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Abstract—A key technique for reducing packet blocking in the packets exiting from the FDLs do not contend for the same
optical switches is by temporarily buffering packets in fiber delay output ports.
lines (FDLs). The packet blocking probability depend on the  Thg grchitectural pros and cons of the various design options
FDLs design as well as on how packets are scheduled to the FDL . - . .
buffers. This study compares between the blocking probabilities are explained in [3] and in the _references therein. It_ShOUId be
of the fo”ow|ng des|gn and buffer scheduler Options: (|) |nput noted that FDL buﬁers are d|ﬁ:erent than e|eCtr0I’]IC bufferS
vs output port FDLs; (i) shared vs port-dependent FDLs; (i) since light photons keep propagating in the FDLs requiring
forward vs feedback FDLs; (iv) variable vs fixed size FDLs; and extremely long and bulky FDL buffers. This hard constraint
(v) FIFO vs non-overlapping buffer schedulers. The comparison have two design implication. One is the FDL lengths and the

results reveals several interesting facts. The first one is that ther is th ket tenti uti i
feedback FDL design can reduce the number of required buffers other 1s the packet contention resolution properties.

by 75% compared with a forward FDL design. Another observed ~_ Storing capability is clearly related to the total FDL lengths.
fact is that fixed-size FDLs is very wasteful, specifically, the length FDL lengths, however, has almost no affect on contention

of a fixed size FDL has no affect on the blocking probability. The resolution. Packet feedback capability and FDL length vari-
third observation is that a non-overlapping buffer scheduler can ability, on the other hand, are expected to be key factors in
Lﬁglécz(fﬂ:dwen;ber of required FDLs by 30% compared with a the contention resolution process. An interesting and important
design question is how much impact each design aspect has
Index Terms—All optical networks, optical switches, fiber g the packet blocking probability?
delay line, blocking probability. Packet scheduling to the various FDLs is strongly related
to contention resolution since it determines the time when
. INTRODUCTION packets are available for switching (FDL exit time). For
) . instance, exit time overlapping between packets destined to
T HE _qdvancement of _optlcal technology in recent_yea{ﬁe same output ports will clearly result in another contention.
) positions  the aII—optlcaI netwo.rk (AON) as a V'ab_leThus, another interesting and important design question is the
option for next-generation communication networks. Being,nact of a packet scheduler on the blocking probability.
aple to send a data-carrying optical S|gn_als for_ thousands Ofit is well known that buffering in the output ports out-
kilometers, through many transparent optical switches W'thob'érforms buffering in the input ports and shared buffers out-
conversion to the electronic domain is the key feature deﬁn"b@rforms port-dependent buffers. Therefore, the performance

an AON. comparison between various options of feedback/forward,

One of the important elements for reducing packet blockingp  jengths and buffer schedulers will be studied herein.
in an optical switch is temporarily buffering in fiber delay lines

(FDLs). The FDLs buffer design and the packet scheduling to 1. THE SWITCH MODEL

the buffers play crucial roles and greatly affect the blocking An N x N all optical switch with X' shared FDLs placed

probability. The current paper concerns with the performan £ the output ports are considered. The optical packets are
comparison between various design and schedule optiorfq?

. . . - sumed to be of a fixed length and the time axis to be
The focus is restricted to the blocking probability aspect angl ioq and aligned with the packet length. The switching
ignores the architectural implementation cost.

1 - -, _ is synchronized and packets are available for switching or
FDL design options can be classified as follows: buffering at the beginning of each time slot. FRIcan contain

« Input vs output port FDLs. up to L(k) packets in ‘time cellsl, ..., L(k). A packet enters

« Shared vs port-dependent FDLs. at time cellL(k) and propagates along the FDL at a constant
« Forward vs feedback FDLs. speed (abou200, 000 km/sec) and exits at time cell one. The
« Variable vs fixed size FDLs. FDL propagation time id.(k) time slots.

« Simple vs non-overlapping buffer scheduler. New packets arrive from the input ports according to a

A simple buffer scheduling is basically a FIFO scheduler ari@newal Bernoulli process and become available for switching

a non-overlapping buffer scheduler is a scheduler ensuring tR&tbuffering at the beginning of each time slot. A packet
arriving from input portr is destined to any output pait # n
*This work was supported by the Australian Research Council. with equal probability ofl /(N — 1). The overall offered load
'Z. Rosberg is with CSIRO ICT Centre, PO Box 76, Epping, NSW 171 egch output port from all input ports is denoted by 1.
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hvu@groupwise.swin.edu.au arriving at the beginning of time slot= 1,2, . . ., where X, ()



denotes the number of packets destined to outpdrhe new When the search over all FDLs is complete, the unbuffered
arrivals and the every packet in the first time cell of each FDhackets are blocked. Packets are buffered so as to preserve
are contending on the output ports. If the number of packdtd=O upon their exit from the FDLs.

contending for output pork, n = 1,..., N, is greater than  With the feedback FDL switch, buffering priority is given
one, aswitching scheduledecides which one is switched outto buffered packets and scheduling is done in two phases. The
and abuffering scheduledecides which packet is buffered andirst phase is overlapping-free, as described above, starting
in which FDL. with the buffered packets and continuing with the new packets.

With forward FDLs, contending packets arriving from thd'he second phase buffers the remaining packets at any free
FDLs cannot re-buffer and, if not scheduled by the switchirentry time cellL(k), k = 1,..., K. All the rest are blocked.
scheduler, they are lost. A straightforward packet identifihe reason for executing the second phase rather than blocking
swapping argument reveals that the switching scheduler dagthat contention resolution can be deferred to subsequent time
not affect the blocking probability. However, it does affecslots.
the packet queueing delay. FIFO, LIFO QoS-based priority, The minimum number of FDLs required to meet threshold
etc. switching scheduler can be implemented since packbtscking probabilities oftl0—* and 10~% with feedback and
headers must be extracted anyway for the switching task. Tioeward FDLs with N input and output ports as a function of
buffering scheduler, on the other hand, does affect the blockitige load levelp is depicted in Figure 1.
probability and therefore important to understand.

The blocking probabilities of various FDL designs and Minimum FDL with Prob. Thresholds 10~%, 10~
buffering schedulers are studied via simulation. Simulating a 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
synchronized time slotted switch with fixed packet length is
a simple and a very fast mechanism. Since the performance 60
comparison concern with very small blocking probabilities
(10-*—1075), special consideration are given in the simulator
to the running time.

Previous performance evaluation of switches with various
designs have been studied via approximated analysis, e.g.,
[1] and [2]. Precise analysis of practical FDL designs with
shared buffers are mathematically intractable whereas their
approximated analysis would require validation by simulation.
In the present paper, performance evaluation is done only by
simulation.
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Ill. FORWARD VS FEEDBACK WITH SHARED FDLS Feedback FDLs

A switch with forward FDLs is simpler and less costly %5 o0s 05 08 07 055 0
compared with a switch with feedback FDLs. The former Load per port (p)
requires anV x (N + K) switching fabric whereas the latter N _ o
requites an(N + K) x (N - K) fabric 4], Since feedback 8L \inimum tumber of i Fhus i swieh weuput pos
FDLs have more flexibility in resolving contending packets, it
is important to find the saving in FDLs for achieving a target

blocking probability.

L
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Generally, a switch should be designed to address high loads
? . . ._and very small blocking probabilities. Therefore, the most
To this end, the two designs are compared using varia Sluable information concerns with threshald—¢ and load

FD.It‘ r:gngthsh Vé'ﬂ; L(k)d t:h kf (l:le”Sf' K b:ff 1’.' - Kh FC;Flo h= 0.95. A switch with forward FDLs require§4 compared
switching scheduler and the Toflowing butiering scheau'ler. Yy, g required with feedback FDLs. A reduction 6%

the feedback design, buffering priority is given to b“ﬁerem the number of FDLs is significant and can compensate

packetg (wnphed from the F”:.O .reglme)'. Also, n bOth. deS|gn§ne extra cost required for feedback FDLs implementation. It
preventingtime slot overlappings a main consideration. By certainly reduces the size of the switch
time slot overlapping it is meant that at least two packets '

destined to the same output port will exit the FDLs at the
same time. IV. VARIABLE VS FIXED SIZE FEEDBACK SHARED FDLS

With the forward FDL switch, time slot overlapping is Since feedback FDLs may result in arbitrary packet delay
strictly prohibited since it results in sure blocking. Thereforeuring the contention resolution phase, it is further interesting
at any event wherg/ packets destined to pomt require to investigate the impact of reducing the FDL lengths. To this
buffering, each FDLE is observed sequentially at time cellend, a comparison is made between a feedback shared FDLs
L(k) to verify if it is free and all the corresponding time cellsswitch with variable FDL lengths and fixed length. For each
in FDLs k¥’ > k contain packets also destined to pertlf offer load,p, the number of FDLs used in both designs equals
such time overlapping does not exist, the packet is bufferatie minimum number achieving the threshold probability of
Note that packets are buffered one by one and independently:©.



The blocking probabilities as a function of the fixed FDL V. SHARED VS PORT-DEPENDENTFDLS

lengths is depicted in Figure 2. It is quite surprising to notice ghared FDLs are more complex and expensive to implement

that for each offered load the blocking probabilities is almo%mpared with port-dependent FDLs. Thus, it is interesting to
flat with respect to the FDL length and is significantly highe‘gmdy its relative performance merit.

compared with variable length FDLs. Particularly, the blocking \ujith port-dependent FDLSs it is suffice to consider a single

probabilities with fixed FDL length fop = 0.95 is 0.069 for o;45t port along with its set of FDLs. Since feedback FDLs

16 FDLs, each of lengthi6, compared with at least0™® 4 gignificantly better than forward FDLs, only this design
for 16 FDLs with length varying froml to 16. Namely, in il be considered.

spite of the larger buffer capacity, the blocking probability is Figure 3 compares the total minimum number of shared

significantly higher. FDLs to the minimum number per port with port-dependent
FDLs in feedback FDLs. It can be observed that port-
Feedback Shared FDLs with Fixed Length and 8 Ports dependent design requires for each port almost the same total
007k ‘ T Ny ‘ ] number of FDLs in shared FDL design. This phenomenon
- ﬁﬁ/ I o further supports the observation in Section IV that buffering
0.085r 0=095, #FDLs = 16 1 capacity is secondary and significantly less important than the

spreading property inherent in variable length FDLs. Namely,

the large number of FDLs required for each port-dependent
00551 1 buffers, serves only the required spreading property. The extra
storage capacity coming with it, is apparently wasted and is
greatly utilized by the shared FDL design.
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Fig. 2.  Blocking probabilities in a feedback shared FDLs switch with 10

output ports and fixed FDL lengths as a function the FDL lengthgfee
0.8,0.9,0.95.
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This surprising flathess phenomenon can be explained by
the stationary probability distribution of the packet port desti-
nations in each time cell across the FDLs. Denot&tyt) =
(Y{i(t),...,Yi(t)) the port labels at FDL time celland time T RN T BT "Sryamreyes
slot ¢, Whe_reYki(t) is the port label in the-th time cell of 5 0% 08 08 Ldadperbo‘:’t 6 08 09 0%

FDL k at time slott.

Let pl<t) = PT(YZ(t) = yz(t)). Then, since paCkeFS Fig. 3. Minimum total number of shared FDLs and minimum number of port-
propagate deterministically along the FDLs, for every timg@ependent FDLs per port, in a switch wihoutput ports requiring blocking
slot ¢, probabilities of10~* and 10~6.

pit+1)=p™i), i=1,...,L -1,

# of port-independent FDLs per port

where L is the FDL length. VI. SIMPLE VS NON-OVERLAPPING BUFFER SCHEDULER

Thus, lettingt approach infinity, the stationary marginal The buffer scheduler used in Section Il is a two-phase
distributions{p‘(¢)} satisfy scheduler where the first phase schedule packets to FDLs so as
to avoid contentions at exit. The second phase utilizes the rest
pi(t) =p'(t), Vi, (1) of the available time cells in the FDLs. Such buffer scheduler
is complex to implement.

The interpretation of (1) is that the output port distribution, Thus, it is of interest to investigate how the following simple
pl(t), is determined by’ (¢) regardless of how many circu-buffer scheduler is performing compared with the complex
lation has been made. Although feedback helps in reducioge. With the simple scheduler, preference is also given to the
the blocking probability, as demonstrated in Figure 1, it isuffered packets, and each one that cannot be switched out is
the spreading property at the entry time cells what makes ttedback to its own FDL. New arrivals that cannot be switched
greatest impact. out are buffered in the first available FDL.



Minimum FDLs with Simple & Complex Shared FDLs
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Fig. 4.  Minimum number of shared FDLs in a switch withoutput ports
requiring blocking probabilities 0f0—* and 1076.

The minimum number of shared FDLs in a switch with
8 input and output ports for threshold blocking probabilities
of 10~* and 10~ is depicted in 4. It can be observed that
for p = 0.95 and blocking probability threshold dafo—5, the
simple scheduler requireé® FDLs compared withl6 FDLs
required by the complex scheduler, which 8% reduction.
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