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1 Introduction occurs. In electrical packet-switching networks, contention

Telecommunication networks are experiencing a dramatic IS usually resolved using the store-and-forward technique,
increase in demand for capacity. The wide range of future Where packets in contention are stored in a queueing
services will require networks to handle diverse forms of memory and sent out when the desired output port is free.
traffic. Optical packet switching has attracted considerable Bécause optical random-access meméRAM) is not
research interest because of its potential to achieve higherdvailable currently, itis difficult to implement an equivalent
capacity and increased flexibility® Migrating switching ~ @pproach in OXCs. Many other contention resolution
functionality from electronics to optics can resolve the Schemes have been proposed, including schemes exploiting
electrical-optical-electrical conversion bottleneck in optical three dimensions: Wavel_eng‘tﬁ,Ume,_' and spacé. _
networks. Optical packet switching also offers a finer band- ~ Time-domain contention resolution schemes typically
width granularity than circuit switching, enabling more ef- Mmake uséof optical delay line§ODLs) as first-in-first-out
ficient bandwidth sharing among different applications. Op- (FIFO) buffers in OXCs. ODLs are fixed-length optical fi-
tical packet-switching networks can be divided into two bers. An optical packet propagates through an ODL after a
categories: synchronouslotted and asynchronousgun- fixed amount of time, which is chosen to be an integer
slotted networks. In a synchronous network, all the input Mmultiple of the duration of a packet. In this paper, we as-
packets have the same size and are aligned in phase beforéume the input packets in asynchronous networks also have
entering the switching matrix. In an asynchronous network, the same size, which is the case for most proposed asyn-
the packets may or may not have the same size and theychronous optical packet-switching netwofi&Various op-
arrive and enter the switch without being aligned. There- tical buffering schemes based on ODLs have been pro-
fore, the packet-by-packet switch action can occur at any posed. They can be simply divided into two categdties
point in time® forward buffers and feedback buffers. The difference is that

In all-optical packet-switching networks, high-speed op- the optical packets stored in feedback buffers reenter the
tical cross-connect@OXCs) are required at each switching switching matrix before exiting the desired output port,
node to route packets. However, when two or more packetswhile optical packets in forward buffers do not. In this pa-
try to exit an OXC from the same output port and they are per, we study the queueing properties in both types of
on the same channel, i.e., the same wavelength, contentiorODLSs.
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In this paper, we assume uniform Bernoulli traffic, in
which case, the arrival of incoming packets at each input
port is memoryless and independent of the arrivals of other
input ports. There is a constant probabilidy(equal to the
traffic load that a packet will be received within a time
slot. The traffic is uniformly distributed over the output
p_orts except the one co.rre.sp(.)ndlng. to its input. ,S!JCh aFig. 2 MC transition diagram in forward-buffering ODLs with N pairs
simple model has some limitations, since real traffic is of- of inputioutputs and K ODLs: (a) K<N—2 and (b) K>N—2. The
ten bursty and is not necessarily uniformly distributed on state of the MC is the queue length in units of the number of optical
all output ports. Nonetheless, our simple traffic models en- packets in the ODLs counted at the instant just before new packets
able us to achieve an essential characterization of Optica|enter_the ODLs. nge, p;is the probabilit_y distribution of a Bingmial
buffer performancé. counting process, i.e., the?_sum of N—1 independent Bernoulli ran-

The remainder of this paper is organized as follows. dom variable with probability p(1)=Q/(N-1).

Section 2 presents the ODL queueing models for synchro-
nous optical packet-switching networks. In Sec. 2.1, we
first introduce the Markov chaifMC) analysis for forward-
buffering queues under uniform Bernoulli traffic and the I .
calculatiqor?s of two useful parameters to evaluate the per—2'1 Queueing in Forward-Buffering ODLs

formance of OXCs: packet loss ratPLR) and average For forward buffering, the optical packets enter the switch-
queueing delayAQD). We introduce an asymptotic analy- ing fabric only once. An example is the broadcast and se-
sis based on the generating function of the infinite buffering lect space switch proposedin European Advanced-
system. We use it to derive a simpler algorithm to approxi- Communication Technologies and ServiceACTS)
mate PLR and AQD. Then we present numerical calcula- KEOPS (keys to optical packet switchingFig. 1). The
tions to demonstrate the accuracy of such approximations.queueing model of one-stage forward-buffering ODLs un-
Section 2.2 further extends the queueing analysis to studyder uniform Bernoulli traffic is simply an MC. Assume the
the queueing properties of feedback-buffering ODLs. We OXC hasN pairs of input/outputs anl ODLs with propa-
also present numerical calculations and discussion to com-gation delays 1,2 .. K, respectively. The corresponding
pare the performance of these two buffering schemes andMC transition diagrams of queues in optical delay lines for
their control algorithms. Section 3 introduces queueing K<N-2 andK>N-2 are shown in Figs.(2) and 2b),
models for asynchronous optical packet-switching net- respectively. The state of the MC is the number of optical
works and derive approximations for their PLR and AQD. packets buffered in ODLs counted at the instant just before
We again introduce an asymptotic analysis of the infinite new packets entering ODLs, amy is the probability dis-
buffering system to study the performance degradation of tripution of a Binomial counting process, i.e., the sum of
asynchronous optical packet-switching networks under N_1 independent Bernoulli random variables with prob-

high traffic load. We conclude in Sec. 4. ability p(1)=Q/(N—1):
2 Queueing in Synchronous Optical N-1\[ Q Q \N-1
Packet-Switched Networks =l INnTT) AT NTT : @

In this section we present the queueing of ODLS in syn-

chronous optical packet-switched networks. We will study

the forward-buffering and feedback-buffering ODLs in The balance equation of the MC in FigdaRand Zb)
Secs 2.1 and 2.2, respectively. can be written as a general expression forkathnd N:
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where ;= probability(queue lengthi) is the stationary
distribution of the MC. Therefore,

K
Zo m=1. (3)

Using Egs.(2) and(3), we can calculate the stationary dis-
tribution. The PLR is

K N—-1
PLR= ml 2 (+j-K=Dp|. @
j=max(0K+3—N) I=K+2—j
The AQD is
K
AQD=JZO jm. 5

To further investigate the properties of this queueing
system, we introduce an asymptotic analysis Kor» oo,
The generating function of such queueing system is

1'[(5)=Z0 s,

(6)
From Eq.(2) and letK —co, we can derivdI(s):
_(s=1)mgpo
II(s)= “o=P(s) (7)
where P(s)==N'pis'=[1- (Q/N-1) + (Qs/N

—1)IN"1. To calculate 7y, multiply s—P(s) on both
sides of Eq.(7) and differentiate it. SincdI(s)|s—1=1,
P(s)|s=1=1 andP’(s)|s—1=Q, we have

o= ", (8)
From Egs.(7) and(8), we havé®!!

(1-Q)(s—1)
II(s)= To=P(s) 9

With Eq. (9), we can derive a simple algorithm to cal-
culate the stationary distribution of queueing length with an
infinite number of ODLs K— x):

—— Markov Chain, N=8
1] ---= Asynpiotic, N=8

—o— Markov Chain, N=64
- Asynmpiotic, Netd

Packet Loss Rate ( PLR.)

N L L et Ay
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Fig. 3 PLR versus the number of ODLs K with traffic loads Q
=0.3, 0.5, 0.7, and 0.9, respectively, for forward-buffering ODLs in
synchronous optical packet-switching networks. The number of
input/output ports N is chosen to be 8 (lines without circles) and 64
(lines with circles), respectively. The PLRs calculated with the MC
model analysis using Egs. (2) to (4) are plotted using solid lines. The
PLRs calculated with asymptotic generating function method using
Egs. (10) and (11) are plotted using dashed lines.

(1-Q i=0
Po
™) 1poQ1 F:300 . =t (19
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It is well known that for finite length buffer <«) the
PLR in a wide variety of queueing models can be approxi-
mated by?

o

PLR=prob(queue lengthK)= >, @'=1-> =7,
i=K+1 =0

while the AQD can be approximated by

K
AQD=ZO i (12)

To verify that the approximations in Eqgll) and (12)
are valid for the queueing model proposed here for
forward-buffering ODLs with uniform Bernoulli traffic, we
present some numerical calculation results for the queueing
models of forward-buffering ODLs already proposed.

We first calculate the PLR versus the number of ODLs
K with traffic loadQ=0.3, 0.5, 0.7, and 0.9, respectively.
We assume the number of input/output pdytso be 8 and
64. The results are indicated in Fig. 3 by lines without and
with circles, respectively. The PLRs are calculated with the
MC model analysis using Eq$2) to (4) (solid lineg and
the asymptotic generating function method using E#8)
and (11) (dashed lines respectively, in Fig. 3. The corre-
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Fig. 4 AQD versus the number of ODLs K with traffic loads Q
=0.3, 0.5, 0.7, and 0.9, respectively, for forward-buffering ODLs in
synchronous optical packet-switching networks. The number of
input/output ports N is chosen to be 8 (lines without circles) and 64
(lines with circles). The AQDs are calculated with the MC model
analysis using Eq. (5) (solid lines) and the asymptotic generating
function method using Eq. (12) (dashed lines), respectively.

sponding results of AQD versué are shown in Fig. 4. The
AQDs are calculated with E¢p) (solid lineg and Eq.(12)
(dashed lines respectively.

From Figs. 3 and 4, we see that the results calculated by
asymptotic analysis and their approximations by E§)
and(12) are in very close agreement to those calculated by
the MC model for finite-length ODLs. The asymptotic
analysis method therefore offers a much simpler algorithm
to study forward-buffering ODLs and the performance of
optical packet-switching networks implementing such con-
tention resolution methods. We extend the asymptotic
analysis and their approximation to model the feedback-
buffering ODLs in Sec. 2.2.

From the numerical results in Figs. 3 and 4, we can gain
insight into the applicability and limitations of the conten-
tion resolution scheme using forward buffering. We observe
that when the traffic load is not very high, even several
optical buffering ODLs can greatly help to decrease the
PLR and will not introduce significant delay in the OXC.
When the traffic load is very high, however, we require a
very large number of ODLs to achieve a low PLR. In this
case, the AQD will increase, introducing significant delay.

1

OUTPUT
N

Wavelength
Converter

E>="=3 Semiconductor

TWC Optical Amplifier Gate

[> EDFA

Fig. 5 SMOP switch.

input/output ports, and some busy input/output ports will
inevitably experience a more severe degradation in PLR if
N increases?

2.2 Queueing in Feedback-Buffering ODLs

In feedback-buffering OXCs, the congested packets are
stored in the recirculating ODLs and will reenter the
switching matrix to be routed to the desired output port,
recirculated again, or discarded, depending on the current
gqueueing state and the choice of control algorithm. There-
fore, control algorithms in feedback-buffering OXCs are
more complex than in forward-buffering OXCs. In
feedback-buffering OXCs, buffered packets must be prop-
erly allocated in ODLs to avoid having more than one
packet destined for the same output port reentering the
switching matrix after recirculation, and to avoid unneces-
sary delays. Also, extra control mechanisms are required to
recirculate or preempt buffered packets. However, in
feedback-buffering systems, it is possible for higher prior-
ity packets to preempt the lower priority packets that are
already in ODLs, enabling implementation of quality of
service (QoS in networks. An example is the shared-
memory optical packefSMOP switch, as showh in
Fig. 5.

In this paper, we do not consider QoS, so that the buff-
ering will follow the FIFO queueing discipline. We assume

that the feedback-buffering OXC also Hespairs of input/

outputs andK ODLs with propagation delays 1,2. . K,

Also, longer ODL propagation will more severely degrade respectively. Since we can recirculate the packets in feed-
the signal-to-noise ratiéSNR) of the optical signals, im-  back ODLs, we may be able to make full use of ek
posing limits on the number of ODLs that can be used in +1)/2 available buffering slots. However, the detailed MC
heavily loaded optical packet-switching networks. In this transition diagram of queueing in ODLs depends on the
case, other contention resolution schemes, such as wavecorresponding control algorithm. In this section, we simply

length conversioh® and deflection routingshould be con-
sidered. Most recent optical buffering designs also employ
wavelength conversioh.

assume that aK(K+ 1)/2 buffering slots are available.
From Sec. 2.2, we observe that the asymptotic analysis
of an infinite FIFO buffering system offers an accurate way

Another observation based on our results is that PLR to evaluate the forward-buffering system. In this section,
and AQD are not sensitive to the number of input/output we will extend this asymptotic analysis to study the
portsN in an OXC. This is an artifact of the uniform Ber- feedback-buffering systems operating under a FIFO queue-
noulli traffic assumption made in this papg@rin real ing discipline. We can approximate the stationary distribu-
OXCs, traffic might not be uniformly distributed over all tion of ;[ 0<i<K(K+1)/2] with 7" using Eq.(10). This
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Fig. 6 PLR versus the number of ODLs K with traffic loads Q
=0.3, 0.5, 0.7, and 0.9, respectively, for feedback buffering (solid
lines) and forward buffering (dashed lines) in synchronous optical
packet-switching networks. The number of input/output ports N is
chosen to be 8 (lines without circles) and 64 (lines with circles). The
PLRs of feedback-buffering ODLs are calculated using Eq. (13) and
the PLRs of forward-buffering ODLs are calculated using Egs. (2) to

(4).

is a good approximation in the region of interest, where the
PLR is low. In this case, the PLR can be approximated by

K max(0j—1) o0 ..
™ i(i+1
PLR= kry 1(0+1)
i=0 | j=max{Oi+3-N) 2 2
N—1
+j| 2 (+j=i=1)p ] (13)
I=i+2—]
and the AQD can be approximated by
K(K+1)/2
AQD= > im. (14

i=0

Here we present some numerical calculations for the
gueueing models of feedback-buffering ODLs in the pro-
posed synchronized networks and compare it with the
forward-buffering case.

We first calculate the PLR of feedback-buffering ODLs
versus the number of ODLK with traffic loadsQ=0.3,

.'. e Sl e
o
o : _
=) o AT
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Fig. 7 AQD versus the number of ODLs K with traffic loads Q
=0.3, 0.5, 0.7, and 0.9, respectively, for feedback buffering (solid
lines) and forward buffering (dashed lines) in synchronous optical
packet-switching networks. The number of input/output ports N is
chosen to be 8 (lines without circles) and 64 (lines with circles). The
AQDs of feedback-buffering ODLs are calculated using Eq. (14) and
the AQDs of forward-buffering ODLs are calculated using Eq. (5).

available buffering slots provided by ODLs, the PLR does
not improve much compared to that of forward buffering.
This is because the traffic is memoryless and during each
time slot the feedback-buffering ODLs can still accept at
most K packets, and perhaps fewer if the queue is full.
Therefore, the PLRs for feedback-buffering OXCs are just
slightly better than forward-buffering OXCs. In Fig. 7, we
can see the AQDs of feedback-buffered packets reach the
saturation AQD much faster than forward-buffered packets,
especially when the load is high. This is because the queues
in feedback buffers are longer, and therefore introduce
more delay for delivered packets. To serve real-time appli-
cations, we must implement packet priorities to enable QoS
management.

From the numerical results in Figs. 6 and 7, we see that
although feedback-buffering ODLs can recirculate packets
and accommodate longer queues than their forward-
buffering counterparts, the actual PLR performance will not
improve much, because of the limited input access to buff-
ering ODLs. Feedback buffering will also introduce extra
AQD to delivered packets, which is deleterious for many
real-time applications. Considering the system complexity
associated with multiple recirculation of packets and the

0.5, 0.7, and 0.9, respectively. We assume the number ofSNR degradation caused by recirculation, an admission

input/output portaN to be 8 and 64. The results are indi-
cated in Fig. 6 by solid lines without and with circles, re-
spectively. The PLRs are calculated using Ef§j3). To
compare these with the results of forward-buffering
schemes, we also plot the PLRs calculated using €y$o
(4) (dashed linesin Fig. 6. The corresponding results of
AQD versusK for both feedback buffering and forward
buffering in synchronous optical packet-switching net-
works are shown in Fig. 7. The AQDs are calculated with
Eq. (14) (solid lineg and Egq.(5) (dashed lines respec-
tively.

From Fig. 6 we observe that although feedback buffer-
ing has the potential to make full use of thgK+1)/2

control algorithm that avoids multiple recirculation will
help reduce the complexity of feedback-buffering algo-
rithms and improve system reliability.

3 Queueing in Asynchronous Optical
Packet-Switched Networks

In Sec. 2, we presented queueing models of ODLSs in syn-
chronous optical packet-switching networks, in which all
the packets are aligned in phase before entering the switch-
ing matrix. Since packets enter a switching node from dif-
ferent links, this requires implementation of a synchroniza-
tion stage, which greatly increases the complexity of
OXCs. An alternative is provided by asynchronous optical
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packet-switching networks, in which there is no packet Fig. 9 PLR versus the number of ODLs K with traffic loads Q

alignment stage, and a packet may enter the switching ma-=0.4, 0.5, 0.6, 0.7, and 0.8, respectively, for in asynchronous optical

trix at any time, independent of the arrival times of the packet-switching networks. The number of input/output ports N is

packets from other ports. Obviously, asynchronous net- €10sen to be =. The PLRs are calculated using Ed. (18).

works are less complex and expensive, but are subject to a
higher probability of contention, because packet arrivals are

less well-controlled. K1

In this section, we study the queueing properties of E exp(—jQ)m, i=1
ODLs in asynchronous optical packet-switching networks. __ | '™ 16
As we observed in Sec. 2.2, recirculating packets more than ' & ] , . (16
once in feedback-buffering ODLs does not significantly im- j;l {exd —(j—1)Q]—exp—jQ)}m 2<isK+1.

prove PLR, while it greatly increases control complexity.
Therefore, in this section we consider only feedback buffers . .
operated under admission control so that the queued pack-The solution to Eq(16) is simply
ets are circulated in feedback ODLs only once. The queue- i_1
ing model for such feedback-buffering ODLs will be the _ _9 (1—-q) 1<i<K4+1 an
same as that of the forward-buffering ODLSs. o 1—gktt ’
Again, we assume uniform Bernoulli traffic at all input
ports. However since these packets will arrive at the output whereq=e%— 1.
port at any time, we must still model the probability distri- The PLR can be calculated by
bution of packet arrival at a particular output port. It is well

known that forN— o, the probability distribution of; in _ —ov (1-q)g“*t
Eq. (1) become¥ PLR=my1(1—e Q)= (1-g< I (1+q) (18
QieQ The AQD is
i=—, 1i=0,12.... 1
Pi i! ! 2 ( 5) AQD:Kil -(i_l): q_(K+1)qK+1+KqK+2 (19)
= (1-q“" ) (1-q)

Equation(15) shows that wheiN— <, the number of pack- We can use Eqs(18) and (19) to calculate PLRs and

ets arriving within a packet time slot is Poisson distributed. ;

We assume that the packet arrival at each output port is aﬁqg[F)>SLfl?ogﬁzytr;]%h,&onguserosxsciﬁénnFlrgsk;é? ;ngég’gxi plot

Poisson process with ra@. Since PLRs and AQDs are not traffic oadsO=0 4Q0 5V 0(: 07 ud 08 " ! V. |

sensitive toN under uniform traffic, as we observed in Sec. rafric foa sQ=0.4, 0.5, 0.6, 0.7, and 0.8, respectively. In
Fig. 9, we see that the PLRs of asynchronous networks are

2.1. We can accurately approximate real finite input/output .
: : : } much larger than those of synchronous networks, for which
port systems by results derived using Eg5), which as results are shown in Figs. 3 and 6. Moreover, @=0.7,

sumesN— oo, L.
Assume the OXC has the same set of ODLS as describedthe PLRs tend to not to decreasekass increased beyond

in Sec. 2.1. In this section, we define the state of each & Certain value. In Fig. 10, we observe that wiig=0.6,
output port to be the residual tin{ehe waiting time in the ~ the AQDs do not increase & is increased beyond a cer-
queue and the serving time of the output pat the last  tain value. However, whe@=0.7, the AQDs of asynchro-
packet in the corresponding queue counted right after thenous networks increases linearly wikh These observa-
time when it enters the queue. This enables us to set up aions imply that when the traffic load is high, the buffering
finite-state MC model whose transition diagram is shown as queues in asynchronous OXCs have a very high probability
in Fig. 8. The balance equation is of being full no matter how large the buffer is. To verify
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Fig. 10 AQD versus the number of ODLs K with traffic loads Q
=0.4, 0.5, 0.6, 0.7, and 0.8, respectively, for asynchronous optical
packet-switching networks. The number of input/output ports N is
chosen to be «. The PLRs are calculated using Eq. (19).

this, we apply an asymptotic analysis fdr—oc. The gen-
erating function of such a queueing system is

H<s>=i:20 m”s‘=i:20 {exp(—iQ)—exd — (i+1)QJ}

> arsiTls,

i
X E wr-i-
i=o

(20)
j=i+1
where 7§ =0. From Eq.(20), we have
m=miq "t i=1, (21

It is well known that only forq=e®—1<1, i.e.,Q<In2

~0.693, this countable state space MC is positive recurrent

and will have a stationary distributidi.For Q>In 2, this
MC is transient, and there is no stationary distribution,
ar; =0 for anyi <. This implies that no matter how large
the buffer is, this queueing system will eventually use up
all the buffering space iQ>1In 2.

These observations help explain the results shown in

Figs. 9 and 10. Whe@>In 2 the stationary distribution of
the finite-buffering systems will concentrate on the full-
buffer state for arbitrary buffer size. Therefore, the PLR is
not sensitive to the number of ODUs, and the AQD is
proportional toK. By contrast, forQ<In 2, the stationary
probability distribution will decrease exponentially with the
gueueing length, as indicated in E1). Therefore the
decrease of the PLRs witk is approximately exponential,
and the AQDs saturate even for larger valuesKof as
shown in Figs. 9 and 10, respectively.

The preceeding discussion shows that although asyn- 4.

chronous optical packet switching offer a much simpler
structure for OXCs, it greatly increases the probability of
contention. Therefore, we may require ODLs for asynchro-

nous networks. Moreover, when the traffic load exceeds a 6

certain threshold, i.eQ>In2 in our model, increasing the

buffer sizeK will not help relieve contention, and actually
increases the delay of the system. Under such high traffic
loads, asynchronous optical packet switching with only
ODL buffering is not appropriate. We must either switch
back to synchronous network design or implement other
contention resolution methods exploiting wavelength
and/or space dimensions.

4 Conclusions

We introduced queueing models of ODLs in synchronous
and asynchronous optical packet-switching networks under
uniform Bernoulli traffic.

We first introduced forward-buffering queueing models
in synchronous networks. We describe an MC model for
finite-length ODL forward-buffering systems and calcu-
lated the stationary distribution of queueing length in ODLs
as well as two useful parameters: PLR and AQD. We then
carried out an asymptotic analysis based on the generating
function of an infinite buffering system and obtained ap-
proximations for PLR and AQD. Numerical results demon-
strated that the asymptotic analyses yield accurate estimates
of these parameters. We then extended the queueing model
to feedback-buffering ODLs in synchronized networks and
numerically calculated the corresponding PLR and AQD.
Comparing the results of forward buffering and feedback
buffering, we found multiple recirculation of packets in
feedback ODLs will not significantly improve PLR. More-
over it causes optical signal SNR degradation and increases
control algorithm complexity, significantly offsetting the
design simplicity of asynchronous optical packet-switching
schemes. Therefore, simpler control algorithms and admis-
sion control techniques, which avoid complicated multiple
recirculations, are more suitable for feedback buffering, and
enable prioritized switching of optical packets.

We then introduced queueing models for asynchronous
networks. We assumed either forward buffering or the sub-
set of feedback buffering that avoids multiple recirculation.
The queueing models of these two sets of systems are ac-
tually identical. We described a MC model for finite-length
ODLs and the equations used to calculate PLR and AQD.
We also carried out an asymptotic analysis to obtain insight
into the performance degradation of ODL buffering for
asynchronous switching with high traffic load.
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