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ABSTRACT. As the Internet grows exponentially, scalable high 
performance routers and switches on backbone are required to 
provide a large number of ports, higher throughput, lower delay 
latency and good reliability. At present, most of these routers and 
switches are implemented on single crossbar as the switched 
backplane fabric. But the complexity of the single crossbar is 
increased with O(N2) in terms of crosspoint number, which is 
unacceptable for scalability when N becomes large. A delta class 
self-routing multistage interconnection network with the complexity 
of O(N×log2N) has been widely used in the ATM switches. However, 
the reduction of the crosspoint number results in the serious internal 
blocking. To solve this problem, quite a few scalable methods have 
been proposed. One of them, more stages with recirculation 
architecture is used to reroute the deflected packets, which increase 
the latency a lot. In this paper, we first bring out the multiple-panel 
MIN switching fabrics with interleaved recirculation. We also show 
how to correctly choose the recirculation points to reroute the cells, 
compared with the wrong connections of former publication.   From 
the simulation under different traffic patterns, this new interleaved 
architecture, which is insensitive to congestion, could achieve better 
performance than its counterpart of single panel fabric.     
KEYWORDS. Switching fabric, MIN (multistage interconnection 
network), I-Cubeout network, interleaved recirculation connection.  

I. INTRODUCTION 
Routers construct the skeleton of the Internet. Their kernel, the 
structure and configuration (scheduler) of the backplane, 
dominates the routers’ performance, scalability, reliability and 
cost. As higher performance is required with the rapid 
development of the network economy, router’s architecture 
has also evolved from the shared backplane to switched 
backplane [1]. At present, most of these routers are based on 
single stage crossbar, such as the Cisco 12000 series high-end 
routers. To control the crossbar, complicated schedulers have 
been developed; for example, PIM [2] was used for DEC’s 16-
port AN2 switch and iSLIP [3] was used for Cisco 12000 with 
16 line cards in a single chassis. So with the complexity of 
O(N2) in terms of crosspoint number, these routers just 
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 routers, which will 
incorporate the Internet, telecommunication and TV services. 
It is required that a large number of line cards 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 
which was defined by Patel [8]. They were firstly 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 pairs 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 O(N×log2N) also comes 
with the expense of serious internal blocking, which leads to a 
poor throughput under some traffic conditions. The basic 
reason for this is that the delta class is not a permutation 
network; it could not implement all the permutations of inputs 
with a single copy (log2N stages) of such a network. In [9], 
Wu and Feng concluded that 3×(log2N)-1 copies through the 
regular shuffle exchange network are sufficient to realize 
arbitrary permutation in which N is the network size. A 
complicated routing algorithm, which realizes the arbitrary 
permutation, was given at the same time. The algorithm is too 
complicated to be feasible using a simple and fast hardware 
implementation. So the prove has just theoretical value.  But it 
shows a direction that more stages will help increase 
throughput and ease collisions.  

In [10] and [11], the authors build the output-queued MIN 
with b×2b switching elements, so that the number of cells that 
can be concurrently switched from the inlets to each output 
queue equals to the number of stages in the interconnection 
network. In [12], the author improves the architecture in [11] 
by choosing different recirculation approaches from the last 
copy of stages. But in order to achieve higher throughput, 
more stages are required, which increase both the latency and 
hardware cost.  

In this paper, we propose a novel scheme that uses multiple-
panel MIN switching fabrics with interleaved recirculation. 
This novel architecture keeps the SE hardware complexity 
acceptably low and achieves better performance under various 
traffic patterns. The rest of the paper is organized as follows. 
Section 2 describes the details of this new architecture of 
switching fabrics. To evaluate this architecture, extensive 
simulation results and analysis are presented in Section 3. 
Finally, Section 4 concludes the paper. 
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II. INTERLEAVED MULTISTAGE SWITCHING FABRICS 
Because our switching fabrics architecture consists of small 
b×2b crossbar switching elements (SEs), it is crucial to make 
an assumption throughout the paper that these crossbars are 
fixed length cell based, though the cell length here is not 
necessarily as that of ATM cells (53 bytes). Other researchers 
have also used “packet” as term [12]. But in OSI or TCP/IP 
model, “packet” always means variable length PDU (protocol 
data unit). So we still borrow the name “cell” from ATM just 
as in [1] and [13].  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 must be segmented into the fix-
sized cells before being transferred across the switching fabric. 
At the output, the cells are reassembled into previous packets 
before being sent to outgoing LC.  In [12], Tzeng gives a 
mechanism to keep track the cells in transmission for 
resequencing at their destinations. So we will not cover the 
packet segmentation and reassemble in this paper. 

Figure 1. ICO8 with recirculation. 

A. Single panel multistage switching fabric 
Based on research published in [10] and [11], Tzeng [12] 
proposed a new multistage switching fabric for scalable 
routers as shown in Figure 1, which is based on I-Cubeout 
(ICO). Each b×2b SE has b remote outlets to connect to 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: 
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1 222  (1) 
 (Where n=log2N, N is the network size) 

So the indices of the lines incident on the 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 by N/2, 
those in stage 2 differ by N/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 (i mod (log2N) +1) in a similar fashion as in Figure 1.  

The self-routing method of the ICO is slightly different 
from that used in normal delta class network, as shown in 
Figure 2 without 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 bit-wise 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 non-zero 
tag bit is corrected this way, it will be reset to “0”. If a tag bit 
corresponding to stage i is “0”, the cell just passes straight 
through the SE of the corresponding stage. When all the tag 
bits become “0”, that means the cell has reached to its destined 
row and may take the associated local outlet at the SE to its 
destination queue, through which the output LC is connected. 

 
  Figure 2. Routing of the switching fabric. 

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. So, 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, which 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, will 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, a random one is chosen for priority.  

In the example shown in Figure 2, a cell with destination 
110 comes into input 001. Then a tag 111 will be generated by 
the XOR operation. Next at stage 1 of copy 1, the cell cross 
the SE to clear the leftmost bit accordingly and cyclic shift one 
tag bit left.  The new tag is 110. At stage 2 of copy 1, the cell 
is deflected and cyclic shift one tag bit left, so the 
corresponding bit still keeps “1”. Finally, the cell arrives at 
destination 110 at stage 2 of copy 2 with all zero tag.       

B. Recirculation connection                                                                         
In order 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 
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the last stage), into the last copy of switching fabric again by 
recirculation (to avoid intensive collisions at previous copies). 
In [12], Tzeng proposes three approaches for choosing the 
reentry point shown in Figure 1: static connection, FA (first 
available point) and FO (first “1” bit in routing tag). 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 [12] 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 Figure 3. 
We believe this is not correct; to show this we have a counter 
example. A cell with destination “110” comes into input 
“001”, and then routing tag “111” is generated. We assume 
that the cell is deflection-routed in stage 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 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. That means the cell has 
reached its destination queue and should be extracted from the 
switching fabric.  But the local real address is “000” and 
“100”, the cell will never have a chance to reach its correct 
destination with a 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 equation (1).  

 
Figure 3. Routing failure to the same physical row. 

 
Figure 4. Correct recirculation to the same logic row. 

So the correct recirculation should always connect to the 
same logic row (logical row means the same row which has 
identical index of lines) as shown in Figure 4. The cell is fed 
to either M1 or M2. The cell will be terminated at the correct 
destination queue as shown by the tags in circle. 

C. Interleaved multistage switching fabrics                                                  
Parallel Banyan network or replicated Delta network [14] was 
brought out many years ago. But after splitting the flows at the 
input multiplexers, the flows will be separated independently 
through each panel of switching fabric. So sometimes the 
expensive hardware resource is not fully utilized in case of 
unbalanced traffic patterns. Combined with single panel of 
multistage switching fabric above, we propose a new 
architecture of interleaved multistage switching fabrics as 
shown in Figure 5. 

We glue together multiple panels of ICO network shown in 
Figure 2, both at the primary inputs and outputs. 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 (t mod P), for total P 
panels from 0 to P-1.  At the primary outputs of each panel, 
we use the recirculation connections as shown in Figure 4 to 
reroute the deflection-routed cells into the switching fabric of 
next panel in modular. So the recirculation flows of panel i 
will go to panel ((i+1) mod P). However, the recirculation 
entry points still follow the logic rows as shown in Figure 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 ξ, each concentrator 
could choose up to ξ 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.    

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 collision. With the comparison to the single panel 
of switching fabric in Figure 1, our interleaved architecture 
should achieve better performance because the flows are 
balanced and switched in parallel. In next section, we evaluate 
this scheme’s performance through simulations under different 
traffic patterns. 

Figure 5. Interleaved multistage switching fabrics. 

III. PERFORMANCE EVALUATION AND RESULTS 
We use simulation to evaluate the performance of our 
interleaved switching fabrics. Professor Tzeng made available 
to us the simulator used in [12]; the recirculation bug shown in 
Figure 3 was corrected. The simulator was modified to fit the 
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requiremenst of our architecture of interleaved switching 
fabrics. To compare with results of [12], we also choose 256 
inputs/outputs with 4×8 SEs.  

A. Simulation model 
The cell flows are fed into each panel through the 256 
demultiplexers at the inputs. So at clock t, the input flows 
coming at that clock will go to panel (t mod P).  The offered 
load p is defined as the probability that a cell is generated at 
each input during one cycle. In the simulations, two panels are 
used for simplicity and practical purposes, so P=2. If P>2, the 
marginal gain of performance over hardware cost degrades 
with saturation, so we do not show the simulation results here. 

Tzeng [12] has shown that buffered fabrics will get better 
performance, so we also use the same model for comparison. 
Each SE output queue (either local or remote one) is equipped 
with 12-cell buffers. At the outputs, each destination queue 
could runs with a speedup ξ. Up to the capacity, ξ cells can go 
through the outputs to outside LC. As the simulation in [12], 
we also choose ξ= 2. 

The cells take one system cycle to move from one stage to 
the next stage, as same as that the deflection-routed cell use to 
reenter the switching fabrics through the recirculation. In [12], 
the author use ICOFA (first available point) and ICOFO (first 
“1” bit in routing tag) for 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 much 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. 
So we choose the ICOFA as the recirculation connection in our 
simulation. For all results, 200,000 system clocks are 
simulated, which are long enough to get steady state results.  

B. Performance under uniform traffic patterns 
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 P=1 and interleaved 
double panels P=2 is shown in Figure 6.  For P=1, we test it 
with 4, 6, 8 and 12 stages. For P=2, stages 4, 6 and 8 per panel 
are simulated. In the figures and below, we use the notation 
SX/PY where X specifies the number of stages and Y the 
number of panels. S8/P1 has identical number of SEs as S4/P2, 
just as S12/P1 with S6/P2. In terms of stages, S4/P1 and S4/P2 
(as S6/P1 and S6/P2, S8/P1 and S8/P2) have the same length.  

From Figure 6, it can be observed that the interleaved 
fabrics significantly reduce mean latency (4.7 cycles of P=2 
over about 16 cycles of P=1 at load p=1.0). Because of its 
parallel switching fabrics, the proposed scheme shows 
considerably less latency degradation with the increase of 
uniform traffic. Figure 7 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, in 
these two comparisons the hardware is doubled. But when 
comparing S6/P2 and S12/P1, we find that slight increase of 
drop rate (0.013% of S6/P2 over 0 of S12/P1). These two 

configurations, S6/P2 and S12/P1, have a significant 
difference (about 16/4.7=3.4 times) in their mean latency; 
however, S6/P2 is preferred for real time connectionless 
applications. Even for connection-oriented applications, TCP’s 
ARQ (Automatic Repeat Request) scheme compensates for the 
negligible drop rate. 
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Figure 6. Mean latency vs offered load under uniform traffic. 
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Figure 7. Drop rate vs offered load under uniform traffic. 

C. 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. In 
[12], Tzeng uses a single hot spot model to measure the fabric 
performance under nonuniform patterns. The hot spot model 
will have more pronounced traffic congestion. For comparison 
purpose, we also use the single hot-spot model for simulation 
as shown in Figure 8 and 9.     

The hot spot, which is chosen at output port 0, collectively 
receive η=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. From Figure 8, 
the interleaved fabrics still show great advantage with much 
lower mean latency against load increase (less than 8.2 cycles 
of P=2 over more than 18 cycles of P=1 at load p=1.0). In 
single panel group of P=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 
Figure 5. In double panel group of P=2, the results become 
complicated: S4/P2 has larger mean latency at p=1.0. Due to 
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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 Figure 9, S4/P1 still has the highest drop rate, because 
there is single copy of I-Cube network and the recirculated 
cells have many collisions with the cells just from inputs. 
Because S4/P2 balances the recirculated cells between each 
panels and decouples them with the input flows, it decrease 
the drop rate from 33% of P=1 to 12.2% at load p=1.0. The 
same phenomenon happens between S6/P1 with S6/P2.  With 
the same hardware resource of SEs, S6/P2 just has a little 
higher drop rate 10.2% over 9.6% of S12/P1. Considering 
S6/P2’s mean latency is just 5.9 clocks over S12/P1‘s mean 
latency of 20.8 clocks at p=1.0, our simulations have shown 
that the interleaved fabrics scheme outperforms its single 
panel counterpart, just as it does under uniform traffic patterns. 
Due to ξ= 2 and minus the uniform traffic, the theoretical drop 
rate at full load should be: 10%(hot traffic)-1.1×0.4%(1hot 
ports/256ports)≈9.56%. Thus the simulation results around 
9.6% of S12/P1 and S8/P2 match with this theoretical value. 
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Figure 8. Mean latency vs offered load under hot-spot traffic. 
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Figure 9. Drop rate vs offered load under hot-spot traffic. 

IV. CONCLUDING REMARKS 
In this paper, we presented a novel architecture of interleaved 
switching fabrics for scalable high performance routers. 
Simulations under different traffic patterns have shown that 
the interleaved switching fabrics are insensitive on mean 

latency against load congestion because of its parallel 
switching. The mean latency deteriorates considerably for the 
single panel fabric after increase of the load. So this property 
against congestion is highly preferred for backbone routers 
with a number of real time applications (such as VOIP, 
network conference and games).  

With the same length of stages, S4/P2 (S6/P2 and S8/P2) 
always outperform (latency, throughput) their pairs S4/P1 
(S6/P1 and S8/P2) under different traffic patterns.  Although 
the number of SEs increases linearly, the proposed scheme is 
very promising and scales well with present technology as 
compared to the exponential increase of single crossbar. We 
have shown that even with the same number of SEs under 
different organizations, S6/P2 exhibits better performance than 
S12/P1 (around 3 times in average latency) except its 
negligibly higher drop rate. With a little increase of hardware 
resources, S8/P2 outperforms S12/P1 under any traffic 
patterns. Moreover the interleaved multistage switching 
fabrics reveal to be highly fault tolerant against internal link or 
SE failures.   
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