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ABSTRACT An efficient buffer sharing approach with fault- 
tolerant mechanism between the switch-units of a 3-stage shared 
buffer ATM switch is proposed to reduce bursty traffic cell loss 
ratio, the required buffer size in each switch-unit, and the num- 
ber of required redundant switch-units in fault-tolerant applica- 
tions. With the buffer sharing nature, the proposed structure can 
reduce cell loss ratio and the required buffer size of a switch unit. 
The buffer sharing interconnection structure is based on the pas- 
sive optical star couplers employing the WDM (Wavelength 
Division Multiplexing) and the multi-bit parallel transmission 
technologies for accessing cells in the memory buffers of the 
switch-units, which can reduce the transmission speed require- 
ment and the wire complexity. A practical example in B-ISDN is 
shown that 7 optical channels are sufficient in the passive optical 
stars for building a 1024 x 1024 ATM switch under a bursty- 
overflow traffic load of 0.2 and cell loss ratio below 

1. Introduction 
In recent years, much attention has been paid to a promising 
technique, the asynchronous transfer mode (ATM), for transfer- 
ring and switching a wide range of communication services in 
Broadband Integrated Service Digital Network (B-ISDN) [ I ] .  
An ATM system requires a high-speed switching fabric which 
exchanges a large number of short and fixed-length packets 
(cells) according to the attached headers. A lot of switching fab- 
rics have been proposed to implement the ATM switches [2-41. 
In general, these switching fabrics need buffers due to bursty 
traffic and the output contention problem. [6,1 I ,  121. 
In many proposed output-buffered switching fabrics, the shared 
output buffer architecture is one of the best techniques to reduce 
the required buffer size [8-IO]. However, all the cells arriving at 
the switch inputs must be transmitted into their corresponding 
output ports within one cell time slot. Thus, the speed of the 
internal fabric has to operate N times faster than the input or 
output links for an N x N switch, where N is the number of input 
or output ports. For a large N,  such a speedup is not feasible in 
an ATM switch. However, a 3-stage nonblocking network con- 
structed by a number of small size shared buffer switch-unit, for 
instance 32 x 32 or 64 x 64, is most commonly used [8,9]. 
For a fixed buffer size switch-unit, the cell loss ratio may be 
increased dramatically due to bursty traffic when a large number 
of incoming cells are destined to the same switch-unit in a short 
period of time. The large number of lost cells may include rout- 
ing information (call setup between switch-units, t r u n k h e  sig- 
naling cells), OA&M messages, and loss inhibited data, etc. Al- 
though some of them can be re-transmitted, the quality of serv- 
ice (QoS) of the network may suffer a lot. 
In this paper, we propose an extended buffer sharing approach 
which shares buffers among the switch-units to reduce cell loss 
due to bursty traffic. Once buffer overflow occurs in a switch- 
unit, the over-loaded cells are stored in one of the other switch- 
units through a passive optical star, and then fetched through 
another passive optical star. In other words, the shared buffer 
nature can be further enhanced, and the buffer size in each 
switch-unit can be reduced. 
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2. Optically Interconnected Structure for Shared Buffer 3-Stage 
ATM Switches 

A 3-stage Clos network is composed of a number of identical 
switch-units as shown in Figure I .  A problem with such a net- 
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Figure 1. The general 3-stage nonblocking 
architecture. 
work is that the ATM bandwidth allocation of the cell setup can- 
not be performed very frequently due to the internal link block- 
ing. The network is nonblocking if and only if the number of 
switch-units m in the second stage is greater than or equal to 2n- 
1, where n is the number of input ports of a switch-unit in the 
first stage [20]. The network is also nonblocking if the number 
of faster internal links is several times larger than that of the 
incoming lines [ 191. To simplify the specification, we will focus 
on the former structure in the following discussion. 
In the 3-stage Clos network, most of the cells will be queued at 
the 3rd stage. Thus, cell loss due to bursty traffic, will happen at 
the 3rd stage. The approach of buffer sharing among the switch- 
units can effectively decrease cell loss at the 3rd stage. 
A. Shared Buffer Memory S w k h  Architecture 
For a large scale ATM switch as shown in Figure 1. the switch- 
unit is implemented with a shared buffer memory switch archi- 
tecture. Figure 2 shows the conceptual architecture of a shared- 
buffer switch. It consists of four major portions: ( i )  a memory 
pool (MEMP); (ii) a multiplexer (MUX); (iii) a routing control- 
ler (RC); and (iv) a demultiplexer (DMUX). 
In each cell time slot, input cells are taken sequentially from port 
1 to port g. In the meantime, the control signals of each input 
packet are extracted by MUX and sent to RC. A proper memory 
address is then given by RC to store the cell into MEMP. RC is 
an effective memory management controller. It keeps the order 
of the incoming packets in MEMP. To avoid out-of-sequence 
issue, two memory management methods are used in RC. The 
first is link-list address scheduling [8]. All the incoming cells are 
chained in a link-list form. Each cell in MEMP has a pointer to 
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Figure 2. The conceptual shared bufer memocy switch 
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Figure 3. The optically interconnected shared buffer in the third 
stage. 
indicate the next cell. Thus, RC only records a packet chain's 
top and end of all output ports. The second is separated queue 
address scheduling [13]. Each output port has a FIFO queue to 
sequentially buffer the stored packet addresses in MEMP which 
are destined to this output port. The former has lower hardware 
complexity whereas the latter has higher reliability. 
B. Extended Shared Buffer Topolo 

Figure 3. When bursty traffic occurs, the buffers of this switch- 
unit may be overflowed and lose packets. However, in the mean- 
time, other switch-units may have enough buffer to store the 
overloaded packets to prevent packet loss. Inlet passive optical 
star and outlet passive optical star are used to establish the 
routes for storing incoming packets in other switch-units and for 
fetching the outgoing packets which are temporally stored in 
other switch-units, respectively. Each optical star has a number 
of optical channels with different wavelengths to support inter 
switch-unit memory requests. Each switch-unit has two pairs of 
tunable transmitter (TX) and tunable receiver (U). When an 
switch-unit issues an external memory request, an optical chan- 
nel with a distinct wavelength will be selected. The central con- 
troller collects the memory utilization of all switch-units. If any 
inter-switch-unit memory is requested, the central controller 
performs the channel assignment algorithms. After selected an 
optical channel, the central controller informs TX of the request- 
ing switch-unit, and RX of the providing switch-unit, to tune to 
the selected wavelength. The cell and memory access signals are 
transmitted and received through this optical channel with the 
assigned wavelength. The control signals between all the switch- 
units and the central controller are communicated through a 

The Optically Interconnected iY hared Buffer Scheme is shown in 
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Figure 4. 
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The structure of an optical intevconnected shared 

fixed optical channel with a distinct wavelength h,. 
Figure 4 is the extended functional architecture of a switch-unit. 
MEMP uses a dual-port memory for the internal switch-unit 
access and the extemal switch-units access. RC handles the in- 
tra-switch-unit routing control and the inter-switch-unit memory 
access operations. All input signals come from the optical stars 
which are composed of a number of 2 x 2 couplers [ 141. An op- 
tical splitter or WDM demultiplexer separates the control signal 
h, and a tunable receiver filters the signals of external packets 
with the selected wavelength A,. After O/E conversion, h, is sent 
to RC and h, is fed into a memory control interface. RC then 
selects an address of MEMP to store the external cell or to fetch 
the cell which is stored in other switch-units. In contrast, the cell 
which wants to be stored in another switch-unit or the external 
cell which wants to be stored in this switch-unit will be sent by 
the selected wavelength. 
The detail switching scheme of the extended switch-unit is 
shown in Figure 5.  It is easy to implement with only modifying 
mini-time slot partition for an asymmetrical switch-unit. All the 
incoming cells will be served to write in the destined switch-unit 
or an extemal switch-unit in an inlet cycle, whereas all the out- 
going cells will be read out from the sending MEMP or external 
MEMPs in an outlet cycle. These two cycles are functionally 
independent, and therefore they are processed concurrently. 
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Figure 5. The shared memory switching scheme of the opticalli) 
interconnected switch-unit. 
Because a packet needs to be written into (or read out from) a 
switch-unit and at the same time a packet requires to be stored in 
(or fetched from) an external switch-unit due to buffer overflow, 
two pipelined parallel operations are performed. In an inlet cycle, 
a packet in each input port is served by a 4-stage pipelining cy- 
cle. The function of each stage is: 
stage (A) Translate header and fetch MEMP address; 
stage (B) Writes input cell to MEMP or issues an external re- 

quest to the central controller if overflow; 
stage (C) Tunes TX of the sending switch-unit and RX of the 

selected extemal switch-unit; 
stage (D) Writes the input cell to the external switch-unit. 
If no buffer overflow, stages (C) and (D) are idle. 
In an outlet cycle, all output ports are served in a round-robin 
sequence. Each output port also has 4-stage pipelined operations 
to read out the stored cell as shown below: 
stage (A) Fetch the read address for a cell stored locally or gen- 

erates control message to RC if the packet is stored in 
an external switch-unit; 

stage (B) Reads cell data if the cell is stored locally or issues an 
external request to the central controller if the cell is 
stored in another switch-unit; 

stage (C) Tunes RX of the receiving switch-unit and TX of the 
extemal switch-unit where the cell I S  stored; 

stage (D) Restores the cell data that is stored in the external 
switch-unit. 

Similarly, stage (C) and stage (D) are idle if the cell is stored 
locally. At most two readwrite accesses can be outstanding in 
each mini-time slot in both concurrent inlet and outlet cycles. 
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3. Optical Channel Assignment Algorithms 
Two optical channel assignment algorithms in the central con- 
troller are derived for inlet and outlet passive stars. 
A. lnlet Optical Channel Ass; nment Algorithm 

Figure 6(a). Denote the buffer utilization of switch-units with 
A[k] ( k  = 1, 2, ..., K). A[k]  indicates if the switch-unit has enough 
buffers or not. A barrel shifter or sorter is used to partition A[k]  
into B[i] and CUI, where i = 1,  2, ..., I ;  j = 1, 2, ..., J; I + J = K. 
B[i] denotes the switch-units which have enough buffers to pro- 
vide, whereas C[i] denotes the switch-units which have issued 
an external buffer request. That is, B[i]=k if A[k]=O or C[i]=k if 
A[k]=l ,  for i=l,  2, ..., Z , j = l ,  2, ..., J ,  and k=l,2, ..., K. By match- 
ing these two subarrays, a number of optical channels can be 
easily assigned with subscript number of each subset, such as hgI 
be assigned to switch-unit of B[ I ]  and switch-unit of C[ I ] ,  1Lg2 to 
switch-unit of B[2] and switch-unit of C[2]. Cell loss occurs 
when j > i, since the number of buffer-providing switch-units is 
less than that of buffer requesting switch-units. However, we 
assume that it will not happen with good traffic management. 
B. Outlet Optical Channel Assignment Algorithm 
The outlet optical channel assignment algorithm is proposed as 
depicted in Figure 6(b). Denote buffer status of switch-units by 
D[k] ( k  = 1, 2, ..., K).  D[k] indicates the packet stored in the cor- 
responding switch-unit. A mapping unit is used to collect the 
number of switch-units whose packets are stored in the same 
switch-unit, and push them into the corresponding queues E[k] 
(k  = I ,  2, ..., K). By matching the index of E and its entry, the 
optical channel can be easily assigned. For example, hgI is as- 
signed to TX of switch-unit 2 and RX of switch-unit 3 (where 
top of E[2]  = 3) ,  and hs2 is assigned to TX of switch-unit 3 and 
RX of switch-unit 1 (where top of E[3]  = I ) .  If more than one 
switch-unit's packet are stored in the same switch-unit, only a 
packet in one of the switch-units can be restored and other pack- 
ets will be fetched in the following cell time slots. Since the 
packets are all stored in the buffer, there is only cell delay and 
no cell loss. 

4. Feasibility Studies of Optical Techniques in Switch-Units 
A. Re uirements of MEMP 
The I T M  cell length of 53 octets is not sufficient to support in- 
ternal switching control, such as routing destination/multicast 
tags, priority indicators, and cell type identifiers. Assume an 
internal cell size is k octets, the input/output trunk speed sT 
toifrom an MEMP becomes sT = v x k / 53, where v is the speed 

The inlet optical channe 4 assignment algorithm is depicted in 
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Figure 6. Optical interconnect channel assignment approaches 
(a) Inlet: (b) Outlet. 

of user network interface. 
In an switch-unit, all the input cells of each input port must be 
served within a cell time slot. Thus, the access time to of MEMP 
shall be limited as to = cT / n, where cT is a cell time slot duration 
(cT = 1 / sT), and n is the number of input ports. Figure 7 shows 
the relationship of to vs. n for OC-3, OC-12, and OC-48. The 
internal cell size k is 64 octets. It is sufficient to carry more addi- 
tional messages, and it is a power of 2 which is very suitable for 
hardware implementation. The access time of presently available 
RAMS is only about I O  ns. 

0.2 
0.1 

0 
0 20 40 60 80 

n 

Figure 7. The memory access time ta vs. the number of input 
ports n. 
However, all of them are not sufficient to support the examples 
as shown in Figure 7 by bit-serial transmission. One solution 
uses a serial-to-parallel conversion with a p-bit parallel transmis- 
sion bus. Thus, the required access time of MEMP can be 
changed to t ,  = p x cT / n. The results of the input lines with OC- 
3 are shown in Figure 8. For a 32 x 32 switch-unit, the access 
time of MEMP would be acceptable by selecting p = I6 for OC- 
3. 

For OC-3 rate 
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Figure 8. The access time of diferent p-bit parallel transmission 
buses. 
B. Wavelenath Encoded Multi-Channel Optical Bus ( WEMCOB) 

Encodini Techni ue 
Considering a 1014 x 1024 ATM switch for OC-3. If the 16-bit 
parallel transmission bus described in Section 4-A is adopted 
between the switch-units in each stage, it is difficult to imple- 
ment with copper links. Even for the simplest bus interconnec- 
tion topology, the high hardware cost incurred by additional 32 
I/O pins is also difficult to implement in a chip or a single 
printed circuit board. Moreover, very high speed operations to 
support memory access protocols are difficult for these topolo- 
gies. Thus, a parallel transmission technique with much lower 
hardware complexity becomes more attractive. 
The wavelength encoded multi-channel optical bus (WEMCOB) 
[I61 can be modified to implement an extended switch-unit. 
Data are transmitted in parallel through a single,fiber. Data are 
encoded with distinct wavelengths. These wavelengths are com- 
bined with a WDM multiplexer, and then transmitted through a 
single-mode fiber. At the receiver end, a WDM demultiplexer 
separates the received signals through their wavelengths. These 
optical signals. are then converted into electrical signals. Moreo- 
ver, the scheme is based on the WDM technology in which sepa- 
rate low-speed control and high-speed data channels are trans- 
mitted in parallel to reduce the link speed, the power consump- 
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Figure 9. WEMCOB encoding' technique ,for a packet being 
transmitted. 
tion, and the wire complexity. However, the control signals and 
the memory access message can be encoded into the control 
channels, whereas the packets can be encoded in the 16-bit-wide 
data channels as shown in Figure 9 [ 16- 1 SI. 

5. Performance Evaluation and Fault Tolerance Application 
A. Analysis of The Number of Required Optical Channels 
Only the 3rd stage is taken into consideration in the 3-stage 
switching network. A variable p, the offered bursty-oveiflow 
trafic load of each switch-unit at the 3rd stage is defined as the 
probability of a switch-unit with fix-size buffer being in turned 
into the bursty-hufler-overflow condition (which means the 
buffer of the switch-unit will be overflowed with such traffic 
load) in one cell tiine slot. /3 is a function of buffer size, input 
burst length and input traffic load. P increases as the buffer size 
and the grouping size decrease, or as the input traffic load in- 
creases. To simplify the analysis, we do not discuss the above 
factors. 
Assume that cells arrive independently from different input ports 
and are uniformly delivered to all output ports in each switch- 
unit. The buffer size of each switch-unit is assumed identical. 
The variables are defined as follows. 
m: 
L = (NI n): 
Pk 

(1 - P) I L: 

The Pk is assumed to be the following binomial probability: 

the number of input ports in a switch-unit. 
the total number of switch-units in the 3rd stage. 
the probability of k switch-units that arrive under 
the bursty-allowance condition in one slot. 
the average number of switch-units under bursty- 
allowance in one slot. 

The average number of cells from all input ports that are des- 
tined for a switch-unit in one cell time slot is expressed as 

where q = [m(m+1)]/2. 
If C is the number of optical channels, the average number of 
cells from all input ports that have arrived at an output port in 
one cell time slot is 

1 I*, 1. 1.1 

A, -2c jkP, + 2 jCP, 
i= i  ,=I h = ( c l  , = I  

h = C + l  / = I  

Since at most C cells are sent through the extended optical stars 
in the bursty-buffer-overflow switch-units in one cell time slot, 
the excess cells will be discarded and lost. The cell loss ratio is 

The curves with different L and f3 are shown in Figure 10. It 
shows that only 7 and 8 optical channels are required in a 1024 
x 1024 (with 64 switch-units) switch and a 2048 x 2048 (with 
128 switch-units) switch under 0.2 bursty-overflow traffic load 
for cell loss ratio below 10.'. respectively. 
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Figure 10. Bursty trafic loss vs. the required numbel- of optical 
channels. 
B. Fault-Tolerant Apphcation 
For large scale ATM switches, the fault-tolerant capability be- 
comes very important. l (switch fabric) + l (switch fabric) re- 
dundancy with hot swap functions is one of the popular fault- 
tolerant schemes [21]. As shown in Figure 11, two planes of 
switch fabrics operates simultaneously; one is active and the 
other standby. When the active plane IS detected fail, the standby 
plane takes over automatically. In normal condition, the standby 
plane is idle when the active plane is working well. In addition, 
since the standby plane operates simultaneously with the active 
plane, the defect probability of two or more switch elements 
which belongs to different planes may fail at the same time is 
not negligible. In this case, the off and on switchovers between 
the two planes will result in perfonnaiice degradation and de- 
crease the QoS and reliability dramatically. 
To support the fault tolerant capability in a 3-stage shared buffer 
ATM switch, we briefly define the faults: the switch-unit mem- 
ory fault and the interconnection link fault The optically inter- 
connected structure can he used with small modifications as a 
unique fault-tolerant structure for multi stage large scale ATM 
switches to tolerate faults As shown in Figure 12, only one re- 
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Figure 11. The general redundancy structui'e of a large scale 
switch. 
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Figure 12. The proposed fault-tolerant scheme. 
dundant switch-unit is required in each stage. All the switch- 
units are connected by the WEMCOB based optical star. 
If a switch-unit memory fault is detected, the incoming cells are 
temporally accessed in other switch-units until the memory of 
the faulty switch-unit is replaced. The hot swap function is com- 
pleted by the links selection circuitry to resolve the interconnec- 
tion link fault. If a switch-unit is detected fail in the links, its 
links will be swapped to the redundant unit of the same stage by 
link selection circuitry. All the cells before swapping can be 
stored in other switch-units temporarily until the redundant one 
is ready. The cells will then be fetched through the star to the 
redundant unit and sent to the next stage or a distinct output port. 
However, the faulty switch-unit becomes the new redundant unit 
after it is repaired. Unlike the whole plane switchover in the 1 + 
1 redundancy scheme, the switchover function is completed be- 
tween the faulty switch-unit and the redundant unit, thus the cell 
loss caused by the switchover can be reduced significantly. Table 
1 shows the comparison of the required number of switch-units 
in the proposed scheme with the traditional one. 

6. Conclusions 
We have presented a scalable, high-speed extended shared out- 
put buffering approach to be applied in a 3-stage ATM switch 
with shared buffer memory switch-units. The buffer in a switch- 
unit can be shared among the switch-units at the same stage 
when buffer overflows in some of the switch-units due to bursty 
traffic. Two passive optical star couplers are used to interconnect 
the switch-units of the 3rd stage and operate the buffer sharing 
functions. We proposed a buffer-sharing pipelined switching 
scheme in the shared-buffer switch-unit such that only a dual- 
port memory pool is needed. A scalable, high-speed wavelength 
encoded multi-channel optical bus called WEMCOB is used to 
meet the memory access requirements. WEMCOB reduces the 
link speed and the wiring complexity, and simplifies the control 
circuitry in the switch-units and the optical star couplers. We 
have also proposed optical channel assignment algorithms to 
resolve multiple external memory requests. We have shown that 
at most 7 and 8 optical channels are required in a 1024 x 1024 
and a 2048 x 2048 ATM switch fabric, respectively, such that 
cell loss ratio due to bursty traffic can be reduced below the re- 
quirement of the entire switch. Finally, the WEMCOB based 
optical stars are also applied in the large scale fault-tolerant 

Table 1. The number of required switch-units for diferent re- 
dundancv schemes. 

switch fabric. The required redundant switch-units can be re- 
duced in comparison with the traditional 1 +. I  redundant switch- 
ing scheme. 
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