ELSEVIER Performance Evaluation 33 (1998) 113-136

Performance analysis of a photonic single-hop ATM switch architecture,
with tunable transmitters and fixed frequency receivers

Martin W. McKinnon*!, George N. Rouskas ®*, Harry G. Perros ®
4 GTRI, Georgia Institute of Technology, Atlanta, GA 30332, USA
® Department of Computer Science, North Carolina State University, Raleigh, NC 27695-7534, USA

Received 14 February 1997; received in revised form 11 December 1997

Abstract

We consider a photonic asynchronous transfer mode (ATM) switch based on the single-hop wavelength division multiplexing
(WDM) architecture with tunable transmitters and fixed frequency receivers. The switch operates under a schedule that
masks the transceiver tuning latency. We analyze approximately a queueing model of the switch in order to obtain the
queue-length distribution and the cell-loss probability at the input and output ports. The analysis is carried out assuming
two-state Markov modulated Bernoulli process (MMBP) sources that capture the notion of burstiness and correlation, two
important characteristics of ATM traffic, and non-uniform destination probabilities. We present results which establish that
the performance of the switch is a complex function of a number of system parameters, including the load balancing and
scheduling algorithms, the number of available channels, and the buffer capacity. We also show that the behavior of the switch
in terms of cell-loss probability as these parameters are varied cannot be predicted without an accurate analysis. Our work
makes it possible to study the interactions among the system parameters, and to predict, explain, and fine tune the performance
of the switch. © 1998 Elsevier Science B.V. All rights reserved.

Kevwords: Optical networks; Photonic ATM switch architecture: Markov modulated Bernoulli process (MMBP);
Wavelength division multiplexing (WDM): Discrete-time queueing networks

1. Introduction

One of the issues in evolving today’s asynchronous transfer mode (ATM) networks is that of developing
switch architectures that can effectively switch cells at very high data rates (currently, data rates on the
order of a few tens of Gigabits per second per port are envisioned). Over the last decade, a great deal of
research has been devoted to the design of fast cell switches suitable to a broadband integrated services
environment; surveys of some of these architectures may be found in [1,2]. Mainstream research and
development activities in the area of broadband switching are focused exclusively on electronics-based
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technologies which have attained a high level of maturity. On the other hand, the deployment of optics
is limited to mere point-to-point transmission where the technology has proven successful in a short time
span.

Given the continued rapid progress in lightwave technology (including the demonstration of fast tunable
transceivers [3,4], the development of erbium-doped fiber amplifiers [5], and guided-wave optical switching
[6]), and the anticipated total dominance of optical fiber in the wired network, the issue of deeper penetration
of optics naturally arises. Given the potential of optical solutions to cell switching, the possibility of
employing photonics to implement switching functions hitherto reserved for electronics is currently being
explored (see [7] and references thereof). However, there remain at least two major technical challenges
to be overcome before one can contemplate the design of all-optical switches. First, there is the difficulty
of “controlling light by light”, and secondly, the technologies for implementing buffering in the optical
domain are not yet mature enough. Consequently, the most likely scenarios for near-term photonic cell
switching will involve an optical switching fabric with electronic control and buffering.

Ithas long been recognized that wavelength division multiplexing (WDM) will be instrumental in bridging
the gap between the speed of electronics and the virtually unlimited bandwidth available within the optical
medium. The wavelength domain adds a significant new degree of freedom to network design, allowing
new network concepts to be developed. With a few exceptions (e.g., [8-11]), however, most broadcast
WDM architectures that have appeared in the literature require a large number of wavelengths and/or very
fast tunable transceivers [12,13]. Furthermore, the performance analysis of these architectures has been
typically carried out assuming uniform traffic and memoryless arrival processes (see most of the above
references, as well as [ 14,15]). However, it has been shown that, in order to study correctly the performance
of a switch, one needs to use traffic models that capture the notion of burstiness and correlation, and which
permit non-uniform output port destinations [16,17].

In this paper we revisit the well-known and widely studied single-hop broadcast-and-select WDM ar-
chitecture [18]. Unlike previous work, however, we develop a queueing-based decomposition algorithm to
study the performance of a single-hop ATM switch architecture operating under schedules that mask the
transceiver tuning latency [10]. The analysis is carried out using arrival models that capture the important
characteristics of ATM type of traffic, and non-uniform destination probabilities. Our work makes it possi-
ble to capture the complex interaction among the various system parameters such as the arrival processes,
the number of available channels, and the scheduling and load balancing algorithms. To the best of our
knowledge, such a comprehensive performance analysis of a single-hop WDM architecture has not been
done before.

Section 2 presents our system model and provides some background information. The performance
analysis of the switch is presented in Sections 3 and 4, numerical results are given in Section 5, and we
conclude the paper in Section 6.

2. The ATM switch under study
2.1. The switch architecture
We consider an optical switch architecture with N input ports and N output ports interconnected through

a broadcast passive star (the switch fabric) that can support C < N wavelengths A1, ..., Ac (see Fig. 1).
Each input port is equipped with a laser that enables it to inject signals into the optical medium. Similarly,
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Fig. 1. Queueing model of a switch architecture with N ports and C wavelengths.

each output port is capable of receiving optical signals through an optical filter. The laser at each input port
is assumed to be tunable over all available wavelengths. The optical filters, on the other hand, are fixed to
a given wavelength. Let A(j) denote the receive wavelength of output port j. Since C < N, a set R, of
output ports may be sharing a single receive wavelength A

Re={j 1Ay =hch e=1...C. 0

Sets R, will typically be obtained by running a load balancing algorithm [19].

The switch operates in a slotted mode. Since there are N ports but C < N channels, each channel must
run at a rate N/C times faster than the rate of the input links (N /C need not be an integer). The rate of an
output link is equal to the rate of an input link. Thus, we distinguish between arrival slots (which correspond
to the ATM cell transmission time at the input—output link rate) and service slots (which are equal to the
cell transmission time at the channel rate within the switch). Obviously, the duration of a service slot is
equal to C/N times that of an arrival slot. Without loss of generality, we assume that all input links are
synchronized at arrival slot boundaries; similarly for output links. On the other hand, all C channels internal
to the switch are synchronized at service slot boundaries.

The switch employs electronic queueing at both the input and output ports, as Fig. 1 illustrates. Cells
arrive at an input port i and are buffered at a finite capacity queue, if the queue is not full. Otherwise, they
are dropped. As Fig. | indicates, the buffer space at each input port is assumed to be partitioned into C
independent queues. Each queue c at input port i contains cells destined for the output ports which listen
to a particular wavelength A, ¢ = 1, ..., C. This arrangement eliminates the head-of-line problem, and
permits an input port to send a number of cells back-to-back when tuned to a certain wavelength. We let
B,-((',“) denote the capacity of the queue at input port i corresponding to wavelength ...

Cells buffered at an input port are transmitted on an FIFO basis onto the optical medium by the port’s
laser. This transmission takes place on an appropriate service slot which guarantees that the cell will be
correctly received by its destination output port. Upon arriving at the output port, the cell is once again
placed in a finite capacity buffer. Let B°™ denote the buffer capacity of output port j. Cells arriving at an
output port to find a full buffer are lost. Cells in an output buffer are also served on an FIFO basis.
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Interest in such a photonic switch architecture arises for several reasons:

e it is highly modular, allowing the switch to grow relatively easily by adding ports and wavelengths;

e it is scalable, since the number of wavelengths need not be equal to the number of ports, and since the
data rate within the switch needs only be N /C times the rate of the input—output links;

e its hardware requirements, in terms of the number of transceivers per port, is minimum;

e it can be reconfigured [19] to adapt to changing traffic patterns or to overcome failures of ports or
transceivers; and,

e it does not require extremely fast tunable transmitters (as explained below), and thus can be built using
currently available tunable optical devices.

2.2. Transmission schedules

One of the potentially difficult issues that arises ina WDM environment is that of coordinating the various
transmitters /receivers. Some form of coordination is necessary because (a) a transmitter and a receiver
must both be tuned to the same channel for the duration of a cell’s transmission, and (b) a simultaneous
transmission by one or more input ports on the same channel will result in a collision. The issue of
coordination is further complicated by the fact that tunable transceivers need a non-negligible amount of
time to switch between wavelengths. For the Gigabit per second rates envisioned here, and for 53 byte ATM
cells, the tuning latency of state-of-the-art tunable lasers or filters can be as long as several times the size of
a service slot [3]. Consequently, approaches that require each tunable transmitter to send a single cell and
then switch to a new wavelength, will suffer a high tuning overhead and will result in a very low throughput.

In a recent paper [10], it was shown that careful scheduling can mask the effects of arbitrarily long tuning
latencies, making it possible to build high-throughput photonic ATM switches using currently available
lightwave technology. The key idea is to have each tunable transmitter send a block of cells on a wavelength
before switching to another one. The main result of Rouskas and Sivaraman [ 10] was a set of new algorithms
for constructing near-optimal (and, under certain conditions, optimal) schedules for transmitting a set of
traffic demands {a;.}. Quantity a;. represents the number of cells to be transmitted by input port i onto
channel A, per frame. The schedules are such that no collisions occur. Furthermore, they are easy to
implement in a high speed environment, since the order in which the various input ports transmit is the
same for all channels [10].

Quantitya;c, i = 1,..., N, ¢ =1, ..., C,canbe seen as the number of service slots per frame allocated
to input port /, so that the port can satisfy the required quality of service of its incoming traffic intended for
wavelength A.. By fixing a;., we indirectly allocate a certain amount of the bandwidth of wavelength A..
to port i. This bandwidth could be equal to the effective bandwidth [20] of the total traffic carried by input
port i on wavelength A.. In general, the estimation of the quantities a;., i = 1,....N, ¢ =1,...,C. is
part of the call admission algorithm, and it is beyond the scope of this paper. We note that as the traffic
varies, a; may vary as well. In this paper, we assume that quantities a;. are fixed, since this variation will
more likely take place over larger scales in time.

We assume that transmissions by the input ports onto wavelength 2. follow a schedule as shown in Fig. 2.
This schedule repeats over time. Each frame of the schedule consists of M arrival slots. Within each frame,
input port / is assigned a;. contiguous service slots for transmitting cells on channel 4.. These ;. slots are
followed by a gap of g;- > 0 slots during which no port can transmit on .. This gap may be necessary
to ensure that input port i + 1 has sufficient time to tune from wavelength A._; to A, before it starts
transmission. The algorithms in [ 10] are such that the number of slots in most of the gaps is equal to either
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Fig. 2. (a) Schedule for channel 4. (b) The detail corresponding to input port 2.

zero or a small integer. Thus, the length of the schedule is very close to the lower bound max; {Zle aic}.
Note that in Fig. 2 we have assumed that an arrival slot is an integer multiple of service slots. This may
not be true in general, and it is not a necessary assumption for our model. Observe also that, although the
frame begins and ends on arrival slot boundaries, the beginning or end of transmissions by a port does not
necessarily coincide with the beginning or end of an arrival slot (although it is, obviously, synchronized
with service slots).

Since the schedule is based on per-port traffic information which is available at the switch itself, it can be
computed once and become available to all ports via shared memory (each input port needs access to a dif-
ferent part of the schedule; similarly for output ports). We also emphasize that, in a WDM environment with
a large tuning latency, per-port throughput may be low. This observation provides the motivation for using
the schedules in [10] which achieve a high aggregate throughput even in the presence of large latencies.
Finally, under low loads, the length of the schedule may be determined by the transmitter tuning require-
ments, meaning that many slots may be empty. Fortunately, we have shown [9] in a similar environment
that having empty slots does not affect the throughput, precisely because the traffic load is low.

2.3. Traffic model

The arrival process to each input port of the switch is characterized by a two-state Markov modulated
Bernoulli process (MMBP), hereafter referred to as 2-MMBP. A 2-MMBP is a Bernoulli process whose
arrival rate varies according to a two-state Markov chain. It captures the notion of burstiness and the
correlation of successive interarrival times, two important characteristics of ATM type of traffic. For details
on the properties of the 2-MMBP, the reader is referred to [21]. (We note that the algorithm for analyzing
the switch was developed so that it can be readily extended to MMBPs with more than two states.)

We assume that the arrival process toporti, i =1, ..., N, 1s given by a 2-MMBP characterized by the
transition probability matrix Q;, and by A; as follows:

(00) (01) [(0)}
g: q; o. QO
Q=" ! and A; = ! .
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! 4 4
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In (2), ql.(k” , k, 1 =0, 1, is the probability that the 2-MMBP will make a transition to state / given that it is

currently at state k. Obviously, q,,(ko) —+—ql.(kl) =1, k=0,1.Also, ai(o) (ai(l)) is the probability that an arrival
will occur in a slot at state 0 (1). Transitions between states of the 2-MMBP occur only at the boundaries
of arrival slots. We assume that the arrival process to each input port is given by a different 2-MMBP.
Let r;; denote the probability that a cell arriving to input port i will have j as its destination output port.
We will refer to {r;;} as the routing probabilities; this description implies that the routing probabilities can
be input port dependent and non-uniformly distributed. The destination probabilities of successive cells are
not correlated. That is, in an input port, the destination of one cell does not affect the destination of the cell
behind it. This assumption is reasonable when the switch is used as part of a backbone network. Given these

assumptions, the probability that a cell arriving to port i will have to be transmitted on wavelength A is

ric=2r1‘j, i=1....,N. 3)

JER,

3. Queueing analysis

In this section, we analyze the queueing network shown in Fig. 1, which represents the tunable-transmitter,
fixed-receiver switch under study. The arrival process to each input port is assumed to be a 2-MMBP, and the
access of the input ports to the wavelengths is governed by the schedule described in Section 2.2. We analyze
this queueing network in order to obtain the queue-length distribution in an input or output port, from which
performance measures such as the cell-loss probability and the cell delay can be obtained. Although we do
not present a delay analysis in this paper, an approximate expression for the delay distribution to traverse
the switch can be found in [22].

3.1. Input side analysis

In this section, we obtain the queue-length distribution of an input queue. We first sketch an exact
decomposition of the corresponding queueing network which, however, is not scalable to large systems.
Then, we present in detail an approximation method which, as we will show later, gives accurate results.

3.1.1. Exact queueing analysis

We first observe that we can analyze the input side of the switch by decomposing it into N sub-systems,
each corresponding to an input port, and analyzing each sub-system in isolation. Because of the fact that (a)
the arrival processes to the various input queues are independent, (b) the way the schedule is constructed
(i.e., that different inputs transmit to the same wavelength at different times), and (c) the operation of the
input ports is independent of the operation of output ports, this decomposition is exact. Furthermore, we
can analyze the sub-system corresponding to input port i by defining a (C + 2)-dimensional stochastic
process (x, vi, ..., ¥¢, z), where:
e x represents the arrival slot number within a frame (x = 0,1, ..., M — 1),
e y. indicates the number of cells in the input queue servicing Ao (y. =0, 1, ..., Bf:_"); c=1,...,C),and
e Z indicates the state of the 2-MMBP describing the arrival process to this port, i.e., z = 0, 1.

It is easy to verify that this process defines a Markov chain, and thus, the steady-state joint occupancy
distribution of the C queues of input port i can be obtained. Unfortunately, the state space of the Markov
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Fig. 3. Queueing sub-network for wavelength ..

chain grows in size as O(2M Hf:, Bi(i_m). As aresult, this analysis can only be applied to trivial systems.
In the next section, we describe an approximate decomposition that can be applied to large systems.

3.1.2. Approximate queueing analysis

Our main approximation is to assume that arrivals to each queue of a given input port are independent
and are generated by the original 2-MMBP (which characterizes the arrival process to the input port)
appropriately thinned using the routing probabilities r;,.

Assuming independence of arrivals among the queues of each input port, the original queueing network
can now be decomposed into C sub-networks, one per wavelength, as in Fig. 3. For each wavelength A, the
corresponding sub-network consists of N input queues, and all the output queues that listen to wavelength
2. Each input queue of the sub-network is the queue associated with wavelength A, in each input port of
the switch. That is, the ith input queue of this sub-network is the cth queue of input port /. Since throughout
this section we only consider the sub-network corresponding to i., we will simply refer to this queue as
“input queue i”. These input queues will transmit to the output queues of the sub-network over wavelength
A¢. In view of this decomposition, it suffices to analyze a single sub-network, since the same analysis can
be applied to all other sub-networks.

Consider now the sub-network for wavelength A.. We will analyze this sub-network by decomposing
it into individual input and output ports. As discussed in the previous section, each input queue i of the
sub-network is only served for a;. consecutive service slots per frame. During that time, no other input
port is served. Input queue / is not served in the remaining slots of the frame. In view of this point, there is
no dependence among the input queues of the sub-network, and consequently each one can be analyzed in
isolation in order to obtain its queue-length distribution.

From the queueing point of view, the queueing network shown in Fig. 3 can be seen as a polling system
in discrete time. Despite the fact that polling systems have been extensively analyzed, we note that very
little work has been done within the context of discrete time (see, e.g., [23]). In addition, this particular
problem differs from the typical polling system since we consider output queues, which are not typically
analyzed in polling systems.

3.1.3. The queue-length distribution of an input queue
Consider input queue i of the sub-network for A, in isolation. This input queue receives exactly a;,
service slots on wavelength A., as shown in Fig. 4(a). The block of g, service slots may not be aligned with






