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| Abstract

This paper proposes an ATM switch architecture called Output Queued
Batcher-Banyan switch (OQBBS). It consists of a Sorting Module, Expanding Module, and
Output Queueing Modules. The principles of channel grouping and output queueing are
used to increase the maximum throughput of an ATM switch. One distinctive feature of
the OQBBS is that multiple cells can be simultaneously delivered to their desired output.
The switch architecture is shown to be modular and easily expandable.

The performance of the OQBBS in terms of throughput, cell delays, and cell loss rate under
uniform random traffic condition is evaluated by computer simulation. The throughput and the

average cell delay are close to the ideal performance behavior of a fully connected output
queued crossbar switch. It is also shown that the OQBBS meets the cell loss probability

requirement of 10 -6
Key Words : ATM Switch Architecture, Output Queued Batcher-Banyan switch, performance,
average cell delays, throughput, cell loss probability, cell re-circulation
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1. Introduction

Broadband Integrated Services Digital Network
(BISDN) provides integrated services for diverse
traffic types{1]. These traffic types range from
conventional telephone to wideband  services
involving images and video. The Asynchronous
Transfer Mode (ATM) was selected by the ITU
[2,3] as the universal transport mechanism of
BISDN services.

ATM is a cell-based switching and multiplexing
technique in which data is segmented into 53-octets
of fixed-size cells and cells from active sources are
statistically —multiplexed. ITU-T
standards and ATM Forum specifications, interface
of 155.52 and 622.62 Mbits/sec (SONET OC-3 and
OC-12) have been recommended. At these rates,
cells are transported at the rate of 350,000 and
1,460,000 cells/sec. In addition, a switch must meet
the Quality of Service (QoS) requirements which
are specified in terms of the cell loss probability
(CLP), cell delay and delay jitter, and throughput.
Furthermore, an ATM switch must accommodate a
large number of input/output links.

The various architectures for fast packet switches
are surveyed in [4,5,6]. However space-division
switches based on Banyan networks[7] suffer from
two fundamental problems which can limit switch

According to

performance. These are the internal blocking and
the output contention. The internal blocking occurs
when two input cells have different destination
addresses and they are to be routed to the same
output port of a switching element(SE). In such a
case, one of the cells is either lost or routed to an
incorrect destination. The output contention, on the
other hand, occurs when two or more cells have
the same destination address and are to be routed
to the same output port of an SE. Since each
destination port can accept only one cell at a time,
the other cells will be blocked in the switch.

The internal blocking problem can be avoided by
using the Batcher sorting network[8] followed by
Banyan switch. Throughput of such a switch is
limited to 58%, because of the output contention
problem. Considering the statistical nature of traffic
presented to the switch[11], queueing methods offer
a viable approach to the output contention problem.
There are several queueing methods used in ATM
systems[9]. input
queued Batcher-Banyan switch with a three-phase
algorithm[13] and the Sunshine switch{14]. In the
Sunshine switch, the output contention problem is

switching Examples are the

handled by a trap network and K planes of Banyan
networks with cell re-circulation. In this approach,
up to K cells for each output can be delivered to
their destination at the same time, and the remaining
cells are fed back to the input side of the sort
network, ie., input queue, for re-entry during the
next cell-cycle. However, when cells are recalculated,
they may arrive out of sequence at their output.
This  situation requires a cell re-sequencing
mechanism to handle out-of-sequence cells.

As the performance of input and output queueing
methods are analyzed in [10,11,12], the output
shown to have better

queueing method. The

queueing method s
performance than input
Knockout switch[15,16] is an example of a switch
which has adopted the output queueing method.
One major drawback of this switch is its hardware
complexity. The cross-point complexity grows as
the square of the switch size. This hardware
complexity makes difficult to implement it in large
-scale switching systems.

In this paper, we propose a space-division
switch called Output Queued Batcher-Banyan
Switch (OQBBS)[20]. As described in{19], the
design objectives of ATM switch architecture
are the enhancement of the throughput and the
reduction of the hardware complexity while
retaining modularity. In the OQBBS, the design
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objectives are met by partitioning the switch
fabric in three parts: Sorting Module(SM),
Expanding Module(EM), and Output Queueing
Modules: (OQMs). It is based on the grouping
of all N outputs into N/C output groups,
where N is number of inputs/outputs and C is
the size of output group. Cells from the SM
are sorted in the ascending order of cells
output group. The EM with expansion ratio K
provides K alternative self-routing paths to
each output, and cells through the OQM are
queued in their destined output queue. If the
EM is able to deliver K cells to the same
output with the group size of C, then each
output buffer can be connected to K X C
outputs of the EM. Since multiple concurrent
paths exist to the same output and are shared
by all outputs in the same output group,
output contention can be minimized. Therefore,
the throughput and average cell delay of the
OQBBS approaches the ideal performance of
fully connected output queued system while
reducing the cross—point complexity.

This paper is organized as follows. The
architectural description of the OQBBS is presented
in section 2. In section 3, the performance results
obtained from discussed with
consideration of the crossbar and Sunshine switches.

simulation are

Concluding remarks are given in section 4.

2. The Structure of the Output Queued
Batcher-Banyan Switch(OQBBS)

The Output Queued Batcher-Banyan Switch
(OQBBS) is based on the Batcher sorting
network[7}] and has a partial output queueing

topology. For simplicity, we assume N (= 27) is
the number of inputs/outputs of a switch.

Outputs
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(Figure 1) The N XN OQBBS Architecture

C: Output Group Size
K: Expanding Ratio of IM
N:  Number of Inputs/Outputs of OQBBS

Figure 1 shows the structure of the OQBBS,
which consists of: a Sorting Module (SM), and an
Expanding Module (EM), and Output Queueing
Modules(OQMs). All N outputs in OQBBS are
subset of output

equally partitioned into small

group(OG) each having C(= 2 ©) outputs as shown
in the figure. For example, 8 outputs, which are
indexed from 0 to 7, can be partitioned into 4
OGs, with 2 outputs for each OG such as {0,1},
{2,3}, ..., {6,7}. Cells are first sorted through the
NXN SM in the ascending order of their output
group number. Therefore, cells destined to the same
OG are adjacent to each other which creates cell
group. Sorted cells are then all moved to the N X
KN EM, where K is the expansion ratio. This is
one distinguishing feature over the Sunshine switch,
in which cells from the sorting network are
examined if there are more than K cells to the
same output (K is the number of banyan planes in
Sunshine switch) and are re-circulated if necessary.
Through the EM, cells are routed to the OQM
which corresponds to their OG. The expansion
ratio, K, provides K alternative paths to the same
output. Therefore total paths to an output group is
KC. Output queueing is performed through the
OQMs, in which multiple cells to the same output
are concentrated at their designated output buffer.
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Together with the EM and OQM, each output can
accept up to the KC cells at the same time
depending on the cells to the other outputs of the
same output group. Therefore the OQBBS employ
partial output queueing method that can simplify
the output queueing complexity.

Figure 2 shows an example of EM which is
shown as dashed box for K = 2, N = 8, and C =

2. The internal structure of 8X16 EM forms
banyan network configuration with expanded
outputs. There are log ,N — log,C = 2

switching stages with NK/2 = 8 switching elements
(SEs). Each SE in stage i routes cells to the
upper(lower) output port of an SE if their ith most
significant address bit is 0(1). Cells from the SM
are explicitly partitioned into MN/C output groups
through the EM. The OQM then collects cells
appearing at the right output group and stores them
at their destined output buffer until they are
transmitted. In addition to, the segmentation and
reassembly(SAR) sublayer function can be performed

Stages’ 0 1

x: Empty o no cells are placed (unsed)
OG;: Output group 1

(Figure 2) An Example of 8 X16 Expanding
Module and 4 X2 Output Queueing Modules
for N=8. K=2 and C = 2.

for signaling message and user traffic. The internal
structure of OQM has fully interconnected output
buffers, so that it can accommodate multiple cells
destined to the same output.

Notice when C = 1. The resulting switch
architecture forms as Starlite (K = 1) and Sunshine
(K>1) switches when cells from the SM are all
moved to the EM. Since the value C for these
switches is fixed to 1, the upper limit of the
number of cells accepted by an output in one
cell-time is limited by K. Thersfore, for small K,
these switches require cell re-circulation mechanism.
In the OQBBS, since all C outputs are sharing all
paths to the same OQM, it can accept up to KC
cells concurrently depending on the number of cells
to the other outputs in the same output group. As
long as the number of cells to each of all output
groups does not exceed KC, no cell will be lost in
the EM. From this fact, the cell loss probability of
the OQBBS only by
increasing K, but also by increasing C. Therefore,
in the OQBBS, cell re-circulation is not needed
when reasonable values of K and C are chosen,

can be decreased not

which will be given later in Section 3.

3. Performance Assessment of the OQBBS

In this section we will examine the performance
of the OQBBS. The cell arrivals at the input of a
switch will be modeled by a Bernoulli process. The
probability of a cell arriving during one cell-time is
o, and the destination addresses are uniformly
distributed over N outputs. This traffic pattern will
allow comparison to be made with other switch
architectures. The time required to service one cell
from the output buffer is taken to be one cell-time.
In addition, all input cells and output destination
addresses are considered to be governed by an
identical independent random process.
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3.1 Cell Loss Probability

The cell loss probability(CLP), throughput, and
average cell delay will be examined in this section.

In order to maintain a CLP of 10 ~°, one must
determine the influence of varying the expansion
ratico K and the channel group size C. The
throughput and average cell delay can be evaluated
with knowledge of the appropriate parameters range.
The ideal performance can be achieved by a fully
connected crossbar switch with infinite output
buffer. Therefore, the results of the OQBBS can be
compared to that of the crossbar and Sunshine
switches. Numerical results presented in this section
for the performance parameters are obtained by the
computer simulation for various values of the

switch parameters. The simulation is run for 10 6

cell-times. Over the entire simulation duration, 10 6
XN cells are presented and transmitted by the
switch. ‘

In the OQBBS, cell loss is possible through the
EM due to the output group contention and output
buffer overflow. We focus CLP through the EM,
since it serves to limit the performance of OQBBS.
The performance analysis for OQM is not included
in this paper. However, similar performance analysis
for the OQM can be found in [18], which presents
an analytical model for the performance analysis
and dimensioning of a cell reassembly function
block in an ATM switching system. To investigate
the upper bound of switch's CLP, we assume buffer
sizes are unlimited. The CLP requirement can be
met by the various configurations of the OQBBS
depending on the combinations of X and C.

Figure 3 shows the cell loss probability versus
both an output group size C and the expansion
ratio K of EM. The CLP is given for the switch
offered loads of 0.75 and 0.95. It is observed that,
for a fixed value of K, the CLP exponentially

decreases as C increases. Similar result occur when
C is fixed. As we expected, the CLP is shown to
increase as the offered load is varied from 0.75 to
0.95. Considering the case C = 1 and K = 1, the
CLP in the figure corresponds to that of the
Batcher-Banyan switch.

The CLP for K = 1 also can be viewed as the
CLP of the Starlite(X = 1) and Sunshine(X > 1)
switch if all cells from sorting network are entered
to the Banyan part(s) without going through the
trap network. The CLP for C = 1 drops slowly
with increasing K. This result demonstrates why the
Sunshine switch requires a re-circulation method to
meet the CLP requirement for values of K less
than 8. Furthermore, when C increases, the CLP is
also  exponentially decreased.  Therefore, the
advantage of the routing based on the N/C output

groups, expanded routing, and shared output
queueing topology is evident.
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(Figure 3) Cell Loss Probability versus various K,
p,and C= 2° for N = 64.

Table 1 shows the CLP of OQBBS with K = 3
and C = 8 for the input sizes of 256 and 1024. It
is shown that the switch can meet CLP requirement

of 10 "% even for the N = 1024. In [14], the
Sunshine switch can meet the CLP requirement
with K = 3 and M/N = 0.1, while the same
requirement can be met by OQBBS without
cell-re-circulation. Throughout this section, we only
considers a case for K = 3 and C = 8.
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(Table 1) Cell Loss Probability of the OQBBS with
K=3and C = 8.

N = 256 N = 1024
o= 055 0.0 0.0
o= 0.75 0.0 1.0 x 10 -8
0=095 165 x 1078 1.0 x 1077

The throughput is defined as the cell
transmission rate at the switch output over arrival
rate o to the switch. It can be defined as a
function of p and is denoted by T(p). Normalized
throughput is then T(p) p. As known that the
throughput of crossbar switch with infinite buffers
remains constant with the offered load, its
normalized throughput becomes 1.0 over offered
load which is optimal. This can be achieved with
the OQBBS. The throughput of OQBBS s
observed to be identical to the crossbar switch. The
high throughput is due to the low cell loss
probability and output queueing method.

3.2 Average Cell Delay

We assume that common buffers are shared for
all inputs to an outpui, and cells are processed
First In First Out(FIFO) discipline through the
output buffer. Figure 4 shows average cell delays
for both the OQBBS and crossbar switch with
unlimited output buffers for N = 64. The average
cell delay up to the offered load of 0.75 is less
than two cell-times. When the traffic load increases
from 0.75 to 0.95, the average cell delay increases
quickly from 2 to 11.5 cell-time units. The average
cell delay for OQBBS is ideal by showing identical
results to the crossbar switch. The largest cell delay
is also shown in the figure and is denoted by
squares.

0 02 08 1
1000
100 +
3 10- . * oGses
g e
% ! :- " ,.‘,..u-—r"”“"' """""" Crossbar
K] e
8 ot f el Posk Delay
; - o0B8s
001 ’/’
0.001 Le

(Figure 4) Average Cell Delay of the OQBBS and
Crossbar switch for N = 64.

As the cell delay is related to the buffer
occupancy, buffer size of 20 is reasonable for a
load of 0.75. As shown in Table 2, average cell
delay does not change significantly with increasing
switch size. This is because the difference in
maximum throughput and average cell delay are
negligible for switch size beyond 16[10,17].

Therefore, the average cell delay of the OQBBS
is not sensitive for input size, but to switch offered
loads. Considering both the throughput and cell
delay, the OQBBS can provide ideal performance.

(Table 2) Average Cell Delay of the OQBBS with
K=3and C =8.

N=64 | N=25 | N= 1024
o= 0.55| 0.35082 0.3547 0.35601
po=075] 1.18584 1.19842 1.20198
o= 095] 11.37395 | 11.50720 | 11.53028

4 Concluding Remarks and Future Work

We have presented Output Queued Batcher
-Banyan Switch (OQBBS), which is based on the
channel grouping and output queueing method.
Under traffic
OQBBS has been shown to provide very good

uniform  random condition, the
performance such as the throughput of 1.0 and

average cell delay of less than 12 cell-time. The

CLP requirement of 10 =6 can be achieved with K
= 3 and C = 8. The complexity of the OQBBS is
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shown to be simple as compared with the Sunshine
switch, in which cells are re-circulated.

Further work may include the performance
analysis for other traffic patterns such as bursty and
traffic pattern. The multi/broad-casting

functions are also need be studied.

hot-spot
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