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Abstract

We present a new method to build a fault toler-
ant ATM switch. By this method, we can build an
ATM switch which has two non-overlapping paths be-
tween each input/oulput pair. The key component in
the proposed switch is a 2 x 2 FTSE (Fault Tolerant
Switching Element) which can be the basic building
block for high speed ATM switches. The FTSE is
made with the ability of fault tolerance by adding o
few spares to the traditional Switching Element (SE).
We can construct an MIN which has two levels of
Jault tolerance ability and the redundant paths are
tn proportional 1o the network size. By mathemat-
ical analysis, we conclude that our ATM switch uses
less SEs and has more redundant paths than other
ATM switches. By VHDL simulation, we have ver-
ified the functionality of the switch. We also syn-
‘thesize the ATM switch to evaluate its delay and
area. The experimential results demonsirate that the
reliability/cost ratio of the fault tolerant FTSE-based
ATM switch is better than that of other switches.

1 Introduction

There are several MIN architectures suited for
ATM switches such as Banyan, Baseline, Omega,
and Benes [1]. Most of them are a variation of the
Banyan switch. The configuration of a 16 x 16 Base-
line switch is in Figure 1. Some MIN switches are
called blocking switches, for example, Banyan, Base-
line, and Omega. The method for resolving con-
tention is to add queues to buffer the low priority
cells in contention or to provide multiple paths be-
tween each input/output pair such as in the Benes
switch [1). There are some switches that are non-
blocking. Batcher-Banyan [2] is one of them. It adds
a switch named Batcher to sort the incoming cells
according to a certain order in front of the Banyan
switch in order to avoid internal blocking. Normally,
the Batcher switch is more complicated and larger
than the Banyan switch.

Several ATM switch architectures were presented
in [3] [4] [5] [6] [7] [8] [9] [10] to satisfy the high speed
switching requirement. We can classify them into two
categories: with fault tolerance or not. The papers in
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Figure 1: The configuration of a 16 x 16 Baseline
switch.

(5] [6] [7] [8] deal with fault tolerant ATM switch de-
signs . Their approaches are based on a 2 x 2 modified
SE by adding extra SEs [7], links [5] or using multiple-
pass [8] to provide fault tolerance. In [5], it is a modi-
fied Delta network for providing fault tolerance. One
extra stage and double links are added to the origi-
nal Delta network. Thus, a 2 x 2 SE is replaced by a
4 x 4 SE in the middle stage of the resulting network
and a 4 x 2 SE in the last stage, respectively. In [7]
it uses some subswitches to enhance the fault toler-
ance of the conventional multistage interconnection
network by providing alternative paths between each
input/output pair. The added SEs make the decision
of selecting a path more complicated and the SEs in
the switch have different sizes. A modified SE called
PHOENIX in [6] is a 2 x 2 SE. The PHOENIX is
based on a 2 x 2 crosspoint buffered switching ele-
ment. The characteristics of PHOENIX make that
it can be constructed as a multiplexer or demulti-
plexer. A larger ATM switch can be built by using
the PHOENIX only. The PHOENIX employs several
queues to buffer contention cells. The scheme in the
PHOENIX is complex to initiate an adaptive routing
or to trigger an alternative switch fabric when a fault
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occurs. As to the multiple-pass method, the cell is
rerouted by the faulty switch several times, if neces-
sary, in order to reach the proper destination [8].

The SE we present is a 2 x 2 FTSE (Fault Tolerant
Switching Element) which can be the basic building
block of an MIN switch for high speed broadband
networks. The fault tolerance scheme in the FTSE is
to employ one spare IC and two spare OCs to pro-
vide multiple paths between each IC/OC pair. We
-also proposes a method to build an MIN switch by
using the FTSEs. The proposed method makes the
switch has two non-overlapping paths between each
input/output pair. We use the IEEE-1076 Standard,
VHDL (VHSIC Hardware Destription Language)(11]
[12], to describe the ATM switch. VHDL simulation
is used to verify the correctness of the functionality
of the switch. VHDL synthesis is also used to ana-
lyze the delay time and area of the switch to make
sure that it meets the speed requirement of the ATM
switch with low overhead.

The organization of this paper is in the following
manner. In the next section, we describe the FTSE
and a method to build an FTSE-based MIN. In sec-
tion 3, we will give an example to demonstrate how
to route a cell in the resulting MIN. In section 4, we
analyze the hardware complexity and the redundant
paths of the proposed switch and give a comparison
with other switches. In section 5, we evaluate and
compare the reliability and cost effectiveness of our
switch with other switches. In section 6, we will de-
scribe the proposed ATM switch by using VHDL. The
VHDL simulation and synthesis results will help us
validate the switch design and analyze the delay time
encountered and the area of the proposed switch. Fi-
nally, we give some concluding remarks in section 7.

2 Design approach

2.1  The architecture of the FTSE and its
functions

The configuration of the proposed 2 x 2 FTSE is
shown in Figure 2. The FTSE is composed of the
following basic parts : two ICs (Input Controllers), a
spare IC, a Selector, two OCs (Output Controllers),
two spare OCs, two MUXs (multiplexers), and a
BFS_CTRL (backward fault signal controller). Now
we describe each part of the FTSE as follows.

e ICs (Input Control]ers{ and spare IC

The two ICs are the inlets of the FTSE. The use
of a spare IC is for fault tolerance. When one of
the normal IC, or IC, is faulty or can’t accept
a cell then the spare IC begins to work. There is
a buffer of size one in the spare IC. If both IC,
and IC, are broken, the low priority cell will be
buffered in the buffer of the spare IC and the
high priority cell will be passed to the selector
via the spare IC.

e Selector
The next stop of the incoming cells is a 3 x 2
selector. There are control signals coming from
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Figure 2: The configuration of the proposed 2 x 2
FTSE.

the ICs and the spare IC to activate the selec-
tor to make a proper selection among the three
incoming cells.

e Routing Logic

The routing logic first checks whether there are
cells in the two shared buffers or not. If there
are cells in the shared buffers then the first cell
in the corresponding shared buffer will be picked
up and sent to the desired OC or spare OC, How-
ever, if the two shared buffers are empty, the
incoming cell will be sent to its desired OC ac-
cording to the i-th bit of the routing tag. De-
pending on the number of stages in the network,
the routing tag will be inserted before each cell
enters the switch.

¢ OCs (Output Conirollers) and spare OC
If a cell passes through the routing logic success-
fully, the next stop in the FTSE is OC,, OCy,
spare OC}, or spare QC5. If faults occur in OC)
or OC, (spare OC, or spare OC,), the cell can
only be sent to the spare OC) or spare QC, (0Cy
or OCs).

e MUX (Multiplexer)
When a cell reaches OCy, OC», spare OCh, or
spare OCs, the corresponding MUX (multiplexer
MUX; or MUX3) selects one of the cells from
them. Since the high priority cell is in OC} or
OC,, the MUX will select the cell from OC} or
OC- first.

e BFS.CTRL (Backward Fault Signal Controller)
The function of the BFS_CTRL is to determine
the state of the FTSE. It will receive the state of
the FTSE in the next stage. If the state is faulty
then the BFS signal is set-to true. Otherwise, it
will check the state of current FTSE and set the
BFS signal to a proper value.

According to the design described above, we realize
that there are two paths from an IC to the selector
and two paths from the routing logic to an MUX.



(a)A 4x 4 MIN built by 2x 2 FTSE.

{b) A 8x8 MIN built by 2 x 2 FTSE.

Figure 3: The construction of two MINs using FT-
SEs.

Therefore, there are 4 paths between each IC/OC
pair.

2.2 An ATM switch built by FTSEs

Here, we present a method to build an MIN by us-
ing the FTSE as a basic building block. An MIN built
by FTSEs is called an FTSE-based network. Some
MINs like Baseline, Banyan, and Omega, etc., have
only one unique path between each input/output
pair. Our fault tolerant MIN is based on the Base-
line switch (see Figure 1). We add one extra stage to
the Baseline switch. There are N/2 FTSEs in each
stage of an N x N FTSE-based switch. The extra
stage can be appended to the first or to last stage of
the Baseline network. As depicted in [15], a general
method is presented to insert e stages (to the back)
and p planes to the logo N network.” In this paper,
we on ly discuss the situation of appending the exira
stage to the first stage of the Baseline network. To
build a 4 x 4 MIN, we append 2 FTSEs to the first
stage of the 4 x 4 Baseline network. As shown in Fig-
ure 3(a), the MIN has two independent halves: one
is shown as a “plain” half and:the other is shown as
a “hatched” half. Thus, each input cell can reach its
desired output by passing through either half of the
MIN. For an 8 x 8 MIN, we add 4 FTSEs to the first
stage of the 8 x 8 Baseline network. As shown in Fig-
ure 3(b), there is also two independent halves: one
is a “plain” half and the other is a “hatched” half.
In a similar fashion we can construct any size of the
ATM switch. ‘

3 Routing in the ATM switch
3.1 Singlecast routing

Since our fault tolerant ATM swiich has two-level
of redundant paths, a routing path is selected based
on two levels: one is in the FTSE and the other is in
the resulting MIN. The routing scheme for the pro-
posed FTSE-based ATM switch is similar to that of
the Baseline switch, except that our switch needs ex-
tra control for the first stage. There is a Backward
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Figure 4: The broadcast routing in a 16 x 16 FTSE-
based ATM switch. -

Fault Signal (BFS) associated with each FTSE. The
function of the BFS is similar to the Backward Avail-
ability Signal (BAS) proposed in [13]. It is to tell the
previous stage the state of the current stage.

3.2 Broadcast and multicast routing

Broadcast Routing If a cell has to be broadcast, at
each stage, except for the first stage, the cell is sent to
the upper and lower OCs within each FTSE. Figure
4 shows the fashion of broadcast routing in a 16 x 16
FTSE-based ATM switch.

Multicast Routing If a cell has to be multicast, at
each stage, a cell is selectively sent to the upper,
lower, or both OCs in an FTSE depending on the
destination addresses. Let the stage number of an
N x N FTSE-based switch be from 0 to logoN. Un-
der normal operations, assume that a cell from inlet
8 has to be multicast to outlets 4, 6, 9, 14, 15 in a
16 x 16 FTSE-based ATM switch as shown in Fig-
ure 5. The binary representation of destination ad-
dresses 4, 6, 9, 14, 15 is "00100”, 7001107, *01001”,
”01100”, ”01111”. ”0” is appended to the leftmost
of each destination address for normal operations.
At each stage, the FTSE first checks the multicast
bit then the destination addresses. At stage 0, since
the first bits of all the destination addresses are all
”0”, the cell is sent to the upper OC. At stage 1, the
second bits of the destination addresses contain ”(”
and ”1”, so the cell is copied and sent to the upper
OC and lower OC, respectively. At the subsequent

_stages, each FTSE repeats the same procedure de-

scribed above until cells reach the last stage.

4 Comparison with other fault toler-
ant ATM switches

The comparison criteria are based on hardware
complexity (expressed in terms of the number of SEs)
and fault tolerance ability (expressed in terms of the
number of redundant paths).
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Figure 5: The multicast routing in a 16 x 16 FTSE-
based ATM network.

4.1 Hardware complexity

Here, we compare the FTSE-based switch with the
MD-Omega network [14] built by the 2x2 PHOENIX
and the Itoh’s network [7]. We know there are n + 1
stages in our FTSE-based ATM switch. Therefore,
we can calculate the number of FTSEs needed in an
N x N MIN. Since there are N/2 FTSEs in each stage,
the total number of FTSEs required is

= N/2(n+1)
= N/2 (logaN +1)
N/2logaN + N/2 (1)

HFTSB-based

Figure 6 shows the number of SEs used in each net-
work in variance of network size. By inspecting Fig-
ure 6, we conclude that to build the same size of an
N x N fault tolerant MIN, our FTSE-based switch
uses the least SEs.
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¢——a FTSE-based network

6000.0 ¢

4000.0 |

Number of SEs used

2000.0
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Switch size (n)

Figure 6: Number of SEs used in each 2" x 2" MIN.

196

4.2 Redundant paths

If a switch network can provide more redundant
paths, it will be able to survive under more faults. We
give a comparison of redundant paths among the MD-
Omega network, the Itoh’s network and FTSE-based
network. The redundant paths of the MD-Omega
network built by PHOENIX is a fixed 2 regardless of
the network size. For each node in the Itoh’s network,
there are M (¢, j) paths to the last node, where (3, j) is
the node position. The redundant paths of the Itoh’s
network (Ryions) [7] is expressed as:

M(n,0)=M(n—-1,0)+ M(n,1)
Mnk)y=Mn-1k-1)+M(n,k+1)
M(n,n-1)=1 (2)

As mentioned before, there are 4 redundant paths
between each IC/OC pair in the FTSE. Therefore, for
an N x N FTSE-based switch, the redundant paths
for each input/output pair is

RrTsEbased = (2%)(092N+1) 5 9
= 92(logaN+1)+1 (3)

Figure 7 shows that the number of redundant paths
of the FTSE-based network is far larger than those
of the other two networks of the same size.
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Figure 7: Number of redundant paths in a 9n x 9n
MIN.

5 Reliability analysis
5.1 Fault model

The fault model used in this section is similar to
that proposed in [7]. Faults can occur in ICs, spare
IC, OCs , spare OCs and links that connect two adja-
cent SEs. In our method, the functionality of a spare
IC is similar to an IC except that it can accept two
cells concurrently. Hence, we treat a spare IC as two
independent ICs. Similar to [17), the two ICs that
connect to the same OC and spare OC in the previ-
ous stage is called an input module. The OC and the



corresponding spare OC is called an output module.
An element is formed by an input module in the cur-
rent stage, an output module in the previous stage,
and the links between them. If there are faults in the
input module, output module, or links, an element
is considered as faulty. When an element is marked
as faulty, then it remains faulty permanently. Our
analysis is based on the following ‘assumptions [7]:

¢ Events in which an element becomes faulty are
independent and occur randomly.

¢ When there are faults that prevent the connec-
tion of an arbitrary input/output pair, a network
is considered to be failed.

Similar to [17], the analysis only concentrates on the
elements between the first stage and the last stage of
an network.

5.2 The reliability of the FTSE-based
ATM switch

The FTSE-based switch is considered to be faulty
if the two non-overlapping paths are both broken.
Thus, for each output port in stage i, two elements
can be selected to connect to stage 74 1 (due to the
two nonoverlapping paths). The m FTSEs within a
stage can be divided into m/2 subsets of 2 elements.
A switching network is faulty if both elements in the
same subset are faulty. Thus, in an N x N FTSE-
based switching network, there are N/2 x logo N sub-
sets. Here, we can calculate the average number of
faults, K, that causes the network failure. K is ex-
pressed as follows [16]:

L
K =3iP(i) (4)
i=2
where
P(i) = Prob {the network fails due to the
i-th fault}
L = N/2xlogaN, the number of subsets

in an N x N FTSE-based network

P(7) can be further expressed as:

P(i) = Q(i = 1) x R(3) (5)
where ’
Q(i—1) = Prob {there are i — 1 faults
in the network and the
network does not fail }
R(i) = Prob {a fault that makes the

network fail | i — 1 faults
have already existed in
the network }

197

Joint Conference of 1996 International Computer Symposium
December 19~21, Kaohsiung, Taiwan, R.0.C.

We have [16],
ai-v=2"x (2 (%) ©

R(i)=(i-1)/(2L—i+1) (7)

We evaluate the cost effectiveness of an ATM switch-
ing network in terms of K/T, where T is the total
number of elements in the middle stages of the net-
work. The cost effectiveness of the FTSE-based net-
work and the Itoh’s network, respectively, is shown in
Figure 8. In Figure 8, we conclude that the cost ef-
fectiveness of our FTSE-based network is better than
that of the Itoh’s network.

300 - —— e = —_—

@—a FTSE-based network
@ &~--4 ltoh's network

200k

KIT 150t
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30

4t0 510 6.0
Network size (n)

Figure 8: The cost effectiveness comparison between
the FTSE-based network and the Itoh’s network.

6 Simulation and synthesis
6.1 VHDL simulation

According to the design described in Section 2, an
FTSE-based ATM switch is described with VHDL.
Each component of the FTSE is described indepen-
dently. Then, we group each component of the FTSE
to form a complete 2x 2 FTSE. The VHDL simulation
result verifies the functionality of the FTSE. Finally,
we use the FTSE as a building block to construct an
example 4 x 4 FTSE-based ATM switch.

6.2 VHDL synthesis

The ATM switch described with VHDL can be fur-
ther synthesized into the gate level representation
in a chosen technology. According to the synthe-
sis result, the overall delay for a fault-free FTSE is
5.12 ns. However, the overall delay becomes 5.47 ns
when there is a fault in an IC and the spare IC is
used. The total area of the FTSE is 58617 (unit
area). Based on the FTSE, we can expand it to
a 4 x 4 FTSE-based ATM switch. The overall de-
lay for the 4 x 4 FTSE-based ATM switch is 15.36
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ns when fault-free and 16.41 ns when a fault oc-
curs in an IC and the spare IC is used. The total
area of the 4 x 4 FTSE-based ATM switch is 351702
(unit area). We need two clock cycles to transfer.a
cell from [C to Routing Logic and a delay time to
transfer it from OC to MUX. Thus, the maximum

throughput of a 2" x 2” FTSE-based ATM switch is
8x53
I—(2><clock_cycle-time-}—d:lay(OC—}»MUX))x(n+1)J :

7 Conclusions

An ATM switch built by an MIN is inherently a
parallel switch, since it accepts and processes incom-
mg cells concurrently. Our proposed ATM switch
is also an MIN. The basic component of our FTSE-
based ATM switch is a 2 x 2 FTSE. The FTSE is
very flexible and can be the basic building block of
any kind of MINs. The FTSE can not only process
incoming cells quickly, but also have the ability of
fault tolerance. It offers multiple paths between each
IC/OC pair and makes the ICs and OCs fault tol-
erant.. The problem of cells contention for the same
output is resolved by using shared buffers to store the
low priority contention cells. Thus, we offer a guar-
antee service to high priority cells. The method of
constructing an MIN with FTSEs will provide each
input/output pair with two non-overlapping paths.
Mathematical analysis shows that our switch is bet-
ter than other fault tolerant ATM switches in terms
of the numbers of SE used and redundant paths, and
the reliability/cost ratio. The VHDL simulation re-
sults have verified the functionalities of the switch
and the VHDL synthesis results also support that
the switch throughput can meet the ATM network
‘requirement.
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