a waveleingconverter pool and an FDL buffer, Figure 22 compares the
strategieprefer conversion andprefer FDL with respect to burst loss probability. Also, the
case of no buffers is included for reference. A node Math output lines, an FDL buffer with
N-=2 FDL’s andN-=8 wavelengths per fiber and FDLeasissumed. Note that if an FDL

buffer is applied the maximumumber of converters in themverter pool is the sum of
wavelength and FDL channels. Howeverpider to receive comparable results, the
conversiony,, is still calculated with respect MiM and could therefore exceed 1.
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First, it can be seen that the combinatioa shared converter pool and an FDL buffer has a
significantly reduced burst loss probability comgzhto the case without an FDL buffer. For a
conversion ratio less than 0.8dafor load 0.4, the strategyefer FDL leads to a lower loss
probability than therefer conversion strategy. For a large numbaf converters or higher
values of load therefer conversion strategy performs equally good better. It can be seen
that the strateggrefer FDL which tries to minimize conveat usage can better utilize a
reduced number of convertesefer conversion extensively uses converters which can be
seen from the fact that the lower boundary iy oedched for larger values of the conversion
ratio.

The lower loss probability of the strategnefer FDL comes at the cost of increased transfer
delay. Figure 23 compares both strategies f@istime set of parameters with respect to the
transfer time normalized by the basic FDL delay which is chosen twice the mean burst
transmission time. In case of theefer FDL strategy, the transfer time stays constant while
the transfer time in case of thesfer conversion strategy decreases when increasing the
number of converters until a lower bounderyeached. This shows that for hrefer
conversion strategy FDL usage decreases asitimber of converters increases. In this
scenario, the mean transfer delay is indfaer of few tens aficroseconds and can be
neglected compared to propagation delay indoagl networks or assely delay in edge
nodes. Increasing the FDL delay within the gibgl limits can further reduce the loss for low
loads but also leads to increased transfer times.

8.4 Conclusion

In this report, key design pemeters for application obaverter pools and FDL buffers for
contention resolution in optical burstigehing nodes are disssed and studied.

Investigations are performed for a Poisson and a self-similar traffic model including a study
on the impact of traffic characteristics of thedamodel. Dimensioning of feed-forward as
well as feedback FDL buffer architectufes OBS networks has been investigated
considering two reservation strategies folLHluffers, PreRes and PostRes. The impact of
key design parameters suchF3L delay, buffer architecturégtal number of buffer ports as
well as assignment of buffer ports to individual FDL'’s on burst loss probability has been



studied. For the assignment of buffer ports to FDL'’s in multi-FDL feed-forward buffers four
strategies have been introdu@d compared. It is demonstratedt FDL delays in the range

of a few mean burst transmission times yield close to optimal performance for all architectures
and reservation strategieshagh load. Increasing the number of FDL'’s in feed-forward

buffers or the number of reciratlons in feedback buffers has significant impact for a large

total number of buffer ports but leads toyonlinor improvements foa small number of

ports. Assigning a given number of buffer paashe FDL'’s of a feed-forward buffer based

on the introduced strateggread tail first, which spreads ports over all FDL's uniformly

starting with the longest FDL, yielded lowest burst loss probability for more than two FDL's.

The influence of number of converters i ttonverter pool, numbef wavelengths per

output line and number of output lines on burst loss probability is evaluated. Even for a rather
small number of output linessaibstantial reduction in the nber of wavelength converters

can be achieved. For the self-similar traffic model, a large ratio of mean burst arrival rate and
burst arrival rate during a train of burstst®wn to yield a high burst loss probability. For the
combination of a converter pool and an FDIffeutwo usage strategies are introduced and
investigated. A strategy thatefers FDL’s over converters foontention resolution is shown

to achieve improved loss performance for convgrters with a small nuber of converters.
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