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Abstract—Scalable high-performance routers and switches are required to provide a larger number of ports, higher throughput, and
good reliability. Most of today’s routers and switches are implemented using single crossbar as the switched fabric. The single crossbar
complexity increases at OðN2Þ in terms of crosspoint number, which might become unacceptable for scalability as the port number (N)
increases. A delta class self-routing multistage interconnection network (MIN) with the complexity of OðN� log2 NÞ has been widely
used in the asynchronous transfer mode switches. However, the reduction of the crosspoint number results in considerable internal
blocking. A number of scalable methods have been proposed to solve this problem. One of them uses more stages with recirculation
architecture to reroute the deflected packets, which greatly increase the latency. In this paper, we propose an interleaved multistage
switching fabrics architecture and assess its throughput with an analytical model and simulations. We compare this novel scheme with
some previous parallel architectures and show its benefits. From extensive simulations under different traffic patterns and fault models,
our interleaved architecture achieves better performance than its counterpart of single panel fabric. Our interleaved scheme achieves
speedups (over the single panel fabric) of 3.4 and 2.25 under uniform and hot-spot traffic patterns, respectively, at maximum load
ðp ¼ 1Þ. Moreover, the interleaved fabrics show great tolerance against internal hardware failures.

Index Terms—Interleaved switching fabrics, multistage interconnection network (MIN), I-Cubeout network, Redundant Array of

Independent Fabrics (RAIF).

Ç

1 INTRODUCTION

ROUTERS form the backbone of the Internet; their kernel,
structure, and configuration (scheduler) of the backplane

dominate the routers’ performance, scalability, reliability,
and cost. As higher performance is required with the rapid
development of the network applications, router’s architec-
ture has also evolved from the shared backplane to switched
backplane [1]. Currently, most of these routers are based on
single stage crossbar, such as the Cisco 12000 series high-end
routers. To control the crossbar, complex schedulers have
been developed, for example, Parallel Iterative Matching
(PIM) [2] was used for Digital Equipment Corporation
(DEC)’s 16-port AN2 switch, and iSLIP [3] was used for
Cisco 12000 with 16 line cards in a single chassis. With the
complexity of OðN2Þ in terms of crosspoint number, these
routers only support up to 16� 16 interconnection in real
applications. It is obvious that a single crossbar has severe
limitations to be scalable for next generation network, which
will incorporate the Internet, telecommunication (such as
Skype) and TV services (such as IP TV). It is required that a
large number of LCs should be integrated in a single high-
performance router.

Multistage interconnection networks (MINs) such as
Banyan [4], Omega [5], Baseline and reverse Baseline [6],
and indirect binary n-Cube [7], belong to the delta class
network that was defined by Patel [8]. They were first
proposed for large multiprocessor system, which was the

hardware foundation of the supercomputers. The purpose is
to interconnect processor-to-processors and processor-to-
memory modules for fast parallel computation. The delta
class network has two special properties: unique path
between each input-output pair and self-routing in each
intermediate stage. Because of the simplicity of its self-
routing without a complex scheduler, the delta class network
is very attractive for the design of high-speed switching
fabrics. However, the reduced complexity to OðN� log2 NÞ
also comes with the expense of serious internal blocking,
which leads to a poor throughput under some traffic patterns.
The basic reason for this drawback is that the delta class is not
a permutation network; it could not implement all the
permutations of inputs with a single copy (log2 N stages) of
such a network. In [9], Wu and Feng concluded that 3�
ðlog2 NÞ � 1 stages through the regular shuffle exchange
network are sufficient to realize arbitrary permutation. In
[10], Feng and Seo reduce this limit to 2� ðlog2 NÞ-stage
shuffle exchange network (or two copies of Omega net-
works). Unfortunately, their inside-out routing is found to be
incomplete [11]. In recent years, Çam [12] proves the
rearrangeability of the asymmetric ð2� ðlog2 NÞ � 1Þ-stage
shuffle exchange network, which has the same permutation
capability as the symmetric Bene�s network [13]. However, no
simple routing algorithm has been developed for the
asymmetric ð2� ðlog2 NÞ � 1Þ-stage shuffle exchange net-
work. Moreover, for the symmetric Bene�s network, a number
of routing algorithms [14], [15], [16], [17], [18] have been
developed to realize arbitrary permutations between inputs
and outputs in the past decades. These complicated algo-
rithms required a number of computations that made it
unfeasible for a simple and fast hardware implementation
and not scalable for future generation of network routers.

An output-queued MIN with b � 2b switching elements
(SEs) was studied in [19] and [20]. The number of cells that
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can be concurrently switched from the inlets to each output
queue equals to the number of stages in the interconnection
network. Tzeng [21] improves the architecture [20] by
choosing different recirculation approaches from the last
copy of stages. However, in order to achieve higher
throughput, more stages are required, which increase both
the latency and hardware cost.

A novel scheme that uses interleaved multistage switch-
ing fabrics is proposed in this paper. The SE hardware
complexity is kept acceptably low while achieving better
performance under various traffic patterns. The architecture
provides great tolerance against internal hardware failures
that is beneficial in critical environment of network
infrastructure.

This paper is organized as follows: Section 2 describes
the new architecture of switching fabrics. A theoretical
model to analyze the throughput of the fabrics is presented
in Section 3. We compare it with previous parallel
architectures. To evaluate its performance extensive simula-
tion results and analysis are presented in Section 4. In
Section 5, we show the scheme’s fault tolerance (FT) under
different fault models. In Section 6, some concluding
remarks are presented.

2 INTERLEAVED SWITCHING FABRIC ARCHITECTURE

Because our switching fabrics architecture consists of small
b � 2b crossbar SEs, it is crucial to make an assumption
throughout the paper that these crossbars are fixed length
cell based. The cell length here is not necessarily of the same
length as asynchronous transfer mode (ATM) cells (53 by-
tes). Other researchers have also used “packet” as term [21].
In open systems interconnection (OSI) or transmission
control protocol/internet protocol (TCP/IP) model, how-
ever, “packet” always means variable length protocol data
unit (PDU). In this paper, we use the term “cell” as it has
been done in [1] and [22]. From the perspective of hardware
design and fair scheduler in each local SE, processing fixed
length cells is much simpler and efficient than handling the
variable length packets [1]. Each stage of the switching
fabric can be synchronized with the same clock signal and
move the cell to next stage or local outlets at the same time.

Variable length packets can be handled by segmenting
them into the fix-sized cells before being transferred across
the switching fabric. At the output, the cells are reas-
sembled into previous packets before being sent to outgoing
Line Card (LC). In [21], Tzeng provides a mechanism to
keep track the cells in transmission for resequencing at their
destinations. Therefore, we will not cover the packet
segmentation and reassemble in this paper.

2.1 Single Panel Multistage Switching Fabric

Based on research published in [19] and [20], Tzeng [21]
proposed a new multistage switching fabric for scalable
routers. This switching fabric, shown in Fig. 1, is based on
I-Cubeout (ICO). Each b� 2b SE has b remote outlets to
connect to the next stage and b local outlets to terminate
the cells from the switching fabric to the destination
queues. Adjacent stages are interconnected according to
the indirect n-cube connecting patterns [7]. Let L be the
index of line and be expressed in binary notation as
follows (where n ¼ log2N , N is the network size):

L ¼ 2n�1l1 þ 2n�2l2 þ � � � þ 2ln�1 þ ln: ð1Þ

Therefore, the indices of the lines incident on an SE on
either side differ only in lk. Specifically, the two indices of any
SE in the same stage differ by a constant; those in stage 1 differ
byN=2, those in stage 2 differ byN=4, and so on. A full copy of
the indirect n-cube network consists of all log2N stages.
However, the ICO may contain any number of stages but at
least one full copy of stages. The stage i after the first full copy
just repeats the ði mod ðlog2NÞ þ 1Þ in the same connection
style, as shown in Fig. 1.

The self-routing method of the ICO is slightly different
than what is used in a normal delta class network. A
routing example is shown in Fig. 2, which does not include
the recirculation path and output logic for clarity. At the
primary input (input of first stage), the routing tag of each
cell is generated by using a bitwise XOR of the local primary
input address and its destination address. If a tag bit
corresponding to stage i is 1, the cell needs to take the
“cross” state of SE at stage i of any copy. After the nonzero
tag bit is corrected, it is set to 0. If a tag bit corresponding to
stage i is 0, the cell just passes straight through the SE of the
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corresponding stage. When all the tag bits become 0, this
means that the cell has reached its destined row and may
take the local outlet at the SE to its destination queue
through which the output LC is connected.

For simplicity of hardware design, the routing tag of the
cell will be cyclic rotated leftward by log2b bits after the cell
advances to next stage. Therefore, only the leftmost tag bits
are examined at each SE. This will unify the design of SE
without correlating it with the stage number in which the
SE is located. The distance of the cell is defined as the
rightmost nonzero bit position q of its tag, this means that
the cell still needs to travel at least q stages before getting to
its destination queue.

The local scheduler of each SE follows the shortest path
algorithm. Two cells, which have different tag bit for the same
SE, conflict with each other (cross and straight through
requests). The local SE scheduler should give the priority to
the cell with smaller distance and deflect another one, so as to
keep cells in the switching fabric as few as possible and
improve the system performance. If both have identical
distance, arandomoneis chosenfor priority. In the example in
Fig. 2, a cell with destination 110 comes into input 001. Then, a
tag 111 will be generated by XOR operation. Finally, the cell
arrives at destination 110 at stage 2 of copy 2 with tag 000.

2.2 Recirculation Connection

To use the switching fabric more efficiently and improve
the system performance with limited hardware resources,
we could reenter the cells, which failed to get to their
destination queue after the primary output (the output of
the last stage), into the last copy of switching fabric again by
recirculation (to avoid repetitive collisions at previous
copies). In [21], Tzeng proposes three approaches for
choosing the reentry point: static connection, first available
point (FA), and first 1 bit in routing tag (FO). When there is
no cell arriving from the prior stage to the reentry point
concurrently, the recirculated cells can be fed into the
switching fabric through the multiplexers.

In [21], and the simulator used for it, the recirculation
just connects back to the same physical row (physical row
means the identical row in the real topology), as shown in
Fig. 3. We believe this is not correct; to show this, we have a
counter example. A cell with destination 110 comes into
input 001; then, a routing tag 111 is generated. We assume
that the cell is deflection-routed in stages 1 and 2 just as
label on the path. In stage 3, the correct path is chosen,
which cleared the leftmost tag bit and cyclic rotated it to the
rightmost position. In stage 4, the cell is deflection-routed
again and chooses the correct path in stage 5. At the

primary output 2, the cell will be recirculated through
multiplexer M2 by FO or by FA approach (if M1 is not
available). Finally, the cell is routed correctly in stage 4, and
all tag bits are cleared to zero, as shown with the tags in
circle. This means that the cell has reached its destination
queue and should be extracted from the switching fabric.
However, the local real address is 000 and 100, the cell will
never have a chance to reach its correct destination with an
all zero tags. This routing failure is because of the
recirculation to the same physical row, which changes
multiple values of li for index in (1). Therefore, the correct
recirculation should always connect to the same logic row
(which is the same row that has identical index of lines), as
shown in Fig. 4. The cell is fed to either M1 or M2. Finally,
the cell will be terminated at the correct destination queue
as shown by the tags encircled.

2.3 Interleaved Multistage Switching Fabrics

Parallel Banyan network or replicated Delta network [23] was
proposed some time ago. However, after splitting the flows at
the input multiplexers, the flows will be separated indepen-
dently through each panel of switching fabric. Therefore, the
expensive hardware resource is sometimes not fully utilized
in the case of unbalanced traffic patterns. Combined with a
single panel of multistage switching fabric, we propose a
novel architecture of interleaved multistage switching
fabrics, as shown in Fig. 5. In this architecture, multiple
panels of ICO network shown in Fig. 2 are put together by
means of a multiplexer, demultiplexer, and a recirculation
scheme. At the N inputs, N demultiplexers distribute the
input traffic into each panel synchronized with a clock. At
clock cycle t, all the input cells at that time will enter the panel
ððt mod YÞ þ 1Þ for total Y panels from 1 to Y. At the primary
outputs of each panel, we use the recirculation connections, as
shown in Fig. 4, to reroute the deflection-routed cells into the
switching fabric of next panel in modular. Therefore, the
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Fig. 2. Routing of the switching fabric. Fig. 3. Routing failure to the same physical row.

Fig. 4. Correct recirculation to the same logic row.



recirculation flows of panel i will go to panel ðði mod YÞ þ 1Þ.
However, the recirculation entry points still follow the logic
rows, as shown in Fig. 4, even though to different panels. A
concentrator is located before each destination queue for
terminating the cells from the local outlets of SEs. With the
speedup �, each concentrator could choose up to � cells in one
clock cycle from the active rightmost to leftmost stages
independent of panels. We give higher priority to rightmost
outlets in order to avoid starvation for recirculated cells in
case of bursty flows.

The cells take one system cycle to move from one stage to

the next stage. The deflection-routed cell uses one system

cycle to reenter the switching fabrics through the recircula-

tion. ICOFA (first available point) and ICOFO (first 1 bit in

routing tag) are used in [21] to obtain better performance

rather than ICOS (static recirculation connection). Though

ICOFO is a little better than ICOFA from their simulation, it

needs to detect the first 1 bit from the left end in each cell’s

routing tag, which requires a more complicated hardware

and delays the whole system. By contrast, ICOFA gets the

information of availability directly from prior SE’s outlet

latch indicator, which eases the hardware design and

improves system speed. Therefore, we choose the ICOFA as

the recirculation approach throughout this paper.
After the multiple switching fabrics are interleaved by the

recirculation, the scheme provides another opportunity to
balance the cell traffic; this in turn effectively eases the hot
flows after collisions. In the comparison to the single panel of
switching fabric in Fig. 1, our interleaved architecture should
achieve better performance with great FT because the flows
are balanced and switched in parallel. In the next section, we
first analyze the new interleaved switching fabrics with a
theoretical model and compare it with other traditional
parallel architectures; after that, we evaluate this scheme’s
performance through extensive simulations.

3 ANALYTICAL MODEL ANALYSIS

In the last section, we have proposed the interleaved
multistage switching fabrics. Throughput or cell drop rate
(throughput ¼ 1:0� cell drop rate) is one of the most im-
portant parameters to evaluate a switching fabric. High-
performance routers require high and steady throughput
under all kinds of flow conditions. Thus, an important issue
is to determine the number of panels, which are enough for

a real system to obtain good throughput with a reasonable
hardware cost. Here, we use our analytical model under
uniform traffic to address this issue; we corroborate the
model’s validity with simulation results.

3.1 Analytical Model for the Single Panel Fabric

Normally, it is very difficult to analyze the interleaved
multistage switching fabrics with theoretical method if the
load is nonuniform between each panel or stage. For
modeling simplicity, we assume that the traffic between
each panel is evenly loaded, and the traffic passing from
each stage to next one is uniformly distributed to each port.
Moreover, we assume no buffer inside the SE between the
interstage links. With these modeling assumptions, the
complex switching system could be decomposed into each
single fabric with relative independence; consequently, we
just need to analyze the throughput of one of them.

We use the recursive method to get the analytical model
for single panel fabric as it is used in [19], [20], and [24]. The
load to the ðkþ 1Þ stage is computed with the load that is
not transferred to the output queues at the k stage.
Therefore, if we know the random load starting at the first
stage, we can compute the load to each stage through the
whole fabric. Throughout the paper, the notations in Table 1
are used for the analytical model.

With the ICOFA mechanism, the cells are dropped if all
the recirculation points are not available. In order to
calculate the �, we need to compute the load to each stage
as follows:

Fk ¼ Pk �Ok and F0 ¼ p; ð2Þ

Pkþ1 ¼ Fk when 1 � kþ 1 < X � nþ 1: ð3Þ

Pkþ1 ¼ Fk þ recirculation load, when X � nþ 1 � kþ 1 �
X for the last copy of the fabric.

To calculate PX�nþ1 to PX with recirculation, we use a
recursive expression of the form:

PX�nþ1 ¼FX�n þ ð1� FX�nÞ � PXþ1

..

.

PX ¼FX�1 þ ð1� FX�1Þ � FX�2 � � � � � FX�n � PXþ1;

ð4Þ

PXþ1 ¼ FX ¼ PX �OX: ð5Þ

Thus,

� ¼PXþ1 � ð1� FX�nÞ � PXþ1 � � � � � ð1� FX�1Þ � FX�2

� � � � � FX�n � PXþ1

¼PXþ1 � FX�1 � FX�2 � � � � � FX�n:
ð6Þ

Moreover, each Pk for 1 � k � X þ 1 is composed of qk;d
with

Pk ¼
Xn�1

d¼0

qk;d: ð7Þ

To evaluate (2), (3), (4), and (5), it is necessary to compute
theOk first. A tagged cell in stage k can exit the fabric only if its
distance becomes 0 to the destination queues. Furthermore,
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one of the following conditions must be met: 1) the tagged cell
is the only one requiring a local outlet of the SE or 2) more than
one cell require a local outlet of the SE, but the tagged cell is
chosen over the others.

Then,

Ok ¼ qk;0 �
"Xb�1

m¼0

Xm
h¼0

b� 1

m

� �
�

m

h

� �
� qhk;0 � ðPk � qk;0Þ

m�h

� V ðhÞ � ð1� PkÞb�1�m
#
:

ð8Þ

Except the tagged cell at one SE inlet, there are other ðb� 1Þ
SE inlets from which, h has cells that require local outlets
with 0 distance, m� h has cells that require remote outlets
to the next stage with nonzero distance, and ðb� 1�mÞ has
no cell for this cycle. V ðhÞ is the probability that the tagged
cell is chosen in the conflict that may occur if some of the
h cells require the same local outlet:

V ðhÞ ¼
Xh
l¼0

h
l

� �
1

b

� �l
� 1� 1

b

� �h�l
� 1

lþ 1
: ð9Þ

To proceed the load from Pk to Pkþ1, we need the
conditional probability to compute qkþ1;d from qk;d dis-
tribution:

qkþ1;d ¼
Xn�1

j¼0

Pfqkþ1;djqk;jgqk;j; for d ¼ 0; 1; � � � ; n� 1: ð10Þ

Pfqkþ1;djqk;jg is the conditional probability that a cell has
distance d in stage kþ 1 after it has been switched from
stage k, where it has distance j. Because we use the shortest
algorithm with deflection scheme in the SE’s local scheduler,
most of the Pfqkþ1;djqk;jg parameters are zero. Depending on
the different values of d, three cases are distinguished as
follows for (10):

1.

qkþ1;0¼ ðqk;0 �OkÞ þ Pfqkþ1;0jqk;1gqk;1: ð11Þ

2.

qkþ1;j ¼ Pfqkþ1;jjqk;jþ1gqk;jþ1; when 0 < j < n� 1:

ð12Þ

3.

qkþ1;n�1 ¼
Xn�2

j¼0

½1� Pfqkþ1;jjqk;jþ1g�qk;jþ1: ð13Þ

In (11), ðqk;0 �OkÞ are the flows, which failed to reach
their destination queues due to collisions, but they still
have a zero distance to next stage with the shortest path.
In (13), qkþ1;n�1 collects all the deflected flows with
distance n� 1. Because we assume that the traffic passing
from each stage to next one is uniformly distributed, we
could ignore the effects of ðqk;0 �OkÞ to Pfqkþ1;jjqk;jþ1g
and compute Pfqkþ1;jjqk;jþ1g when 0 � j < n� 1 as

Pfqkþ1;jjqk;jþ1g ¼
Xb�1

m¼0

Xb�1�m

h¼0

b� 1

m

� �
�

b� 1�m
h

� �
� qhk;jþ1

�
Xj
i¼1

qk;i

 !m

�T ðb� 1�m� h; jþ 1Þ

� ½1�Dðm;hÞ�:
ð14Þ

Except the tagged cell at one SE inlet, there are ðb� 1Þ other
SE inlets from which h has cells that require remote outlets
with distance jþ 1 and m has cells that require remote
outlets with distance from 1 to j.
T ðz; iÞ is the probability that z inlets of the SE has the

conditions as follows: 1) empty, 2) kept busy by cells with
distance 0, or 3) kept busy by cells with distance d > i.
Taking into account these conditions, we have that

T ðz; iÞ ¼
Xz
l¼0

Xz�l
r¼0

z

l

� �
�

z� l
r

� �
� qz�l�rk;0 �

Xn�1

t¼iþ1

qk;t

 !l

� ð1� PkÞr:

ð15Þ
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Dðm;hÞ is the probability that the tagged cell is deflected,
if m cells with lower distance and h cells with equal
distance are switched to next stage by the SE:

Dðm;hÞ ¼
Xm
l¼0

m

l

� �
� 1

b

� �l
� 1� 1

b

� �m�l
þ 1� 1

b

� �m
�
Xh
l¼1

h

l

� �

� 1

b

� �l
� 1� 1

b

� �h�l
� l

lþ 1
:

ð16Þ

From (7) to (16), we could compute the load of each stage
without recirculation. For the last copy of the fabric from
stage ðX � nþ 1Þ to X, we should count in the recirculation
load from the final stage PXþ1 ¼

Pn�1
d¼0 qXþ1;d. Therefore,

based on (4), (11), (12), and (13), the distributions for 0 �
j � n� 1 when X � nþ 1 � k � X are computed as

qk;j ¼ qk;j þ ð1� Fk�1Þ � Fk�2 � � � � � FX�n

�
Xn�1

i¼0

ek;j;i � qXþ1;i

 !
:

ð17Þ

In (17), the qk;j on the right hand comes from the
previous stage and is calculated with (11), (12), and (13).Pn�1

i¼0 ek;j;i � qXþ1;i belongs to the recirculation load. The
coefficient ek;j;i is determined by the fabric structure N
and b. For each stage k between X � nþ 1 � k � X, the
½ek;j;i�j�i form a two-dimensional coefficient matrix with
row j and column i, 0 � i, j � n� 1. As an example,
when N ¼ 256, b ¼ 4, and n ¼ 4, the coefficient matrixes
are shown below for the last four stages:

½eX�3;j;i�j�i¼

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

2
6664

3
7775; ½eX�2;j;i�j�i ¼

1
4

1
4 0 0

0 0 1
4 0

0 0 0 1
4

3
4

3
4

3
4

3
4

2
6664

3
7775;

½eX�1;j;i�j�i ¼

1
4 0 1

16 0

0 0 0 1
16

3
4 0 3

16
3
16

0 1 3
4

3
4

2
6664

3
7775; ½eX;j;i�j�i ¼

1
4 0 0 1

64
3
4 0 0 3

64

0 1 0 3
16

0 0 1 3
4

2
6664

3
7775:

We could compute each item in matrix ½ek;j;i�j�i in Table 2.

Because there is no address change when cells are recircu-

lated back to stage X � 3, ½eX�3;j;i�j�i is the identity matrix.

Otherwise, the item ek;j;i depends on the recirculation point.

For example, corresponding with qXþ1;3 to stage X, the third

bit positionA2A1 must be nonzero. After the cyclic rotation of

the address to stage X, there are four cases as follows:

1. When A8A7 ¼ 0, A6A5 ¼ 0, and A4A3 ¼ 0, the prob-
ability is eX;0;3 ¼ 1

64 for distance 0.
2. When A8A7 6¼ 0, A6A5 ¼ 0, and A4A3 ¼ 0, the prob-

ability is eX;1;3 ¼ 3
64 for distance 1.

3. When A6A5 6¼ 0 and A4A3 ¼ 0, the probability is
eX;2;3 ¼ 3

16 for distance 2.
4. When A4A3 6¼ 0, the probability is eX;3;3 ¼ 3

4 for
distance 3.

Based on (2), (3), (4), (5), (6), (7), (8), (9), (10), (11), (12),

(13), (14), (15), (16), and (17), we could compute Pk, qk;d, and

Ok recursively until they become steady. Then, with (6), the

cell drop rate � (or throughput) of the single panel fabric is

obtained.

3.2 Analytical Model for the Interleaved Multistage
Switching Fabrics

We have introduced an analytical model for the single panel

fabric in the last section and assumed that the traffic between

panels is evenly loaded. Thus, each panel runs at load ðpY Þ, in

which p is the load from outside, and Y is the number of

panels. The total cell drop rate (or throughput) is the sum of

that from each panel. For example, when Y ¼ 2 and p ¼ 1:0,

each panel runs at load ¼ 0:5, and the total cell drop rate

equals to 2� (cell drop rate at load 0.5 for single panel). When

Y ¼ 3 and p ¼ 0:9, each panel runs at load ¼ 0:3, and the total

cell drop rate equals to 3� (cell drop rate at load 0.3 for single

panel). The benefit of the interleaved switching fabrics comes

from that it avoids the high nonlinear increase during load

portion ð0:5 � p � 1Þ for the single panel fabric. The inter-

leaved architecture, which runs with ðpY � 0:5Þ for each panel,

replaces this nonlinear portion with a linear increase of Y for

throughput.

3.3 Validation of the Analytical Model

The accuracy of the analytical models in Sections 3.1 and 3.2

has been assessed by comparing its results with those from

simulations of the system. Fig. 6 shows the cell drop rate

under uniform traffic with N ¼ 256, b ¼ 4, and X ¼ 4. In

this paper, we use the notation SX/PY, where X specifies the

number of stages per panel and Y the number of panels. We

choose N ¼ 256, b ¼ 4, and X ¼ 4 because it is a full copy of

fabric that will make the results more pronounced.
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TABLE 2
Address Cyclic Rotation for Recirculation with N ¼ 256, b ¼ 4

Fig. 6. Drop rate versus offered load for analytical models and

simulation, N ¼ 256, b ¼ 4, and X ¼ 4.



In Fig. 6, there is a difference between the analytical
model and simulation results for S4/P1 when the load is
0:3 < p < 0:9. As mentioned in [19] and [20], the basic
reason is that the traffic between the stages is unbalanced,
and the assumption of uniform distribution does not hold
any more. When load is very low at p < 0:3, the traffic
between stages could be still considered as uniform. When
the load is high enough after p > 0:9, all interstage links are
saturated with traffic from previous stage or recirculation.
Thus, the traffic between stages could be considered as
uniform again from the outside view. As a result, the
diagram shows satisfactory matching between models and
simulation for these two load portions. As to S4/P2 and S4/
P3, the lower load to each panel, doubled or tripled
recirculation path, and the interleaved connections make
the traffic uniform between stages. Thus, there is a good
match between the models and simulation results.

To address the design issue at the beginning of Section 3,

we need to investigate the optimal number Y of panels for

good throughput over hardware cost. For Y and Y þ 1, the

load to each panel is p
Y and p

Yþ1 , respectively. The load

difference is p
Y �

p
ðYþ1Þ ¼

p
Y ðYþ1Þ ¼

p
Y 2þY , which will decrease

quickly with an increase of Y . This means that the marginal

gain of throughput will decrease accordingly with the

hardware cost around 1
Y 2 . Therefore, Y ¼ 2 is the optimum

number for throughput over hardware cost. Based on the

analysis above, we choose Y ¼ 2 for the extensive simula-

tions in Sections 4 and 5. However, Y ¼ 3 or higher is

preferred for fault-tolerant reasons (Section 5).

3.4 Comparisons with Other Traditional Parallel
Architectures

A number of parallel architectures have been proposed for
high-performance switching/routing systems. In this sec-
tion, we compare our interleaved switching fabrics with a
few of them.

In [25], Lea uses the multi- log2 N networks in parallel to
solve the internal blocking of the self-routing fabrics.
However, routing algorithm of complexity O ðN� log2 NÞ is
needed to dispatch each cell to a specific fabric. A much larger
number of fabrics (hardware cost) are required to make the
system nonblocking. These two restrictions make this
architecture not scalable with N. For example, an N ¼ 256
network requires 16 fabrics for rearrangeable nonblocking.
Moreover, though fault diagnosis is easy in this system, it does
not provide much FT because there are no FT considerations
in the routing algorithm.

In [26] and [27], an innovative parallel architecture is
proposed to deal with today’s low-speed RAM. Iyer and
McKeown provide thorough analysis to provide quality of
service with this architecture. However, the N � N output-
queued switch or CIOQ switches in the middle stage cannot
support a large number of ports [26], [27], [28].

4 PERFORMANCE EVALUATION

Although we have developed an analytical model in
Section 3 under the assumption of uniform traffic and no
buffer in the SE, we still have to use extensive simulations to
evaluate the performance of our interleaved architecture

with buffers in SE, under different traffic patterns and
typical fault models. The typical parameters used for
evaluation are the cell drop rate and mean latency, which
is the average time a cell takes to cross the fabrics. Tzeng
provided us with a copy of the simulator source code used
in [21]; the recirculation issue shown in Fig. 3 was corrected.
The simulator was modified to fit the requirements of our
architecture of interleaved switching fabrics. To have a
direct comparison with results in [21], we have also chosen
256 inputs/outputs with 4 � 8 SEs.

4.1 Simulation Model

The cell flows are fed into each panel through the
256 demultiplexers at the inputs. The input flows coming
at a clock time t will go to panel ððt mod Y Þ þ 1Þ. The
offered load p is defined as the probability that a cell is
generated at each input during one cycle. In the simula-
tions, two panels ðY ¼ 2Þ are used, as mentioned in
Section 3.3. If Y > 2, the marginal gain of performance
over hardware cost degrades with saturation, so we do not
show the results here.

Tzeng [21] has shown that buffered fabrics will get better
performance, so we also use the same model for compar-
ison. The fabrics could run with speedup �. Each SE output
queue (either local or remote one) is equipped with 12-cell
buffers and can receive up to � cells during each cycle. At
the outputs, each destination queue also runs with speedup
�. Up to the capacity, � cells can go through the outputs to
outside LC. As the simulation in [21], we have chosen � ¼ 2.
As mentioned earlier, we choose the ICOFA as the
recirculation approach in our simulation. Moreover, for
each result, 200,000 clocks are simulated, which is long
enough to obtain steady state results.

4.2 Performance under Uniform Traffic Pattern

Under the uniform traffic, the cells at the inputs choose each
destination output with equal probability. The mean latency
versus offered load under single panel Y ¼ 1 and inter-
leaved double panels Y ¼ 2 is shown in Fig. 7. For Y ¼ 1,
we simulate the system with 4, 6, 8, and 12 stages. For
Y ¼ 2, systems with 4, 6, and 8 stages per panel are
simulated. As mentioned before, we use the notation SX/
PY, where X specifies the number of stages per panel (from
1 to X) and Y the number of panels (from 1 to Y). Thus, S8/
P1 has an identical number of SEs as S4/P2, just as S12/P1
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with S6/P2. In terms of stages, both S4/P1 and S4/P2 (as
well as S6/P1 and S6/P2, S8/P1 and S8/P2) have the same
length.

In Fig. 7, it can be observed that the interleaved fabrics
significantly reduce the mean latency to 4.7 cycles on Y ¼ 2
over about 16 cycles on Y ¼ 1 at load p ¼ 1:0. This in turn
represents a speedup of 3.4; in this paper, we use speedup
as defined in Amdahl’s law [29]. At load p ¼ 0:5, S4/P1 gets
4.65 cycles as the mean latency, close to that of 4.7 cycles
with S4/P2 at p ¼ 1:0. Therefore, the mean latency also
follows our analysis in Section 3.2, which avoids the high
nonlinear increase during load portion ð0:5 � p � 1:0Þ with
the interleaved architecture. Due to its parallel switching
fabrics, the proposed scheme shows considerably less
latency degradation with increased uniform traffic.

Fig. 8 shows the drop rate versus offered load. With the
same length of stages, S4/P1 and S6/P1 have much larger
drop rate than S4/P2 and S6/P2, respectively, as predicted
by the analytical models in Section 3; in these two
comparisons, the hardware is doubled. However, when
comparing S6/P2 and S12/P1, we find that slight increase
of drop rate (0.013 percent of S6/P2 over 0 of S12/P1).
These two configurations, S6/P2 and S12/P1, have a
significant difference (about 16=4:7 ¼ 3:4 times) in their
mean latency; however, S6/P2 is preferred for real-time
connectionless applications. Even for connection-oriented
applications, TCP’s Automatic Repeat Request (ARQ)
scheme compensates for the negligible drop rate. From
another point of view, S4/P1 has 0.00581 drop rate at
p ¼ 0:5. According to the model in Section 3.2, S4/P2 should
have 0:00581� 2 ¼ 0:01162 drop rate at p ¼ 1:0. Actually,
S4/P2 has a 0.01156 drop rate in simulation. The match
between the values gives strong support again to our model
in Section 3.2 even when we have buffers in SE.

4.3 Performance under Hot-Spot Traffic Patterns

Traffic over the switching fabrics is usually nonuniform.
There are always some hot spots on the network, such as
file servers, popular Web sites, and uplink to backbone
network. Here, we first use a general five hot-spots model
to measure the fabric performance under nonuniform
patterns, which are shown in Figs. 9 and 10.

The five hot spots (around 2 percent of total outputs),
which is chosen at output port 19, 63, 135, 182, and 237
collectively receive � ¼ 12 percent hot traffic in addition to

its fair share of 88 percent regular traffic left. The 88 percent

regular traffic is evenly distributed over all 256 output

ports. Because of the separation of the chosen output ports,

the hot traffic will nearly saturate the whole fabrics.
In Fig. 9, the interleaved fabrics still exhibit great

advantage with much lower mean latency against load

increase (around eight cycles of Y ¼ 2 over more than

18 cycles of Y ¼ 1 at load p ¼ 1:0; this means a 2.25 switching

speedup). In single panel group of Y ¼ 1, the latency

increases with more stages in each panel, because the

rightmost stages have higher priority to the destination

queues than the leftmost ones in Fig. 5. In the double panel

group of Y ¼ 2, the results become complicated: S4/P2 has a

larger mean latency at p ¼ 1:0. Due to S4/P2’s single copy of

fabric in length, the intense congestions will deflect more cells

after collision. However, deflection is expensive for the

hardware resource. You need to correct the deflected tag bit

back again in the following stages, which increases the overall

mean latency.
In Fig. 10, S4/P1 still has the highest drop rate, because the

recirculated cells have many collisions with the cells just from

inputs. S4/P2 balances the recirculated cells between each

panels and decouples them with the input flows, it decreases

the drop rate from 29.1 percent ofY ¼ 1 to 11.7 percent at load

p ¼ 1:0. The same phenomenon happens between S6/P1 with

S6/P2. However, at p ¼ 0:5, S4/P1 has a 0.069 drop rate.

0:069� 2 ¼ 0:138 does not match the 0.117 of S4/P2 at p ¼ 1:0

because of the unbalanced hot traffic between stages.
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Fig. 8. Drop rate versus offered load (uniform traffic).
Fig. 9. Mean latency versus offered load (five hot-spots traffic).

Fig. 10. Drop rate versus offered load (five hot-spots traffic).



With the same hardware resource of SEs, S6/P2 just has a
little higher drop rate 10.3 percent over 9.8 percent of S12/P1.
Considering that S6/P2’s mean latency is just 7.8 clocks
opposed with S12/P1’s mean latency of 22.4 clocks at p ¼ 1:0
(about 22:4=7:8 ¼ 2:9 times), the interleaved fabrics scheme
outperforms its single panel counterpart just as it does under
uniform traffic patterns. Due to � ¼ 2 and minus the uniform
traffic, the theoretical drop rate at full load should be 12%
ðhot trafficÞ � 2% ð5 hot ports=256 portsÞ ¼ 10%. Thus, the
simulation results to around a 10 percent of S12/P1 and S8/
P2 match with this theoretical value. There is a singular point
at p ¼ 0:3 in Fig. 9, we could observe when the traffic is light
(p < 0:2), all values keep low and smooth. When traffic
increases to p ¼ 0:3, the deflected hot traffic begins to saturate
the fabrics. As a result, there are some glitches around p ¼ 0:3
in Fig. 9, and the curves of the drop rate bifurcate afterward in
Fig. 10.

In [21], Tzengusesanother extrememodel with just a single
hot spot to measure the fabricperformance undernonuniform
patterns, which should have more pronounced traffic con-
gestions. The hot spot, which is chosen at output port 0,
collectively receives� ¼ 10 percent hot traffic in addition to its
fair share of 90 percent regular traffic left. The 90 percent
regular traffic is evenly distributed over all 256 output ports.
For comparison purposes, we also show simulations for this
model in Figs. 11 and 12. In Figs. 11 and 12, they also show a
similar property of the interleaved fabrics, as Figs. 9 and 10,
with little performance degradation against load increase.

5 FT OF THE INTERLEAVED ARCHITECTURE

A critical design aspect of high-performance routers is their
reliability. Though the Internet itself is designed to tolerate
failure of some router nodes, lost of core routers still results
in considerable congestion to other routers with unbalanced
traffic. Moreover, some subnets, which connect through the
failure node, will be made unreachable.

VLSI technology moves rapidly into the nanometer
range. However, the devices suffer from extreme process
variation, particle-induced transient errors, and transistor
wear out. In the near future, it will be unlikely to avoid
having faults in VLSI systems. Considerable research has
been devoted to fault-tolerant switching system. In [30], the
authors explore some new schemes. Though their design
can tolerate a large number of defects/faults with smaller

overhead than the traditional triple-modular redundancy, it
still requires a lot of hardware replication, which is only
feasible to their 5-input chip multiprocessor (CMP) switch
without much scalability.

As to our interleaved switching fabrics, its parallel
architecture already has built-in redundancy that in turn
provides FT. Our scheme treats a faulty element in a similar
fashion as the hot congestion area and deflects the traffic
away from it. There are link and SE failures inside the
switching fabrics. SE hardware is much more complex and,
therefore, more prone to faults than the internal link
connections. An internal link fault could also be modeled
as an SE fault since a faulty link renders the following SE as
a nonworkable unit. Thus, in this paper, we use the SE fault
model to evaluate its detrimental effects to system
performance.

5.1 Single Fault Model

In the single fault model, we have an SE that is faulty,
which could not accept any cells. Thus, the cells that need to
pass the faulty SE are deflected in the prior stage. If the
faulty SE is located in last copy of the fabrics, the
recirculated cells need to jump this faulty point in case of
the ICOFA approach. However, we have observed that the
stage location of the faulty SE determines the degradation to
the performance other than the row location. Thus, in our
simulations, the faulty SE is placed at the same row but in
different stages. For the results reported here, we have
chosen row 31 (and different stages) for symmetry purpose.
Because hot-spot traffic saturates part of fabrics along its
path, the effect will depend on the location of the faulty SE.
Thus, we will just use uniform traffic for the fault-tolerant
test throughout the paper.

5.1.1 Single Panel and Interleaved Double Panels

In this section, we compare how a fault impacts the
performance of the single panel and interleaved double
panels; both single and double panels have the same length
of six stages. Figs. 13 and 14 show the simulation results
with an increasing load in the x-axis. The fault stage
locations are labeled in parenthesis.

It is observed that the fault location determines the
degradation to S6/P1 especially for drop rate. In Fig. 14, if
the faulty SE is in the first stage, the drop rate will start from
1.59 percent. There are total 64 SEs in each stage,
1=64 ¼ 1:56%. One faulty SE means 1.56 percent of the
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input traffic will be lost immediately without switching
through the fabrics. Thus, the simulation results match the
theoretical value and prove the first stage is the most critical
for single panel fabric. Another critical stage of S6/P1 is the
first stage of last copy, which also merges with the first
entrance point of the FA approach. If the fault happens to be
this stage, both the latency and drop rate deteriorate
noticeably, with a 3.23 percent drop rate as opposed to
1.97 percent for fault-free situation. Finally, the performance
is insensitive to the last stage fault of S6/P1, considering
most of cells have been switched to destination queues in
prior stages.

As expected, the faulty SE exhibits negligible impacts to
performance of S6/P2 regardless of their fault locations.
The interleaved fabrics in parallel not only substantially
enhance the overall performance, but also tolerate the single
hardware failure. Even for the fatal fault in first stage of S6/
P1, S6/P2 still give the inputs another chance to divert the
flows into the fabrics.

5.1.2 Identical Number of Stages

In this section we compare the single and double interleaved
panels when both have the same total number of stages (i.e.,
about the same amount of hardware resources). In this case
we compare S12/P1 with S6/P2, which have the identical
amount of stages. Mean latency and drop rate versus offered
load are depicted in Figs. 15 and 16. The simulations also
indicate that S12/P1 suffers from the fatal fault of first stage

just as Fig. 14 shows. The drop rate starts at 1.59 percent. Thus
S12/P1 will tolerate the single fault error as S6/P2 does,
except the first stage fault. However, just as Figs. 7 and 15
show, the more than three times difference in mean latency
makes S6/P2 superior over S12/P1.

5.2 Multiple Fault Model

The multiple fault model is considerably more complicated
than the single fault model, because of the abundant
combinations of the number of faults and locations. However,
the faults in the identical stage of different copies will
generate a switching bottleneck and make the performance to
deteriorate significantly, since all of them correct the same
position of the tag bits. Thus, the simulations in Figs. 17 and 18
depict this situation. As before, we specify the fault location in
the parenthesis. For a single panel, S8=P1ðS4þ S8Þ means
that we choose faults at stages 4 and 8. For interleaved double
panels, S6=P2½ðS2þ S6Þ=P1þ S2=P2� means that we choose
faults at stages 2 and 6 of panel 1 and stage 2 of panel 2.
S6=P2½ðS2þ S6Þ=ðP1þ P2Þ� means that we choose faults at
stage 2 and 6 for both panels and so forth. Since faults have a
strong tendency to happen in continuous (or nearby) areas,
we assume that there are continuous four faulty SEs in each
stage and locate them at row 30, 31, 32, and 33 for symmetry
purposes.

As it can be observed in Figs. 17 and 18, S8=P1ðS4þ S8Þ
and S12=P1ðS4þ S8þ S12Þ are considerably impacted by
this fault model, even though S12/P1 has a satisfactory
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Fig. 13. Mean latency versus offered load (single fault test).

Fig. 14. Drop rate versus offered load (single fault test).

Fig. 15. Mean latency versus offered load (single fault test).

Fig. 16. Drop rate versus offered load (single fault test).



performance against single fault in Figs. 15 and 16. First of
all, more delay latency pulls the curve above the fault-free
ones. Then, their drop rate jumps quickly from 9:8� 10�8 of
fault free to 3.4 percent at full load p ¼ 1:0. However, the
redundant stage in first copy of S12=P1ðS8þ S12Þ still
provides capabilities to tolerate faults in stage 8 and 12.

For S6/P2, stages 2 and 6 of S6/P2 (total of four affected
stages) correct the second position of the tag bits. It is
reasonable that one or more redundant stages in S6=P2½ðS2þ
S6Þ=P1� and S6=P2½ðS2þ S6Þ=P1þ S2=P2� will compensate
the faults with slight degradations in latency and drop rate.
Stage 3 of S6/P2 (total of two affected stages) corrects the third
position of the tag bits. If both of them fail, inferior
performance is expected as S8=P1ðS4þ S8Þ and S12=P1ðS4þ
S8þ S12Þ exhibited. However, it should be noticed that
S6=P2½S3=ðP1þ P2Þ� and S6=P2½ðS2þ S6Þ=ðP1þ P2Þ� cause
a negligible increase in drop rate, 0.086 percent as opposed to
0.013 percent of fault free.

In order to understand why the interleaved architecture
is fault tolerant, we consider first the two points where cells
are dropped. One is in the SE itself when all local buffers are
full. For example, if SE at row 0 stage 2 in Fig. 2 fails, all
flows from input 0 and 4 will merge and go through port 4
of SE at row 0 stage 1. The intense flows fill the local buffers
quickly and make dropping cells unavoidable. The second
point is at the FA entrance points. If all FA entrance points
are not available, the recirculated cells will be dropped.
Compared with the single panel architecture, S6/P2 first
reduces the traffic to half for each panel, and then, it
doubles the FA recirculation points, which broaden the
switching path and mitigate collisions. Though correcting
the deflected cells of S6=P2½S3=ðP1þ P2Þ� increases latency
a little to 6.6 cycles as opposed to 4.7 cycles of fault free, as
shown in Fig. 17; this latency is still far below its counter-
part of S12/P1. Moreover, with a total four stages to correct
the second position of tag bits, S6=P2½ðS2þ S6Þ=ðP1þ P2Þ�
still achieves a remarkable performance with low latency
and drop rate.

Furthermore, we have performed simulations with some
extreme cases which the number of faults are doubled to eight
faults in specific stages (row 28 to 35). Figs. 17 and 18 show this

situation: S6=P2½ðS2þ S6Þ=ðP1þ P2Þ�-double and S6=P2½S3=
ðP1þ P2Þ�-double at full load p ¼ 1:0 have 5.3 cycles latency
and 0.2 percent drop rate and 7.5 cycles latency and
0.5 percent drop rate, respectively. Again, the interleaved
architecture shows much stronger capability of tolerating
faults than its single panel fabric counterpart.

5.3 Redundant Array of Independent Fabrics (RAIF)

From the simulations and analysis above, as a good
example of interleaved architecture, S6/P2 shows a better
performance and much stronger capability to tolerate
internal hardware failures than the single panel architec-
ture. Specifically, each panel in S6/P2 will be a switching
board, which is relatively independent, as mentioned in
Section 3. Even under the worst case scenario, where one
panel is broken, the other panel in S6/P2 will allow the
router to continue running with some performance degra-
dation. On the other hand, in the case of S12/P1, the whole
system will malfunction. Moreover, inspired by Redundant
Array of Independent Disks (RAID) technology [31], we
could build a RAIF by upgrading the S6/P1 with more
panels in parallel. Thus, each switching panel in RAIF
works as similar as a hard disk in RAID. The extra panels
could work as RAIF 0 (similar as RAID level 0): working in
parallel as S6/P2. Other alternative, one additional panel
works as RAIF 1 (similar as RAID level 1): stand by; this will
help to lower power consumption while there is no fault,
and this panel will replace a malfunctioning one when fault
happens. Combined with RAIF 0 and 1, we could build the
RAIF 2 with Y panels ðY > 2Þ: Y � 1 panels working in
parallel and one panel stand by for FT. RAIF provide a
flexible scalability with FT and graceful performance
degradation.

6 CONCLUDING REMARKS

In this paper, we have presented a novel architecture of
interleaved switching fabrics for scalable high-performance
routers. We also present an analytical model to assess the
architecture throughput. The benefit of the interleaved
architecture comes from avoiding the high nonlinear
increase during load portion ð0:5 � p � 1Þ for the single
panel fabric. Simulations under different traffic patterns
have shown that the interleaved switching fabrics are far
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Fig. 17. Mean latency versus offered load for multiple faults test.

Fig. 18. Drop rate versus offered load for multiple faults test.



less sensitive on mean latency against load congestion
because of its parallel switching. For the single panel fabric,
the mean latency deteriorates considerably as the load
increases. Therefore, this property against congestion is
highly preferred for backbone routers with a number of
real-time applications.

With the same length of stages, S4/P2 (S6/P2 and S8/P2)
always outperform (in terms of latency and throughput) the
single stage S4/P1 (S6/P1 and S8/P2) under different traffic
settings. The interleaved switching architecture provides
speedups of 3.4 and 2.25 (or 240 percent and 125 percent
improvement larger than 100 percent) under uniform and
hot-spot traffic, respectively. Although the number of SEs
increases linearly, the proposed scheme shows very
promising potential and scales well with present technology
as compared to the exponential increase of single crossbar.
Even with the same number of SEs and different organiza-
tions, S6/P2 exhibits better performance than S12/P1
(around three times in average latency) except for its
negligibly higher drop rate. With a small increase of
hardware resources, S8/P2 outperforms S12/P1 for any
traffic patterns.

Moreover, our scheme treats a faulty element in a similar
fashion as the hot congestion area and deflects the traffic
away from it. Extensive simulations under different faulty
models have reveled that the interleaved multistage switch-
ing fabrics are highly fault tolerant against internal hard-
ware failures that single panel fabric does not achieve.
Under the worst case, the single panel fabric drops all
packets when faults are located at the first stage. In general,
it is possible to build a reliable and scalable high-
performance switching system using a RAIF scheme in a
similar fashion as RAID [31].
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