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size for the bypass queue is also obtained. Moreover, to reduce 
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I. INTRODUCTION 
LTHOUGH a switch using output queueing has the A characteristic of intemal nonblocking and has much 

better throu@put and delay performance than switches using 
input queueing, hardware cost is high for large switches [l], 
[2]. On the other hand, input queueing is simple in the 
hardwa aspect, while it suffers from the problem of head 
of line blocking. This is the phenomenon that a packet in the 
input buffer is pvented from accessing an available output 
port because the packet ahead of it in the buffer is blocked. 
Hence, head of h e  blocking will reduce the throughput of 
the switch. This problem can be overcome by allowing other 
packets in the buffer to be transmitted when the leading packet 
is blocked. Such an input buffer is caIled a bypass queue [3]. 
An N x N nonbuffered Banyan switch consists of N input 

buffers, N output buffers, N input port controllers, N output 
port controllers, and an N x N nonbuffered Banyan fabric. 
The N input buffers and N output buffers are used to store 
and to sfmchronize packets. The function of the input port 
controllers and output port controllers is to implement the 
bypass queueing function. The input port controller will allow 
a packet to be transmitted through the switch when the packet 
ahead of it is blocked. 

Inside the switch, time is divided into packet slots which 
contains several offer slots and one transmission slot as illus- 
trated in Fig. 1. In an offer slot, the packet routing tag is used 
to attempt to establish a path through the switch to the desired 
output port. Hence, if the switch is designed carefully, at most 
log,N bit periud are required for an offer slot. We define 
the window size as the number of offer slots in a packet 
slot. At the end of the offer slots, all packets which have 
successfully set up a path to their output ports are transmitted 
during the transmission slot. Note that the offer slots will 
reduce the throughput of an ATM switch by a fraction of 
424/(424 + flogs N), where 424 is the ATM packet length 
and f is the window size of a packet slot. 
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Clearly, a larger f provides more opportunities for packets 
in the input buffer to be transmitted and hence can increase the 
switch throughput. On the dher hand, a larger f also iocurs 
more overhead for each packet slot and hence will decrease 
the switch throughput. Therefore, the value of f should be 
carefully chosen in order to "ize the switch throughput. 

n. PERFORMANCE A"YSIS OF TIfE SWlTCH 

We assume that packets arriving at each input port are 
destined uniformly for all output ports and the loads for all 
input ports are the same. We also assume that the two input 
links of a switching element are statistically independent. 
Under these assumptions, The state of a stage can be reduced 
to that of a single input link of the stage [4]. We introduce the 
following notation before the analysis. 

n = number of stages in the switch (i.e., n = log, N). 
pi-1 = Prob[there is a packet coming to stage i]. 
pi = Prob[there is a packet departing from stage i]. 
p = overhead incurred by one offer slot. 

aj = prob[a connection setup is successful for a 
(Hence, p = logz N/424.) 

packet in the input buffer lj paths are already 
set up]. 

S ( k )  = total number of input links permitted to transmit 

B(k)  = total number of blocked input buffers after the 

TH(k)= throughput of the switch after the kth offer 

The following is the analysis to obtain aj which is the key 

a packet after the kth offer slot. 

kth offer slot. 

slot (after considering the overhead). 

parameter in the following throughput analysis. 

PO'P 

p1=pox 1 - - x - -  1-- x p o x ~ x ~  [ ; : (  :> 'I 
1 pn = pn-1 x 1 - - x - - 1 - - x pn-1 x - x '1 [ ; : (  n> 2 2  

aj = ~ n / ~ g  (1) 

The second term in the square bracket is the probability that 
the request in an input link of a switching element fails since 
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Fig. 2. MaxFmum throughput for various window sizes. 

here is a path already set up for the other input link (with 
jmbability j / N )  and with probability 1/2 that the set up path 
has the same output as ow requesting packet. The third term 
in the square bracket is the probability that the request fails 
since there is another request (not an already set up path) from 
the other input link (with probability (1 - k )  x pi-1 ) and with 
probability 1/2 both input requests are destined for the same 
output link and with probability 1/2 our requesting packet will 
lose and be dropped. 

To find the throughput of the switch, we have to consider 
the overhead caused by the offer slots. This overhead will 
reduce the throughput by a fixtion 1/(1 + kp) if k offer 
slots are used. The computation of the maximum throughput 
of the switch using f offer slots follows. In order to find the 
maximum throughput, we set po = 1 for all computation. That 
is, the switch is operated under saturation. 

Ioitially, S(0) = 0, B(0) = N ,  TH(0) = 0. 

S(1) = N x 00, B(l) = N - S(1), 
Compute a0 using Eq. (1). 

TH(1) = S(l) /N(l+ B). 
Compute using (1). 

TH(2) = S(2)/N(1+ 2p). 

Compute a ~ ( f - ~ )  using (1). 

S(2) = S(1) + B(1) x  OS(^), B(2) = N - S(2), 

S(f) = S(f - 1) + B(f - 1) x W(f-l), 
B(f) = N - S(f), 
TWf) = S(f)/N(1 + fP ) .  (2) 

The maximum throughput considering the window overhead 
is illustrated in Fig. 2. Fig. 2 shows that, with FIFO input 
queueing (window size = l), the maximum throughput of a 
10-stage Banyan switch is only 0.25. However, bypass input 
queueing can improve the throughput up to 0.44, with the 
optimal window size equals 12. 

III. PARALLEL BANYAN Swrrcm 
Although the bypass queue has improved the switch 

throughput significantly, the throughput is still low. For 
instance, the throughput for a 1024 x 1024 switch is only 0.44 
as stated earlier. To reduce the effect of the internal blocking 
and to increase the throughput, the parallel Banyan switch is 
proposed in [3] as illustrated in Fig. 3. Its operation is similar 

Fig. 3. Architecture of the parallel Banyan switch with bypass queue. 

to the single-plane Banyan switch except that the parallel 
Banyan switch provides multiple paths. In this architecture, 
a cell will be sent to all switch planes for connection setup. 
However, if more than one connection is established, only one 
connection will be chosen and the others will be released. It 
is reasonable to assume that those j paths which are already 
set up are evenly distributed among all planes; hence, the 
probability to pass through one of the planes increases. 
Therefore, the value of aj and the switch throughput can 
be increased. 

The throughput analysis of the parallel Banyan switch is 
similar to that of the single-plane Banyan switch, except for 
the computation of ai. We define m as the number of the 
switch planes and the following is the analysis to obtain ai. 

Po = P 

1 
2 2  

xpo x - -x  '1 
pn = pn-l x 1 - - j 1  x - - (1 - &-) [ Nm 2 

1 
xpn-l x - x '1 

2 2  
aj = 1 - (1 - pn/po)m (3) 

The maximum throughputs for m = 2, 3, 4 are illustrated 
in Figs. 4, 5, and 6 respectively. Note that as the number of 
switch planes increases, the optimal window size decreases and 
the maximum throughput gets more sensitive with regard to the 
window size. Hence, the window size should be more carefully 
chosen. In Fig. 7, we show the maximum throughput for 
various numbers of switch planes using the optimal window 
size. Note that the throughput increment is insignificant when 
more than four switch planes are used. Also note that the 
maximum throughput for N = 1024 can be as high as 0.85 
when m 2 4. Further, the throughput is higher than 0.9 for 
N = 256 when m 2 4. 

Iv. SIMULATION RESULTS AND DISCUSSIONS 
Figs. 8 to 11 are the simulation results of the mean delay 

time for a 16 x 16,switch under various loads and window 
sizes for m = 1 to m = 4. The delay time is measured in 
time slots where one time slot is the time for the switch to 
transmit an ATM cell (Le., 424 bits). By comparing Figs. 2,4, 
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Fig. 5. Maximum throughput of a 3-pIme switch for various window sizes. 
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Simulations for mean delay time for a 16 x 16 switch when m = 1. 
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Fig. 6. Maximum throughput of a 4-plane switch for various window sizes. 

5, and 6 with Figs. 8-11, we can see that the analytical results 
match fairly well with the simulation results. For instance, 
for m = 3, we see that the maximum throughput is obtained 
around 0.95 when the window size equals 3 or 4 from Fig. 5; 
this result is also observed in Fig. 10 for p = 0.95. Fig. 12 
shows the mean delay time for various switch planes using the 
optimal window size under various loads. From this figure, 
we observe that the mean delay time improves a lot when 
the number of switch planes increases from 1 to 2. However, 
when the number of switch planes changes from 3 to 4, the 
improvement in the mean delay time becomes insignificant. 
This result also suggests that it is not necessary to use more 
than 4 switch planes. 
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Fig. 9. Simulations for mean delay time for a 16 x 16 switch when m = 2. 

The potential problem of such a switch is that packets may 
be out of sequence at the receiver. To resolve this problem, 
a more careful design should be provided in the input port 
controller. However, as long as the window size and the 
number of switch planes are small, the hardware overhead 
required for the bypass queue will not be significant. 
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Fig. 10. Simulations for mean delay time for a 16 x 16 switch when m = 3. Fig. 12. 

16 x 16 switch. 
Simulations for mean delay time using optimal window size for a 

analysis is also performed on the parallel Banyan switch 
architecture to reduce the problem of internal blocking. It 
is shown that by using four switch planes with window size 
equals four, the Banyan switch with bypass queue can obtain 
a throughput as high as 0.9 for a large switch. This throughput 
is higher than that of switches with output queueing. By 
examining the hardware complexity, the Banyan switch has 
a complexity of switchin8 elements of order N log N which 
is much smaller than that of output queueing switches (of order 
N’). Hence, the hardware complexity for Banyan switch with 
bypass queue is still low compared to output queueing switches 
even if four switch planes are used. 
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window size for such a switch is suggested. Moreover, the 
head Of line 

Authorized licensed use limited to: National Taiwan University. Downloaded on March 24, 2009 at 01:45 from IEEE Xplore.  Restrictions apply.


