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Abstract: A novel single-chip shared buffer ATM switch architecture is 
presented, in which a Content Addressable Memory (CAM) is used to 
control access to the shared buffer RAM, in place of a linked list 
mechanism. Switch operation is explained in detail, and performance is 
compared to that of a Linked List switch. Memory capacity 
requirements are decreased, and cell storage and retrieval is simplified. 
Additional features are easily added, including priority handling and the 
first reported architectural support for multicasting in a single-chip 
shared buffer ATM switch. A novel Parallel-to-Serial memory is 
presented as an interface between the shared buffer and the output ports. 
Speed, area, power dissipation, and other physical performance 
parameters, are estimated. 

I. INTRODUCTION 
ATM (Asynchronous Transfer Mode) will provide the transport and 

switching environment for emerging BISDN networks, and has thus re- 
cently been the subject of intense research interest. In particular, ATM 
switch hardware design has been studied extensively, and this study 
“has reached a significant degree of understanding” [ 11. Despite the ma- 
turity of this characterization effort, architectural innovation can still be 
achieved. This paper introduces a novel switch design that takes advan- 
tage of application-specific memories, which are available in a full-cus- 
tom design environment. 

Although researchers have shown significant interest in Batcher-ban- 
yan and other space switches, shared buffer (or common memory) to- 
pologies offer a superior implementation altemative for switching 
nodes, in terms of testability, scalability, cell loss rate, and switch 
throughput [2]. Limitations due to internal, external, and head-of-line 
blocking are avoided, and buffer capacity requirements are decreased 
drastically due to sharing [3]. Unfortunately, read and write access to the 
shared buffer becomes the switch throughput bottleneck. A means of in- 
creasing speed at this bottleneck is the integration of the entire switch- 
ing node on a single IC [4,5,6]. Although some functionality may be 
sacrificed in exchange for such aggressive integration, it is in keeping 
with a general industry-wide trend toward systems-on-a-chip [7], lead- 
ing toward the implementation of entire thousand-channel switching 
systems on one or two chips. 

This paper proposes the use of a Content Addressable Memory 
(CAM) in a single-chip shared buffer ATM switch, providing architec- 
tural novelty and benefits, as discussed in Section 11. Basic performance 
is described in Section 111, and additional features - efficiently imple- 
mented in this architecture - are the subject of Sections IV and V. 
Physical implementation issues are addressed in Section VI, and a sum- 
mary is presented in Section VII. 

11. CAMS AND ATM SWITCHING 

Most commercial ATM switch implementations use off-the-shelf 
components and gate arrays. This implementation environment neces- 
sarily limits the architectural design. Unfortunately, the resulting 
architectures have migrated to single-chip full-custom silicon switches, 
placing unnecessary constraints on their design space. Custom silicon, 
in these cases, is treated as an assemblage of off-the-shelf components, 
and custom approaches are conservatively avoided. But true technologi- 
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(1) Shared Buffer RAM 
(2) Shared Buffer CAM, 
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Figure 1: Drop-in components in four ATM switch configurations: 
(a) single-chip shared buffer switch: (b) large shared buffer switch; (c) 

input-buffered switch: (d) line card or workstationLAN interface. 

cal leverage and design differentiation require both novel circuits and 
novel architectures. ASIC memories [ 81 can provide this differentiation 
and leverage in memory-intensive circuits such as switches. Specifical- 
ly, CAMs [9] can be used as the basis for a number of new ATM circuits 
and architectures. 

We recognize six memory-intensive ATM circuits that may be imple- 
mented using CAMs; these are shown in Figure 1, and enumerated in 
the legend. Four example switch configurations are shown, demonstrat- 
ing the versatility of these CAM-based circuits (some of the memories 
may be used in a number of different switch types). As illustrated, 
CAMs are useful in ATM time switches, space switches, and terminal 
interfaces. This paper focuses on the shared buffer portion of the com- 
plete single-chip switch shown in Figure l(a), comprising components 
(1). (2 ) ,  and (6):  an altemative implementation, shown in Figure l(b). 
allows for increased cell storage through the use of commodity RAMS 
in combination with custom CAM-based memory and multicast control. 
Elsewhere, we describe architectures for (3) and (5) [ 10,111. 

These CAM-based circuits, when designed to enable expandability 
and modularity, can be used to implement (for example) a scalable 
translation table with 8 entries or 8K entries, or a shared buffer switch 
with 4 ports or 64 ports. The combination of versatility and modularity 
enables a “drop-in component” approach, which provides considerable 
benefit due to design re-use. 

111. BASIC OPERATION 
A .  Review of Linked List Operations 

Shared buffer switches typically use a Linked List to control memory 
access [3]; the cells destined for each output port are chained through 
this mechanism. Each cell C[o]u] is stored in the shared buffer (at ad- 
dress A[o]u]) together with the address of the next cell destined for the 
same output, A[o]u+l]. This “next address” is also stored in the register 
WA[o], for the most recently written cell destined for each output. 
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On a write: 
1. The address A[o]lj+l] is read from WA[o]. 
2. An address A[o]u+Z], corresponding to an empty memory location, 

is read from IAF[h] (the head of the Idle Address FIFO). 
3. The cell is written into the buffer B[A[o]~+1]1=C[o]lj+11, along 

with A[o]u+Z]. 
4. WA[o] is over-written with A[o]U+2]. 

1. The buffer address A[o][k] is read from the register RA[o]. 
2. The cell is read from B[A[o][k]]. 
3. The buffer address has now become idle (free) so the tail of the 

FIFO IAF[t]=A[o] [k]. 
4. The address A[o][k+l] (stored along with the cell just read) is writ- 

ten into RA[o]. 
FIFO pointers must be initialized and maintained, along with regis- 

ters for write and read addresses. Though this technique is quite com- 
plex, it is well-understood and widely used. A more efficient and 
elegant technique, if available. could simplify not only the basic switch 
design, but also the addition of features such as priority handling and 
multicasting. 
B. CAM-Based Operations 

The bulk of the processing in the above algorithm is concerned with 
the manipulation of addresses. Yet, the design goal is to efficiently 
switch ATM cells; address manipulation is merely a means of achieving 
that goal. By using CAMS, we greatly simplify storage and retrieval of 
the cells, and are thus able to focus resources on the primary task. 

The shared buffer RAM is replaced by a CAM/RAM structure, 
where the RAM stores the cell and the CAM stores a tag used to refer- 
ence the cell. A cell can be uniquely identified by its output port number 
and a sequence number, and these together constitute the tag. Cells are 
accessed for reads by searching for the desired tag. Incoming cells are 
written into the first free location, the address of which is irrelevant. We 
refer to this architecture as the “CAM-Access’’ approach. 

Figure 2 shows switch architecture. Write circuits service input ports 
on a round-robin basis, and read circuits service output ports on around- 
robin basis. Operation at each step in the round-tobin is as follows: 

1. Read the write sequence number (corresponding to the destination 
port) WS[o], and use this value in the cell’s tag (o,WS[o]). 

2. Search the tag CAM for the first empty location emp. 
3. Write the cell into the buffer B[emp]=C[o]u], and (o,WS[o]) into 

the associated tag. 
4. Increment the sequence number WS[o]++ and re-write it. 

On a read: 

For a write: 

For a read: 

cell storage 
(decode/encode) 

bits 

control 

Linked List CAM-ACC~SS 

RAM CAMRAM 
(decode) (neither) 

256x424 = 108,544 256x424 = 108,544 

Figure 2: CAM-based shared buffer switch basic architecture 

look-up 
bits 

write and read reference 
(queue length checking) 

bits 

idle address storage 
(additional overhead) 

bits 

TOTAL BITS 

1. Read the read sequence number (corresponding to the destination 
port) RS[o]. 

2. Search for the tag with the value (o,RS[o]). 
3. Read the cell in the buffer associated with the tag (o,RS[o]); this is 

4. Increment the sequence number RS[o]++ and re-write it. 
This technique replaces link storage (indirectly) with content-addres- 

sable tag storage, and replaces read and write pointers and registers with 
sequence numbers. A single extra “valid” bit, added to each tag, identi- 
fies empty buffer words, effectively replacing the IAF (and its pointers). 
Since no address decoding is used by the CAM/RAM buffer, no decoder 
is required. As well, since the CAM need not output the address of tag 
matches (“hits”), it requires no address encoder (usually a source of 
CAM area overhead). Both Linked List address registers and CAM-Ac- 
cess sequence number registers must be initialized to known values on 
power-up. If queue lengths need to be monitored, additional counters are 
required for the Linked List case, but sequence numbers can simply be 
subtracted in the CAM-Access case. Table 1 summarizes this compari- 
son, and provides bit counts for an example single-chip configuration. 

Table 1: Comparison of Linked List and CAM-Access. 
(sample switch size is 16 x 16 with 28 = 256 cell buffer capacity; 

7-bit sequence numbers used) 

C[ol[kI* 

link: RAM tag: CAM 
256x8 = 2,048 256X(4+7) = 2,816 

(compare W and R numbers) 
2 ~ 1 6 ~ 1 =  224 

IAF CAM valid bit 

address registers sequence number registers 
(additional counters) 

2 ~ 1 6 x 8  = 256 

(pointer maintenance, (none) 
extra memory block) 

256x8 = 2,048 256x1 = 256 

112,896 11 1,840 
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t =3 t =4 t = l  t=2 

WRITES: 

READS: 

I 

RESOURCES LEGEND 

write seq  num reg tag CAM 

read sea num reg shared buffer RAM 

Figure 3: Pipelined operation of the CAM-based switch. 

alterable in real-time, hence allowing network supervisory commands to 
adjust buffer allotment based on admitted connections and traffic fluctu- 
ations. Taking this approach a step further, multiple tag bits could be 
used to differentiate between three or more classes of CAMRAM stor- 
age, as required by network control. Perhaps one of these new classes 
(“X”) could be shared between CLP=O cells, and CLP=1 cells admitted 
beyond a “danger” threshold. Once classes “0” and “X” fill up, CLP=O 
cells are permitted to over-write (or ”push out”) CLP=l cells in class 
“X”. This requires special attention regarding sequence integrity of 
CLP=1 cells in class “X”; if the class is small enough, sequence integri- 
ty could be guaranteed by dedicated hardware. 

Delay priority is negotiated on call set-up and maximum latencies 
must be ensured by the switch. This is implemented by replicating write 
and read sequence number registers for each delay priority level desired. 
For a 4-level system, each output port requires 4 separate sequences of 
cells, one per level. When an output port is serviced for reading, higher 
priority sequences are read preferentially. This is accomplished by set- 
ting an “empty” flag for each read sequence register, once it catches up 
to its corresponding write sequence number (the write sequence number 
is forwarded for comparison along with each cell written). If the “priori- 
ty 00” queue is empty, the ”priority 01” queue is serviced, and so on. 

Iv. MtiLTlCASTING 
No existing commercial ATM switch directly supports multicasting, 

and its implementation on single-chip shared buffer switches has not 
been described in the literature. Yet, multicasting is a vital function for 
the support of both desired ISDN services (such as video conference 
calls) and profit-generating services of the future (such as video-on-de- 
manu‘cable”). For most efficient use of switch input bandwidth and 

buffer capacity, a multicast cell should be written only once and stored 
in only one location. 

Using the CAM-based switch architecture we have described, unicast 
cells are identified based on their output port. In the case of a multicast 
cell, there are multiple output ports, and a different means of identifica- 
tion is required. Each multicast connection is assigned a Multicast Con- 
nection Identifier (MCI), which is unique and significant only within a 
single switching node. Sequence numbers are assigned for each MCI. 
The number of bits required to uniquely identify a multicast cell (MCI 
plus sequence number) must be the same as that required to identify a 
unicast cell (output port plus sequence number), because both identifiers 
must f i t  in a single word of the tag CAM. Optimum partitioning of bits 
between MCI and sequence number would depend on traffic patterns, 
and - most significantly -on the maximum number of simultaneously 
active multicast connections. For example, in the case of the 16x16 
switch of Table 1. we may choose to identify multicast cells by a 6-bit 
MCI and a 5-bit sequence number. 

The switch hardware must keep track of the output ports associated 
with each multicast connection. This is accomplished using a bit- 
mapped multicast CAM (McCAM), as shown in Figure 4. Each word of 
the CAM represents a multicast connection, and each column represents 
an output port. A word is written into the McCAM on call set-up, such 
that a 1 appears in  bit positions corresponding to destination ports, and 
0’s appear in all other bit positions. This memory is similar to the 
Scheduling CAM described in [13]. 

With only a single copy of the multicast cell residing in memory, we 
could either (1) read i t  once and send it to all destination ports simulta- 
neously, or (2) perform separate reads for each destination port, and 
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clear the buffer entry only after all destination ports have been serviced. 
Most efficient use of shared buffer read bandwidth is obtained if the cell 
is read only once. This requires that all destination ports be available to 
receive the cell from the output bus during the same memory clock cy- 
cle (see Figure 2). 

All multicast connections, as a group, are assigned one or more slots 
in the output round-robin. The relationship between buffer and output 
port bandwidth is such that an output port can only receive a single cell 
in each round-robin cycle. When it is the multicasts’ “tum”, the Mc- 
CAM is searched against an input word with X’s (don’t cares) in bit po- 
sitions corresponding to free output ports, and 0’s corresponding to ports 
already occupied. A 1 stored in the CAM in the same bit as a 0 in the in- 
put word results in a miss (shown as an arrow in Figure 4), since the cell 
belonging to that multicast cannot be released to all destination ports si- 
multaneously. If there is at least one hit, the MCI with the highest prior- 
ity’ is read from the shared buffer, and latched at all destination ports. 
These destination ports cannot receive another cell during the current 
round-robin cycle. 

If multicasts always have the first slot in the round-robin, they may 
continually inhibit the reading of unicast cells (including, potentially, 
some with strict latency requirements). If they always occupy the last 
slot, no multicast cells could ever be read. Thus, this approach requires 
the scheduling of the multicast slot to vary tiom cycle to cycle (from 
first down to, but not including, last). In this case, the order of port ac- 
cess for unicasts must also be rotated from cycle to cycle to avoid shut- 
ting out the port serviced last. The following pseudo-code (with mod-8 
arithmetic) describes this scheduling mechanism for an 8x8 switch, and 
Table 2 shows a resulting schedule. 

mcslot = 0 
for i from 0 to 7 : unislot[i] = i-1 
for cycle from 0 to forever 

if (cycle mod 8 == 0 )  then 

else continue 
k = O  
for slot from 0 to 8 

for i from 0 to 7 : unislot[i]++ 

if slot == mcslot then 
service multicast 
k = l  

else service unicast unislot[slot-k] 
end for 
mcslot++ 
for i from 0 to 7 : unislot[i]++ 

end for 

More flexibility and increased multicast bandwidth are attainable if 
multicasts are allotted multiple slots per cycle. The hardware may be 
modified to allow selectable multicast to unicast service ratios, in re- 
sponse to varying traffic mixes. 

V. EFFICIENT OUTPUT CIRCUITRY 
The main bandwidth bottleneck in a shared buffer switch is the buff- 

er, and its bandwidth can be expressed as the product of clock frequency 
(discussed in Section VI) and word width. In a full-custom environment, 
the switch designer has the luxury of choosing the memory word width. 
In an ATM switch, maximum bandwidth is attainable if the entire 53- 
byte (424-bit) cell constitutes a single memory word. 

Figure 2 shows a bus (apparently 424 bits wide) running from the 
memory to the output ports. The dynamic power dissipated by driving 
this bus, as well as the silicon area required to implement it, can be elim- 
inated. By abutting a novel Parallel-to-Serial RAM (PSRAM) to the 
buffer output, as shown in Figure 5, we eliminate the bus area and ca- 

1. Here, “priority” refers only to the encoding priority of the McCAM, and not to 
any QOS-dated parameter; however, this priority can be vaned (by rotation 
of the location of the highest-priority MCI) to achieve better faimess. 

Figure 4: Multicast CAM. One of the four MCIs shown is eligible for 
reading. OP = Output Port. 

Table 2: Sample schedule for output servicing of an 8x8 switch with a 
single multicast queue (mc=multicast, uni=unicast) 

I I 1  I I I I I I I I  I 

pacitance, and hence decrease the power, area and noise penalty associ- 
ated with an extremely-wide-word memory. Although the PSRAM has 
an orthogonal structure, it is not an Orthogonal RAM [14], because 
more than one bit per word is read in each clock cycle. 

Each output port actually has two 424-bit words. The first is connect- 
ed to the bit lines that are driven by the buffer sense amplifiers, and it 
stores the buffer output when selected by the round-robin circuitry 
(more than one word may be selected in the case of a multicast). The 
second latches the cell from the first and has, as its output, a bus (of ap- 
propriate width) leading to that port’s output pins. Figure 5 shows a4-bit 
output. Because of the “double buffering”, no commutation is required; 
Figure 6 demonstrates that bits 0-3 of all output ports are driven to the 
pads simultaneously. 

Analogously, a serial-to-parallel function is required at the switch in- 
put. This may be implemented with a similar memory structure, abutted 
to the input of the shared buffer memory. 

VI. PHYSICAL IMPLEMENTATION ISSUES 
The largest physical component of the switch chip is the buffer stor- 

age RAM. To achieve maximum density, it may be implemented as 
DRAM, rather than SRAM. At refresh rates approaching 10 ms, cells 
exceed QOS latency limits before their stored charge has leaked appre- 
ciably, Thus, no refresh mechanism is required, just a means of invali- 
dating cells once they reach latency limits. 
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to output 
port 0 pads 

to output 
port 1 pads 

number of ports per memory 
memory area (mm2) 

1 select bits 4-7 I select bits 0-3 

Figure 5: Parallel-to-serial RAM (2 port x 8-bit portion shown) 

Full-Speed Half-Speed Single 
Dual Port Dual Port Port 

2 2 1 
53 53 34 

B XOP15,80-3 XOP15,@4-7)(1: 
ALL FIRST WORDS LATCHED 
TO SECOND WORD HERE 4 ONE ROUND-ROBIN CYCLE 

memory cycle frequency (MHz) 
memory power dissipation (W) 

pin data rate (Mb/s) 
pin power (20 pF loads, W) 

Figure 6: Output timing. OP = Output Port, B = bits. 

100 50 100 
1.4 0.7 0.7 
331 166 166 

10.6 5.3 5.3 

Figure 7 shows a block diagram of the entire CAM-based single-chip 
shared buffer ATM switch, including multicast circuitry and PSRAM. If 
implemented in a full-custom BiCMOS technology [ 151, over 100 kb of 
dual port memory can fit on a single chip [ 161; this is sufficient to imple- 
ment the 16x16 switch considered in Table 1. Using data from [16], we 
can estimate an operating frequency of 100 MHz, and power dissipation 
of 1.4 W in the memory blocks. The shared buffer has an estimated 
bandwidth of 42.4 Gb/s, and this configuration would clearly have its 
bottleneck and major power consumption in chip I/O. A more realizable 
estimate of operating frequency would be 50 MHz, corresponding to 
memory power dissipation of 0.7 W, aggregate switch throughput of 
21.2 Gb/s, and 256 ATM cell I/O pins at 166 Mbis, dissipating approxi- 
mately 5.3 W (CMOS levels, driving 20 pF loads). Identical perfor- 
mance is achievable using single port memories operating at 100 MHz, 
occupying less area. Table 3 summarizes these estimates. 

Since the system bottleneck is shifted from the shared buffer to the 
chip I/O, increased throughput and significantly lower power dissipation 
could be achieved using optical chip 1/0 when this technology becomes 
available. In fact, the CAM-Access architecture seems ideally suited to 
this technology. 

While the 256-cell capacity of the chip described above is sufficient 
for a proof of concept (and perhaps when embedded in a public net- 

Table 3: Performance Estimates for 3 Implementations of CAM-Based 
Single-Chip Switch (0.8 pm BiCMOS technology; 8 pins per port, 128 

input pins total, 128 output pins total; 127,072 bits of memory total) 

I aggregate throughput(Gb/s) 11 42.4 I 21.2 I 21.2 I 

work) larger capacities are generally required to adequately handle the 
bursty characteristics of LAN switches. This certainly does not preclude 
the use of this single-chip architecture in such applications, since 16 Mb 
SRAMs have been fabricated in a research environment (see [17], for 
example), and will certainly be in production in a few years. If we wish 
to provide 1024 cells of storage per port rather than 16, approximately 
64 x 128 kb of SRAM -or 8 Mb - will be needed on chip. 
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multicast read MCI round-robin 
CAM seq.#RAM control 

A A 

Figure 7: Complete CAM-based single-chip shared buffer 
ATM switch architecture. 

As shown in Figure I ,  the CAM-based shared buffer switch may be 
divided between multiple chips, with CAM and other full-custom mem- 
ones on a single chip, and buffer RAMS on separate ICs. 

VII. SUMMARY 
Technological leverage and design differentiation can still be 

achieved in the field of ATM switch hardware design by employing a 
full-custom architecture based on full-custom memory circuits. This pa- 
per has described an architecture in which CAMS are used to control ac- 
cess to the shared buffer, thus decreasing the need for address 
processing and manipulation, and simplifying the storage and retrieval 
of cells. The architecture requires fewer memory blocks, fewer total bits 
of memory, and less glue logic than a linked-list approach. An area- and 
power-efficient parallel-to-serial RAM is proposed as the interface be- 
tween the shared buffer and output ports. The architecture easily sup- 
ports cell loss priorities and latency priorities. 

Table 4: Single-Chip Shared Buffer ATM Switch Comparison 

tech- clock thru- 

cast (kb) (w) &:;) 

multi- Inem power 
freq ref year status nology 

(MHz) 

Table 4 compares the performance of published single-chip shared 
buffer ATM switches; the throughput advantage of the CAM-Access ap- 
proach is clear. Due to the simplicity of the overhead processing 
surrounding the cell buffer, the buffer can run at the full chip clock rate. 
In the three other switches, the chip clock is divided down (by factors of 
2, 8, and 2, respectively) to clock the buffer. 

This is the first report of a single-chip shared buffer switch capable of 
supporting multicasting. The single-release (one-shot) approach is used 
to conserve shared buffer bandwidth. A secondary benefit of this mecha- 
nism is that, depending on traffic patterns, admissable switch node input 
bandwidth may not have to be scaled down from output bandwidth by 
the full fan-out factor. A potential disadvantage is that output bandwidth 
may be under-utilized when switch traffic is dominated by multicasts; in 
this case, a call-splitting mechanism [ 11,181 could be used in place of 
the one-shot approach. Simulations are required to determined the bene- 
fits of each mechanism under various traffic patterns. 

A singlechip CAM-based switch is capable of aggregate throughput 
well over 10 Gb/s, and this chip should be affordable for ATM LANs, 
customer premises hubs, and other cost-sensitive applications. Further, 
the architecture offers several advantages as fabrication technologies 
scale. For instance, two or more cells per cycle could be handled by a 
denser switch chip, either by employing double-cell-width buffering, or 
parallel partially-independent circuits in a “super-scalar” approach [ 191. 
As well, the architecture can be augmented by an asynchronous schedul- 
ing mechanism, for higher flexibility and efficiency [20]. The relatively 
small number of ports (16 x 16) should continue to be sufficient as net- 
works become larger, since larger private networks will tend to be made 
up of a distributed arrangement of small low-cost high-density switches. 
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