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Abstract— This paper presents a parallel switch architec-
ture based on MEMS technology. The architecture is ex-
plained and evaluated via analysis and simulation.
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I. INTRODUCTION

The exponential growth of the Internet is driving the
demand for higher transmission capacity and faster router
architectures. While WDM technology is expected to meet
those capacity requirements, the routers are likely to be-
come a bottleneck. As electronic switching fabrics are not
expected to match the capacities of future WDM based
transport networks, optical switching cores are developed
as an alternative ([9], [10]). With regard to their applica-
tion to packet switches, all proposals face some common
technological challenges.

1. No equivalent to electronic RAM is available in the op-
tical domain {[4]).

2. Packet arrivals at different inputs are not synchronized
([12).

3. Header evaluation is not practical in the optical domain
(12)).

Among the competing technologies, MEMS is considered
as & promising candidate for commercial optical switches.
However. MEMS based switches have not been considered
for optical packet switches due to their long switching times
of at least 0,5 ms ([10]) which are expected to cause large
packet delays. In this paper we challenge the assumption
that large switching times necessarily lead to unacceptable
delays. We propose a parallel switch architecture which
compensates for the long switching times by using parailel
crossbar switching planes.

In [11] a parallel switch architecture is proposed to elim-
inate the need for speedup in the switching core. In [5]
and [6] a parallel switch architecture is discussed where
the switching planes work at a rate lower than the incom-
ing and outgoing line rates. In contrast to our work. both
approaches assume the switching time to be equal to zero.
Whereas in [5] and [6] the forwarding speed is lower than
the line speed, here the forwarding rate is equal to the line
rate .

In MEMS based switches it is possible to reconfigure only a
subset. of the existing connections, while leaving other con-
nections intact. We investigate if this property of MEMS
based switches can be taken into advantage for the design of
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a scheduling algorithm. Because our investigation aims at
evaluating the performance of the parallel switch in terms
of delay. we do not deal with the problems 1 - 3 listed
above, but assume packets to arrive in a synchronized way
and header evaluation to be feasible. We assume packets
10 be buffered in the electronic domain.

In the next section we explain the switch architecture and
its mode of operation. Ir section III we present the schedul-
ing algorithms and derive upper delay bounds . The results
of our simulations are presented in section IV and we give
our conclusions in the final section.

II. SWITCH ARCHITECTURE AND MODE OF CPERATION
A. Architectural principles

Throughout this paper time is described via a discrete, slot-
ted time model. We only consider packets of fixed length.
A timeslot is defined as the time it takes to transport a
packet over an incoming or outgoing link. In this paper
P, ; denotes a packet that arrives at input ¢ and is des-
tined to output j. The long switching times decrease the
throughput of the switch. In order to compensate for this,
the architectures proposed here hold established connec-
tions open either for a fixed or dynamically determined
large number of timeslots.

Switch architectures can be classified in: those that use the
capability of MEMS based switches to reconfigure only a
subset of the existing connections and those that oniy al-
low to reconfigure the whole switch. In the latter case the
operation of each parallel switching core can be divided in
two phases:

T =
M =

length of switching period in timeslots.
length of forwarding period in timeslots.

We propose two architectures that differ in the degree of
synchronization between the parallel planes: A simuitane-
ous architecture where the forwarding and switching peri-
ods start simultaneously and the same configuration is al-
ways applied to all switches and a distributed architecture
where the forwarding and switching periods of the switch-
ing cores are uniformly distributed in time and each switch
decides its configuration individually. Finally we consider
a switch architecture where subsets of connections can be
reconfigured and the switching planes make individual for-
warding decisions.

With a parallel architecture packets belonging to the same
fiow might be switched by different switching planes and
not leave the switch in the order they have entered it. We
describe how to maintain the flow order without having to




reorder packets at the outputs.

B. Simultaneous architecture

We use the parallel architecture proposed in [11] as de-
picted in figure 1. The input stage has N - inputs, each
havirg an o-e converter and a de-multiplexer D;. The out-
put stage has N ports, each having a multiplexer M; and
an e-o converter. The switching stage is built of k-parallel
Nz N switching planes S1, .., S, each of which consists of
N virtual output queues (VOQ) at each input. an e-o con-
verter at each input, the switch fabric, an o-e converter at
each output and N output queues (OQ). Figure 2 shows
the detailed buffer implementation. An optical packet ar-
riving at an input is converted into electronics and sent to
any of the k- input queues by the de-multiplexer. A packet
scheduled to leave a virtual output queue is reconverted
into an optical signal and sent through a switch. At the
output of the switch it is reconverted to electronics and
put into the output buffer of the switching plane. Once
the multiplexer schedules the packet to leave the output
buffer, it is reconverted to an optical signal and sent out.
The parallel switches always apply the same configuration
and start to reconfigure simultaneously. The scheduling al-
gorithm takes into account all packets into all input buffers.
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Fig. 1. Simultaneous switch architecture
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Fig. 2. Buffer design in the simultaneous switch architecture

The de-multiplexers distribute the arriving packets in 2
round robin fashion to the parallel switches. Sending the
appropriate information from the de-multiplexer to the
multiplexers ensures that the flow order is maintained at
the outputs (see [11] for details).

C. Distributed architecture

The architecture consists of N inputs and N outpuss
identical to those in the simultaneous architecture. The
switching stage consists of k& input buffers B,., a sec-
ond layer of de-multiplexers E;jm at the head of each
virtual output queue, e-o converters, the k- switching
cores, o-e converters and k output buffers (see fig. 3
and 4). The second layer of de-multiplexers is intro-
duced to take advantage of the individual switching de-
cisions taking at each switching plane via a dynamic as-
signment of virtual output queues to the switching cores.
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Fig. 4. Buffer design in the distributed switck architecture

In comparison, the simultaneous architecture assigns each
input buffer statically to a switching plane. We motivate
this design as follows. Assume that two packets P, ; snd
P.,; that compete for the same output j are buffered within
the same input buffer Bj. In case of a static assignment,
if the switch S, configures the connection from input m
to output j, the packet P, ; would remain in the buffer
Br. With a dynamic assignment, it could eventually be
switched through another switch S, that has established
the connection from n to j. Now we consider the case of
two packets F; ; and P x that compete for the same input 4
and are stored in the buffer B, in the virtual output queues
VOQ,; and VOQ{, respectively. The switch S, decides
to switch packet P x. In case of a static buffer assignment
F; ; remains in B;. With a dynamic assignment P, 4 could
be switched through another switch S, that has configured
the connection from ¢ to 5. Note that in the first case of
two packets that compete for the same output, 2 dynamic
assignment of the group of all VOQs at one input g in one
buffer By, i.e. VOQE ;.1 < j < N to a switching plane
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would be sufficient. In contrast. the second case of two
packets that compete for the same input requires the dy-
namic assignment of individual VOQs to a switching plane.
A packet travels through the switch as with the simulta-
neous architecture the only change being that it can be
forwarded by a de-multiplexer E; ;.. through any of the &
switches.

Each switching plane decides its configuration individually.
We distribute the starting times of the switching and for-
warding phases of the switching planes uniformly over the
time axis. We formalize this idea via a parameter R as
follows:

R = time difference between the beginning of the

switching periods of two switches 5;-1(S;)and
S;(8y). where S5;(Sg) is the first switch to start its
switching phase after S5;_1(S;) has started its
switching phase ,1 <1 < k.

From the definition of R follows that a switch starts a
switching phase after every kR timeslots. As two consecu-
tive switching periods are separated by a forwarding period
of length M we obtain (see fig. 3)

M4+ T =FER.
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Fig. 5. Distribution of switching and forwarding phases in the dis-
tributed architecture

The de-multiplexers in the input stage distribute arriving
packets in a round-robin fashion among the virtual out-
put quenes in the buffers B,,. To maintain the flow order
we introduce a central control unit (CCU). The CCU also
provides each individual switch with a complete picture of
the packets buffered in all the VOQs which the switch uses
as an input for its scheduling decision, as well as informa-
tion about all existing and actually being configured input -
output connections. The CCU knows the parameters M, T
and R. The following information is sent to the CCU:

I Each multiplexer D; in the input stage informs the CCU
when it receives a packet.

II Each de-multiplexer E; ;.. informs the CCU when 1t
sends a packet to a switch.

III Eack switch informs the CCU about its chosen con-
figuration at the beginning of its switching period.

The CCU uses this information to calculate the following
‘parameters.
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1. K, ; denotes the number of packets stored in all input
buffers that will be switched from ¢ to j. It is initially set to
zero, increased by one when a packet P ; enters the parallel
switch and decreased by one when a packet F; ; is switched.
Ky ; is calculated by the CCU using the information I and
IL.

2. T; ; takes values between 1 and % and denotes the next
input buffer from which a packet P; ; will be sent to one of
the parallel switches. It always points to the input buffer
containing the oldest packet F; ;. It is increased by 1 mod-
ulo % each time a packet is switched from any of the k input
buffers. 75 ; is calculated by the CCU using the information

-IL

3. M, ; denotes a subset of the packets K;;. At each
timeslot it denotes the number of packets stored in all in-
put buffers that will be switched by a connection from ¢
to j that either is aiready configured or is actually being
configured. M; ; is initially set to zero and decreased by
one when a packet P; ; is switched. When a packet P; ; en-
ters the switch and Af; ; is smaller than the number of the
remaining switching opportunities of all either already con-
figured or actually being configured connections from input
i to output j, M, ; is increased by one. When a switch at
the beginning of its switching phase decides that it will
configure the connection from ¢ to j, Af;; is increased by
min(M, Ky ; — M; ;). M;; is calculated by the CCU using
the information I, II and III and the K ;.

The scheduling algorithm only takes into account the
K ;~ M;;, 1 <147 <N packets in all VOQs for which 2
switching opportunity is not provided by connections that
are already configured or are actually being configured.
Each switch retrieves the required information from the
CCU.

At the beginning of each timeslot the CCU knows from in-
formation III the ™y, 5 switches Sal,..,Samw,l T j <k
that have configured a connection between the input 1
and the output j. For each ¢ satisfying 1 < ¢t < u;; =
man(my; ;. K; ;) the CCU triggers the de-multiplexer at the
head of VOQ; ;s =t — 14T ;{modk),1 < s <k, to send
a packet to the input 7 at switch S, . This guarantees that
packets leave the input buffers in the same order they have
entered them.

A multiplexer M receives a list L; ; from the CCU for each
connection from ¢ to j configured by at least one of the
switches actually in its active phase. L;; is an ordered list
containing the u; ; switches S, , .., Sa,, . through which a
packet is sent in the current timeslot. The multiplexer M;
saves the lists L; ; in a FIFO list. When L; ; reaches the
top of the FIFO list, M; successively reads the packets from
the output queues of the switches in the order S, . .., S%hJ .
Then L;; is removed from the FIFO list. This procedure
ensures that packets keep their flow order also in the out-
put queues and therefore in the whole switch.

We note that this architecture requires O(NZk?) de-
multiplexers and O{N?k?) e-o converters.




D. Fully disiributed orchitecture

This switch architecture is identical to the distributed ar-
chitecture as shown in fig. 3 and fig. 4. The switch-
ing planes decide their switching configuration individu-
ally. Each switch runs a scheduling algorithm at the be-
ginning of every timeslot. As a result the switch may either
leave the current configuration intact or decide to reconfig-
ure connections between a subset of inputs and outputs
or reconfigure the whole switch. Because the concept of
switching and forwarding phases does not apply to a fully
distributed architecture, the M; ; needed in the distributed
architecture are not calculated. The scheduling algorithm
takes all K ;, 1 <14, j < N packets as an input.
Remark: We note that in the architectures presented here
no component is required to work faster than line speed, i.e.
a de-multiplexer and a switch forward at most one packet
per timeslot and a multiplexer reads at most one packet
per timeslot.

ITI. SCHEDULING ALGORITHMS AND THEIR PACKET
DELAY BOUNDS

A. Assumptions

In this section we propose different scheduling algorithms
for the parallel switching planes and derive packet delay
bounds in some cases. In the sequel we denote by I;(¢1,tz)
the number of packets arriving at an input ¢ in the interval
[t1, 2). O;(t1,t2) is the number of packets destined for
an output j in the interval [t1, t5]. If we used N parallel
switches 51, .., S and connected the input ¢ statically with
the output ¢+ m(mod N) at switch S, every input would
always be trivially connected to every output . Therefore
ir: the following we assume k < N — 1.
Assuming leaky bucket flows and therefore avoiding over-
subscription of any input or output, we require in the fol-
lowing

Ly S olta,t1) + B (2)
for Le{[LO},0<a<1,B>01 < g £ N. In the fol-
lowing the problem to determine a switch configuration is
solved by finding a matching of a bipartite graph (see [1]).
We use the term matching opportunity to denote each oc-
casion at which the scheduling algorithm is executed. Our
first two scheduling algorithms belong to the class of max-
imal matching algorithms defined as follows:
Maximal matching: A policy applied by a scheduling al-
gorithm is 2 maximal matching if at the end of any match-
ing phase any packet buffered at any inpus ¢ destined to any
output j remains at the input only if during this matching
phase some other packet has been transmitted from either
input ¢ and/or output ;.
The first two algorithms can be applied to the simulta-
neous and the distributed architecture, whereas the third
algorithm can only be applied to the fully distributed ar-
chitecture.

B. Oldest Cell First (OCF)
The OCF maximal matching algorithm is defined in [2):
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We prove for the distribused architecture that a packet P ;
that arrives at time ¢ will not be scheduled later than time
t+ D where D will be calculated in the sequel. Suppose
there exists a packet P arriving at input ¢ at time ¢ which
is destined to output j and exceeds the delay bound D.
Suppose further that P is the earliest packet to do so. The
only packets which prevent P from being scheduled at the
time ¢ + D either arrive at input ¢ and/or are destined to
output j. At the time ¢ all packets that arrived before the
time ¢ — D have already been scheduled by the choice of P.
All packets that arrive after time ¢ cannot block P from
being scheduled by the definition of OCF. Therefore only
packets that arrive in the time interval [t — D, #] and either
arrive at nput 7 or are destined o output j compete with
P. Using {2) the number of competing packets is estimated
as follows:

> cuxlt.t—D) < 2aD+28. 3)
i=i\f k=5

Because a forwarding phase has M switching opportunities,
we do not need more than l- 9“—5%;—:@-’ switching phases
to schedule oy k(t, £ — D) packets. From (3) we derive an
upper bound for the number of switching phases we need
to switch all packets belonging competing with P

ot t— D) 2aD + 2B on
3 [MM —p— 2N - 1(4)

et
I=i\/ k=3

Because in the interval [t — D, ¢] there are at least 21
switching phases, in order to guarantee that all packets
competing with F; ; will be switched before time £+ D, it
is enough to ensure that

2aD + 2B
M

which for M > 2Ra is equivalent to

2RB-+2MREN
<D,
M—-2aR =~ D

D
AN —1< = —1, :
+ 2N l_R 1, {5}

For the computationally simple case o = 1 and B = 0 we
derive from (1)

o ME+MT

P2 f(M) = 2Ny )

i

for M > f_% and & > 3. Calculating the zeros of the
derivative f'(M) we find that f(M) reaches its minimum
at

o T i
M=rmt s )

such that




BN ] 16 32 356 1024
T770.04662 | 0.09395 | 0.74603 | 2.08415
S [ 0.00800 | 0.03200 | 0.12800 | 0.51200
15 | 0.00262 | 0.00520 | 0.04334 | 0.16938
3T - 0.00185 | 0.01433 | 0.05935
63 N " 0.00601 | 0.02406
137 N - 0.00%63 | 0.01054
355 - - 0.00121 | 0.00483
511 n ‘ = 0.00228
1023 N - - 0:00109
TABLE I

TYPPER DELAY BOUNDS AT THE INPUT FOR THE DISTRIBUTED
ARCHITECTURE WITH THE OCF ALGORITHM

Table 1 shows values for I as calculated in (8) for 7 = 2500
and a timeslot length of 0.2 us.

To calculate the input delay bound for the simultaneous
architecture we note that during a switching phase maxi-
mally kM packets of a configured input - output connection
are switched and that a new switching period starts every
M -+ T timeslots. Thus, instead of (4) and (5) we use the
equations

ok 2aD+ 28
— < 42N -1,
> gl S Tr o tw-
te=i \f de=j
2aD + 2B D
T LT 9N — L
A v ¥

Arguing as above we obtain for a =1 and B =0

. 2ME+MT
Q’NAMM(I:—Q) —57 = D.
From (6) we see that the delay bound is k times larger
in the simultaneous case than in the distributed case. To
calculate the delay a packet can experience at the output,
we apply the following lemma from [11]:
Lemma on output delay: For the simultaneous and the
distributed architecture the following holds: If the maximal
input delay is equal to D, the output delay is not larger
than kD + B.
The total_delay a packet can experience at a switch Is then

total.delay < (k+1)D + B. (9)

C. Longest Queue firsi (LQF)

The longest queue first algorithm [8] is defined analogously
as OCF by using the queue length of the VOQs instead of a
timestamp. We calculate a delay bound for the distributed
and simultaneous architecture that holds uniformly for all
maximal matching algorithms. Using the same notation as
in the previous section, we see that only packets that have
arrived in the interval [z — D, t + D] can block the packet

P from being scheduled before time ¢ + .. Instead of (3}
we obtain

ST a <4aD+2B.
t=i\f k=3

Arguing as in the previous section we derive delay bounds
which for large k are more than twice as large as the bounds
obtained with OCF.

D. Keep Connection Longest Queue first (KCLQF)

In each timeslot the algorithm leaves insact all connections
for which there are packets in any of the corresponding
VOQs. A modified LQF algorithm is applied to the re-
maining inputs and outputs. Instead of the queve length
the algorithm takes the expected queue length after the
configuration time of T timeslots as a weight. This is equal
to the actual queue length minus the maximum number of
packets that could be switched in the next T timeslots by
all existing connections or those being actually configured.
The approach chosen above does not allow us to derive
delay bounds for the fully distributed architecture.

IV. SIMULATION RESULTS

The scope of the simulations is to understand the packet
delay distributions for the various switch architectures.
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Fig. 6. The delay distribution for OCF for varying numbers of in-
puts/outputs N and varying number of switching planes k
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Fig. 7. The delay distribution for different scheduling algorithms
with N =132, k=4

Simulations were run for the distributed architecture
with the OCF and LQF algorithms and for the fully dis-
tributed with the KCLQF algorithm. No simulations were
run for the simultaneous architecture because the perfor-
mance analysis in section III suggests that the achievable
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delays are much larger than those of the distributed ar-
chitecture. The traffic arriving at each input was mod-
eled as bursty as in [12]. The distribution of the traffic to
the outputs was chosen either uniformly or according to a
Zipf distributrion(see [3]). The traffic load at each input
was close to 100% such allowing a comparison of the sim-
ulation results with the delay bound evaluation done for
a=1and B =0 in section IIl. As in section IT we assume
a timeslot to be 0.2 us and we set the switching equal to
0.5 ms ([7]) such that T = 2500. Increasing the number
of switching planes does not always result in a decreased
average delay. Past a point, the delay suffered by packets
is drastically reduced at the input. but it is merely shifted
to the output, since the output is receiving & packets and
dequeuing only one per timeslot. Examples are shown for
the OCF algorithm in fig. 6. Nearly all packess experience
a delay that is significantly smaller than even the upper
bound for the input delay as given in table I. It is even
less compared to the ¢otal_delay given by (9). but much
larger than the delays oceuring at electronic switches. The
figures 7 and § show that the OCF scheduling algorithm
guarantees smaller delays than the LQF algorithm. The
fully distributed architecture gives the largest delavs. The
better performance of the OCF algorithm can be expected
as delay minimization is favored by the choice of the packet
arrival time as the weight in the matching algorithm. The
bad performance of the fully distributed architecture is due
to the fact that connections with a high demand are main-
tained and prevent the configuration of connections with
competing inputs or outputs. The performance of the dis-
tributed architecture depends on the the length of the for-
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warding period Af. Fig. 9 shows that the packet delavs
are minimal if Af Is chosen between 620 and 1244. This
is snualler than the value for Ay = 2500 (see equation (7))
which niinimizes the theoretic upper delay bound. All re-
sults hold with minor differences for both uniformly and
Zipf distributed output destinations.

- V. CONCLUSIONS

We considered the problem to design a switch architecture
for switching technologies with large switching times. The
idea of parallelism Is proposed to compensate for the long
switching times. Three types of architectures are discussed
and upper packet delay bounds are established. Simula.
tion results show that these delay bounds are much higher
than the delay packets experience in practice. The experi-
enced delays are however significantly larger than the delay
bounds of existing electronic switches. In view of the de-
lay requirements of realtime applications as voice. switches
using the architecture proposed here might therefore only
be used in the core network such that packets do travel
through many of these switches.
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