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Abstract

Content addressable memories (CAMs) have significantly lower capacities than RAMs. Following a summary of
large-capacity CAM applications and a brief tutorial look at CAM operation, this paper reviews the sources of this
capacity disadvantage: comparator area overhead and difficulty implementing two-dimensional decoding. Past attempts
at achieving higher CAM density and capacity are reviewed, and advantages and disadvantages of each are discussed
qualitatively. Architectures are divided into the broad classes of serial and fully parallel. The former include bit-serial,
Orthogonal-RAM-based, insertion-memory, word-serial, multiport, vector-centered, pattern-addressable memory, and
systolic associative memory. The latter include standard architectures, post-encoding, and pre-classification. A taxon-
omy, providing the first structured comparison of existing techniques, is presented. Thereafter, four architectures (two
serial and two fully parallel) are quantitatively analyzed, in terms of delay, area, and power, and the cost-performance
measures area x delay and power x delay. The fully-parallel architectures, despite their high cost, produce superior
cost-performance results.

Keywords: CAM; Content addressable memory; Associative memory; Large-capacity; Density; Memory architecture;
Pre-classified CAM; Taxonomy

List of symbols

B number of blocks in the memory

B width of the orthogonal port word in bits

C number of classes for a pre-classified CAM

E number of standard-architecture strips in a post-encoded CAM
€ number of entries per class

ka ratio of one-bit comparator area to one-bit storage area

kp ratio of power per storage bit to power per comparator bit

K number of comparators

m number of match lines per physical row

7 width of CAM word in bits
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number of memory ports

number of target RAM decode bits
number of serial cycles to search all bits
number of serial cycles to search all words
number of words

number of words along a match line
number of row address bits

row decode ratio

number of column address bits

column decode ratio
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1. Introduction

In the vast majority of today’s semiconductor memories, data is accessed based on its location.
There are, however, many applications — ranging from artificial neural networks to LAN bridges — for
which the data’s location is irrelevant, and access based on data content is more natural. Memories
operating on this access principle are known as content addressable memories (CAMs) or associative
memories [ 1, 2] and have been studied for over 30 years [3]. Despite the introduction of integrated
circuit CAMs as early as 1969 [4], these memories have yet to gain a significant market share.

Market acceptance has been hampered due to the large disparity between CAM chip capacity and
that of RAMs. This disparity is caused by a number of factors. The added circuit complexity, in the
form of comparators, that is required to implement content addressability dictates that CAM density
lags RAM density. At the same time, inherent architectural barriers restrict total chip capacity. Also,
the relatively small CAM market provides chip manufacturers little return on investment for
applying state-of-the-art fabrication technology. And without adequate density at competitive prices,
the market will not grow. A catch-22 ensues, from which the only escape is to develop architectural or
circuit techniques that lead to significant density and capacity improvements at an affordable cost.

Numerous architectures have been proposed for large-capacity CAMs. While none have single-
handedly provided an escape from the catch-22 described above, many show promise in certain
applications. We believe that a structured view of the developments in this area can lead to
increased use of CAMs, and hopefully to further fundamental architectural improvements. Hence,
this paper provides such a taxonomic and quantitative review. Section 2 comprises necessary
background material on CAMs. Various large-capacity CAM realizations are then reviewed: first,
serial architectures in Section 3, followed by fully paralilel architectures in Section 4. A taxonomy of
these implementation schemes — the first such taxonomy in the literature —is presented in Section 5,
followed by a quantitative cost-performance analysis in Section 6. Conclusions follow in Section 7.

2. CAM background
2.1. Applications

There are many applications requiring multi-megabit memory capacity, for which content
addressable memory access is the most natural choice. Because CAMs of this size are unavailable,
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these applications are: (1) limited to unrealistically and impractically small sizes, (2) implemented in
a compromising way using RAMs, or (3) simply unrealizable.

Megabit-capacity associative memories are required for databases (where a CAM-based
implementation could realize an intelligent hardware database requiring minimal micro-
processor control), main memory for Prolog or LISP computers, and artificial neural
networks.

Megabit look-up tables could make hardware dictionary processors commercially feasible. They
could increase resolution and system throughput for motion detection and image compression, for
such varied applications as target-tracking and HDTV broadcast. They would be useful in
translation look-aside buffers (TLBs), especially as virtual address spaces increase to 64 bits and
beyond. Lastly, there are numerous applications in data communications and telecommunications,
including LAN bridges and address translation for ATM switches.

2.2. CAM operation

Basic CAM operation can be understood with the aid of Fig. 1. Data stored in the array’s
core cells is searched by applying a reference word (the data you hope to find) on the bit lines,
which run vertically. The match lines, running horizontally, will be pulled low by any
mismatched bit to which they are connected. Thus, in rows where the reference data matches
the stored data exactly, the match line will remain high. The encoder will select a single row in
the case of multiple matches, and will output a hit signal along with the binary address
of the selected row. That row can then be accessed for subsequent reads and writes. If
desired, certain bits can be excluded from the search criteria by employing a mask. There are
many variations on this architecture, and these will be explained in the following sections of this

paper.
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Fig. 1. CAM architecture: “D” is the input data, used both for loading the contents of the CAM, and for the search
reference word; “word” is the encoded address of the matched word; and “hit” is a binary signal indicating whether
a match was found.
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2.3. Density and capacity problems

Each core cell in Fig. 1 requires functionality other than simply the storage of a bit of data -
it must be able to compare that stored bit with the data on the bit lines. This function
requires a one-bit comparator, which is usually implemented as an XNOR gate. This logic
gate may be implemented using either 3 or 4 transistors, depending on the core cell design. In
terms of actual area, the overhead is considerable. The arrangement of transistors used for
bit storage (for static RAM, usually 4 or 6 in number) is hand-crafted for maximum density,
often involving close cooperation between circuit designers and fabrication process engineers.
Extra transistors are definitely unwelcome here. Their presence could require re-engineering
of the fabrication process, but it seldom does, due to prohibitive cost. More likely, the
transistors will be retro-fitted into an existing layout, resulting in an area overhead of
60-100%. Certainly, if one could get away with less than one XNOR gate per storage bit,
density would improve. This is the basic intent of most of the architectures described in this
paper.

However, even with zero-area comparators, architectural difficulties still limit CAM capacity.
To see why, let us review memory decoding. We conceptually think of a memory as a w x n entity
(w is the number of words, and n is the number of bits per word). In a naive approach, a
IM x4 memory with a 5um x5 pum core cell would have dimensions of 5m x 20 um (this
aspect ratio is clearly unacceptable). In order to avoid this problem, words are decoded in
two dimensions. Row (X) decoding selects among the rows of the memory array, and column
(Y) decoding selects among the columns (i.e. among the multiple words in the selected row).
Using the example above, we may use x = 11 row address bits (or a row decode ratio of
X =2* = 2048) and y = 9 column address bits (or a column decode ratio of Y = 2" = 512, such
that X x Y = w) to achieve a more reasonable dimension of 1 cm x 1 cm. In a RAM, X-decoding
results in a single word line being asserted; all cells along the selected word line are thereby
connected to their associated bit lines, and the appropriate bit lines are selected by the Y-decode
circuitry.

The main barrier to large-capacity CAM development has been the architectural difficulty in
implementing column decoding. As shown in Fig. 1, a match line, rather than a word
line, connects all cells in a single physical row, and all cells are normally checked as part of a single
search. If all cells in a row belong to the same word (y = 0, Y = 1) one is checking a word stored in
memory versus a reference word, as desired. However, under this constraint, one cannot achieve
high capacity with practical dimensions (witness the above 5 m long memory). If y # 0, either all
words in given row must match for the match line to remain high (this is not the operation we
want), or only one word at a time, in each row, is enabled to pull down the match line, requiring
Y # 1 sequential operations to complete the search.

We see, therefore, that serial operation is a natural way of implementinga CAM with Y > 1. Itis
also a way of sharing comparators between multiple bits of stored data, thus achieving higher
density. Unfortunately, many applications cannot afford the delay associated with serial operation;
for these applications, fully parallel architectures are required (a search operation can be performed
in a single clock cycle using these architectures). We describe both serial and fully parallel
architectures in the following sections.
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w 1-bit comparators
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Fig. 2. Conceptual view of a bit-serial CAM.

3. Serial architectures
3.1. Bit-serial

Usually n < w; thus, a bit-serial word-parallel search, in which all bits must be searched
sequentially, requires far fewer clock cycles than a bit-parallel word-serial search, in which all
words must be searched sequentially. A bit-serial CAM is shown conceptually in Fig. 2. A
one-bit comparator is associated with each word, along with a single bit of state storage that
indicates whether, so far, the word is a match or a mismatch. A “column” of data, comprising
a single bit from each word, is read out in parallel; the check, in all rows, is against the same
reference bit.

The bit-serial hardware is basically a RAM rotated by 90°; in fact, appropriately configured
RAMSs can be used to economically implement this memory [ 1, pp. 146—-1507]. Density is essentially
equivalent to RAM density, except for the comparators, state flip-flops and buses at the periphery.
Because RAMs are typically designed for n < w, and we are reversing the roles of w and n, it may
prove difficult to construct a CAM from RAMs in this way, whether using commodity RAMs in
a board-level design, or semi-custom RAMs in a VLSI design. Reads and writes must also be
performed bit-serially, necessitating parallel-serial shift registers and multiple-cycle operations.

One of the largest CAMs described to date [5] has a capacity of 4 Mb, and uses the bit-serial
approach. The memory is continually maintained in sorted order by contents; all writes are
insertions at the appropriate location, and searches are simplified because there is only one place
where a given data word could reside, if it was present. A simplified view of the peripheral circuitry
associated with each row is shown in Fig. 3. An insertion operation proceeds by alternating reads
and writes, one of each per bit, beginning with the most significant bit and proceeding downward to
the least significant bit. As soon as the reference data and the read data differ, the comparator
makes a decision and holds that decision for the remainder of the insertion operation; as long as all
bits from the read bit-stream match the bits from the reference bit-stream, it is safe to write back the



156 K.J. Schultz, P.G. Gulak | INTEGRATION, the VLSI Journal 18 (1995) 151-171

 {

Y
1

[\

ref

Fig. 3. Peripheral circuitry for an insertion-sorting bit-serial CAM. Each row requires a comparator and two multi-
plexers. Two rows are shown to demonstrate their interaction.

6

read bits (the comparator output is “ ="7). A search operation proceeds similarly, with the
write-back disabled. The result is a remarkably fast sorting speed of w x 2.6 ps (linear with w), but
an extremely slow search speed of 2.6 us (only 385 kHz). As well, power dissipation is extremely
high due to the large number of reads occurring in parallel (64 k), and this may be the reason why,
to the best of our knowledge, no report exists of a successful implementation of this chip.

An alternative to the “rotated RAM” is the orthogonal RAM, or ORAM [6]. It has two access
ports perpendicular to each other, and may be used to perform normal bit-parallel reads and writes
in addition to bit-serial searches. Density is poor due to the complexity of the core cell.

All of the architectures described so far in this section require n clock cycles to perform a search,
one per I/O bit. While this may introduce too much latency for some applications, it allows
general-purpose (and powerful) bit-serial processing on the bit-streams; this is known as content
addressable processing or associative processing [1, 7]. Simply put, the comparator is augmented
with an opcode-controlled ALU, and a large number of possible operations can be performed on
search responders.

An alternative architecture, functionally similar to a bit-serial approach and architecturally
similar to an ORAM, but requiring only n/f clock cycles for a search, could be based on the buffer
output circuitry described in [8], as shown in Fig. 4 for § = 4. Unless three or four levels of metal
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Fig. 4. A memory core for “nibble-serial” searches. Word are written into the memory in a single clock cycle, and may be
read similarly. Searches are performed by checking f = 4 bits at a time, after reading them from the memory via an
orthogonal port with f x w output lines.

are available, the memory core would have poor density due to the area required to accommodate
the multiple wires per row destined for the “nibble-serial” output. The significance of this
architecture (hereafter “modified ORAM?”) will be explained in Section 5.

The above architectures time-share comparator gates between multiple bits for improved density
at the expense of throughput. The extent to which the decoding-related capacity problem is solved
varies, depending on the architecture. The “rotated RAM” implementations usually include
two-dimensional decoding. The insertion memory can be divided into blocks, similar to the
memories that will be presented in Section 3.3. The ORAM and modified ORAM do not effectively
address the capacity issue.

3.2. Word-serial

A word-serial CAM is one in which the words are read one by one (in their full bit-width), for
comparison to the reference word, as shown in Fig. 5. This is obviously just a RAM with an
external n-bit comparator. Therefore, it is simple to construct, achieves density equivalent to
a standard RAM, and can employ two-dimensional decoding for RAM-like capacities; unfortu-
nately, w clock cycles are required to perform the search operation.

Of course, if one is willing to sacrifice density, one may read more than one word in each clock
cycle. In fact, the ORAM of Section 3.1 is a multiport memory that allows multiple simultaneous
accesses. Multiport memories need not have orthogonal ports, however. For example, Silburt et al.
[9] describe a memory architecture and circuit design that can be used to implement one-, two- or
four-port memories (p = 1, p = 2, p = 4), with p parallel accesses (to full words, not word fragments
or orthogonal words). The more ports, the larger and more complex the core cell. To implement
a CAM, an n-bit comparator can be provided in conjunction with each port, resulting in a search
time of w/p cycles. A conceptual view of this CAM is shown in Fig. 6. While throughput is improved
with this architecture, and two-dimensional decoding can still be employed, density is not notably
better than for an XNOR-per-bit CAM (in fact, it will certainly be poorer for p > 2).
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Fig. 5. Conceptual view of a word-serial CAM.

reference word
and one n-bit comparator

reference word
and one n-bit comparator

reference word
and one n-bit comparator

reference word
and one n-bit comparator

Fig. 6. Conceptual view of a multiport RAM used in a word-serial CAM with search time of w/p (here, p = 4).

3.3. Variations on word-serial

In the general-purpose multiport memory above, each word can be accessed by each port. This
flexibility is not actually required to achieve a faster CAM search. Instead, we can use single-port
core cells, but divide the entire memory array into B blocks. As shown in Fig. 7, each block has its
own n-bit comparator. We can thus perform a search in w/B clock cycles, with memory core density
equivalent to a standard RAM. There is a density disadvantage due to the replication of peripheral
circuitry, but some control circuits and global I/O circuitry can still be shared between blocks, so
the area is considerably smaller than that of B completely separate memories. The division into
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Fig. 7. Searching multiple words in parallel using multiple blocks and single-port core cells. The cross-hatched lines
represent the match lines.

multiple blocks (block decoding) provides us with the second dimension of decoding we need to
achieve large densities. The blocks themselves can be arranged in two-dimensional arrays, as well,
to allow increased flexibility in aspect ratios.

Different versions of this architecture can be distinguished by the manner in which data are
distributed among the blocks. If each block is used to store a vector of words [10], we may perform
vector-matching by cycling through the blocks in parallel, checking the first element in each vector
versus the first reference element, then the second, and so on. This type of CAM, used for
code-book matching, requires that the match line remain high through an entire cycle of w/B
searches for a hit.
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Fig. 8. The same physical architecture, with bits aligned to enable bit-serial searches and processing. There are no match
lines.

Alternatively, we may organize the memory such that the ith word of each block belongs to the
ith page. We search pages serially by stepping through the blocks in parallel. This type of CAM is
called a pattern addressable memory or PAM [11]. The match lines are oriented as above, but we do
not require matches across successive search cycles for a hit. If we know in advance that the data we
are seeking could only be located in some subset of the pages, these are all that have to be searched
(the search can be “pruned”), and the number of cycles required for a search is further decreased.

If we access the multiple-block memory as in Fig. 7, but arrange the words as shown in Fig. §, we
again have bit-serial searches. This memory requires no match lines, since all processing associated
with a single word is carried out with a one-bit comparator and state information. This architecture
was employed by Lipovski [12] in his systolic associative memory (hereafter “SAM”). When the
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memory core is implemented using DRAM, much higher density and capacity can be achieved, and
the multi-cycle search operation can be coordinated with the refresh operation. The memory
described in [12] has a capacity of 4 Mb, and can be implemented with only slight layout
modifications to commodity DRAMs. This architecture is very promising where: (1) extremely
large data bases must be searched, (2) bit-serial processing is a desirable feature, and (3) search
times of over 1 us can be tolerated.

As shown in Fig. 1, CAMs have an encoder to resolve among multiple matches and derive the
binary address of the selected matched word. All match lines are used as inputs to this encoder.
While this hardware is not required by the SAM (because operations are performed on all match
responders in parallel, and no address output is generated), it is needed to implement general-
purpose CAM functionality. In the architectures presented in this section, match lines do not
naturally converge on a single location, and must be routed across the chip, introducing delay and
area overhead.

A number of concepts from this section prove useful in architectures for large-capacity, fully
parallel CAMs. These include: (1) the PAM with a pruned search (carried to its logical extreme), (2)
the independence of adjacent comparators in the SAM, and (3) the need for physically converging
match lines.

3.4. Word-serial bit-serial

For the sake of completeness, let us briefly consider architectures with serial operation in both
dimensions. Two of these are worth noting. If the operation is totally serialized, such that it requires
w x n clock cycles, only a single comparator is required, and off-the-shelf memories with a by-1
organization may be employed. This architecture may be suitable in the case of extremely slow
reference bit streams, but it is generally not very useful.

Alternatively, the search may step through the memory address space one pixel block at a time,
where a pixel block is an entity associated with an image, and could be 16 x 16 bits in dimension,
for example. This type of CAM could be useful in performing motion detection for compression
algorithms used in video (MPEG) transmission. The problem of shifting the image through the
comparator array is a complicated one, and to the best of our knowledge, no such memory has
been implemented.

4. Fully-parallel architectures

While the architectures described in Section 3 have many uses, none are applicable to the most
throughput-intensive or delay-critical applications. For these, the result is needed in a single clock
cycle.
4.1. Standard architecture

The standard fully parallel architecture was described in Section 2.2 and illustrated in Fig. 1.

A one-bit comparator is associated with each core cell, and each physical row must be comprised of
a single word. Both density and capacity are thus limited with this high-speed architecture.
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4.2. Post-encoding

One may use an aggressive process technology and essentially implement a large number
of small CAMs (with narrow aspect ratios, y = 0) on a single chip. This was the approach taken
by Yamagata et al. in [13], where 288 kb are comprised of m = 32 arrays of 256 x 36 bits of
CAM. With reference to the 5 m-long memory of Section 2.3, this is simply breaking the
long narrow strip into m much shorter strips, and packing them together to occupy an approx-
imately square aspect ratio. This results in m match lines spanning a single physical row of
the memory. We call this approach post-encoding, because additional circuitry is required to
combine and encode match results between the separate arrays, making them behave as a
single memory. This is necessary because all match lines do not converge to a location where
encoding can be performed in one step. Although the column decode problem is addressed by the
architecture and process technology, density (for equivalent technologies) is actually worse than
that of a standard fully parallel CAM, due to the area overhead of the match line routing and
post-encoding circuits. As well, power dissipation is slightly higher than for a standard implemen-
tation.

This architecture is likely the best alternative where: (1) DRAM fabrication technology is
available, (2) single-cycle searches are required, and (3) density less than half that of a RAM is
tolerable.

4.3. Pre-classification

Alternatively, one may perform pre-classification prior to the fully parallel operation to assign
the data to one of C classes and thereby determine which of the C words sharing a comparator will
have access to it. This method, first described by Motomura et al. [14], is logically equivalent to
a PAM search pruned down to a single page. High density is achieved because the comparator is
time-shared. Unlike any of the memories described in Section 3.3, match lines traverse the entire
physical length of the memory. Class-controlled access determines which words along a match line
are enabled to pull it down.

Fig. 9 shows a block diagram of a pre-classified CAM. The core of the CAM is composed of
n separate RAM blocks, one for each I/O bit. Each block has C columns; based on the class chosen
by pre-classification circuitry, the same column number will be accessed simultaneously in each of
the blocks. As in the SAM, adjacent comparators are not associated with the same word, and words
are aligned perpendicularly to the class lines (these are physically — not logically — analogous to
word lines). Unlike the SAM, all bits of a word are searched in parallel. Unlike any memory
described thus far, the bits of a word are distributed across multiple blocks. This arrangement
provides two advantages: (1) the match lines can converge at the encoder at one end of the memory
core, and (2) all core cells associated with a given bit are grouped together, so that input/output
and search-masking circuitry need not be replicated. Because of the significant capacitive load on
the long match lines, pull-down circuits may require powerful BiCMOS drivers [15].

During a search, the reference data are asserted onto the reference bit lines (running vertically).
Data from the selected class are read onto the subarray bit lines (running horizontally) and are
compared to the reference data in the shaded boxes. Each of the rows has access to an XNOR gate
and match line pull-down circuit. The match lines (running horizontally toward the right) are
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Fig. 9. Pre-classified CAM block diagram.

pulled low by any unmatched bit in their row. Match lines are processed in the priority encoder,
where a single match is selected in the event of multiple matches.

During a read, a single responder select line (running horizontally to the left) will be asserted,
based on the previous search result. In each block, the accessed class will be read onto the subarray
bit lines. In the row corresponding to the asserted responder select line, the sensed data will be
connected, through the shaded box, to the vertical reference bit lines, for reading out of the
memory.

During a write, a single column is selected in each subarray by a class line. In the row selected by
the responder select line, write data will be asserted from the reference bit lines to the subarray bit
lines, and from there written into the selected cell.

With the match lines running in the same dimension as in the standard architecture, the extra
dimension of decoding that is provided by the class lines is logically equivalent to column decoding;
the analysis of Section 5 will treat pre-classification in this light.

Pre-classification puts constraints on the location in the CAM in which a given word may be
placed — a w-word CAM is normally fully associative or “w-way set associative” (for a quantitative
explanation of associativity, see [16]); a pre-classifited CAM is w/C-way set associative. As
a consequence, a class of the CAM may become full before the CAM as a whole is full. Methods of
successfully dealing with this situation are presented in [17].

4.4. Combining post-encoding and pre-classification

If we assign the variable Q to the number of words sharing a match line, then Q = C for
a pre-classified CAM. We have Q x n cells in the y dimension, and ¢ cells in the x dimension (where
¢ is the number of entries per class). In some applications, we may wish to have ¢ » Q xn, and
a reasonable aspect ratio is unattainable. In this case, we may use a combination of post-encoding
and pre-classification, whereby m strips of Q xn by &/m cells are placed side-by-side (yielding
m x Q2 x n columns), with post-encoding required to combine the search results of the m strips.
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Density is slightly poorer that a pure pre-classified CAM due to the added post-encoding circuitry,
but is still good because the comparators are shared within each strip.

Another aspect ratio problem, ¢ € Q2 x n, is solved to some extent by integrating 2" — 1 RAM
words with each CAM word [17], with access controlled by r additional address bits ANDed with
the responder select lines, yielding 2 x n columns by 2" x ¢ rows. As described in [17], the added
functionality and layout efficiency provided by this integration are also beneficial.

5. A taxonomy

In order to get a better understanding of the variables and relationships discussed above, one
may construct a taxonomy of CAM architectures, as shown in Fig. 10. This analysis, an extension
of the work in [17], is the first structured comparison of existing techniques, to the best of our
knowledge.

The root node is simply denoted “CAM?”. The variable S, denotes the number of serial steps
needed to search all bits; S, = 1 means all bits are searched in parallel. The variable S,, denotes the
number of serial steps needed to search all words: S,, = 1 means all words are searched in parallel.

The leaves of the S, # 1, S,, # 1 branch include the low-performance fully serial architecture,
requiring only 1 comparator gate (K = 1), and the pixel block architecture, requiring K =i xj
comparators. The total number of clock cycles for a search can be found by multiplying S, x S,,.

Bit-serial CAMs (with S, = n) constitute one leaf of S, # 1, S,, = 1, and the other leaf represents
architectures in which multiple bits are searched at once, from all words in parallel. The modified
ORAM of Fig. 4 functions in this way, and the orthogonal word-width f can be varied in
a density-versus-speed trade-off.

Various leaves of S, = 1, S,, # 1 could include strictly word-serial CAMs (implemented simply
with a RAM and one external n-bit comparator, for S, = w), or architectures with K =nxp
comparators and a p-port memory to compare p words in parallel (S,, = w/p). The block architec-
tures, with S,, = w/B, also belong to this branch — the vector-centered CAM, the PAM, and the
SAM.

The fourth branch from the root node represents fully parallel architectures, with S, = §, = 1.
At this point we employ two variables introduced in the previous section: m, the number of match
lines spanning a physical memory row, and Q, the number of words attached to each match line.
Recall from the discussion of Section 2.3 that Y is the number of words in a physical row, and
Y # 1is required to realize large-capacity CAMs without serialization. The actual physical factors
that lead to this variable can be expressed as Y = m x Q. The standard fully parallel architecture
may be denoted by Y =m = Q = L.

We have also described a number of cases with Y # 1. If the memory is divided into a number of
strips Y =m = E, all of which are searched in parallel, we have post-encoding. As mentioned
earlier, such memories are useful when a density disadvantage is tolerable in light of the high
throughput rate. Note, as well, that this architecture does not suffer from an associativity decrease,
as does the pre-classified CAM. Such an architecture can be viewed as a means of attacking the
CAM capacity problem with as much hardware as possible. This is exactly the approach advocated
(for digital circuits in general) by Chandrakasan et al. [ 18] for achieving minimal power dissipation
— trade-off chip area versus clock speed by increasing processing parallelism and decreasing power
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Fig. 10. Taxonomy of CAM architectures. Variables are defined at the beginning of the paper and explained in the text.
The nodes outlined in bold, though not directly connected here, are somewhat similar, as described in Section 4.3 of this

paper.

supply voltage. The following example illustrates the point: A post-encoded CAM, occupying
200 mm? of chip area, with a 1 V power supply, performing a single-cycle search at 1 MHz, will
always dissipate less power than a 50 mm? bit-serial CAM (of the same capacity) at 5 V requiring



166 K.J. Schultz, P.G. Gulak | INTEGRATION, the VLSI Journal 18 (1995) 151171

100 clock cycles at 100 MHz to complete the same search in the same amount of time. This is a very
useful notion for the design of future battery-operated personal communication devices, many of
which may need CAM functionality.

Alternatively, one may perform pre-classification, with Y = Q = C classes. This architecture
requires a factor of C fewer comparators, but the associativity is decreased by the same factor, and
memory capacity inefficiencies may result. Where aspect ratio concerns dictate, post-encoding can
be performed, allowing the combination of m blocks of pre-classified CAM, each with Q x n x ¢/m
bits and n x ¢/m comparators, where ¢ = w/C.

By formulating a taxonomy, one may discover new branches to be explored. A few of the avenues
for future research are denoted by question marks in Fig. 10. The most fruitful of these is likely the
relatively unconstrained branch attached to the “fully parallel” node — perhaps some completely
new variables can be introduced here to give further insight.

6. Analysis of cost and performance

In Section 5, the delay of each architecture was quantified (in clock cycles), along with a measure
of complexity (the comparator count). It would be useful to quantify standard cost measures such
as power and area. While exact data are impossible to obtain without real circuit implentations,
preferably in the same process technology, illuminating technology-independent trends can be
derived from the information we have at our disposal.

Area can be approximately determined as the sum of storage area and comparator area.
Uncertainty in this calculation is due to the unknown ratio of the area of a single one-bit
comparator to the area of one bit of storage. If we introduce a scaling factor k, to represent this
ratio,! we can determine the area for each architecture as a function of k,. Given this area
relationship, we can then find a trend for area-delay product, since delay is also known. This
product is a good indicator of the relative merit of different architectures, since it is basically
a cost-performance ratio.

To a first-order, power dissipation is the sum of power due to comparators plus power due to bit
line transitions. The former is proportional to the number of comparator bits, and the latter is
proportional to the total number of memory bits. If only a fraction of the memory was active in
each cycle, bit line power would be proportional to the total number of bits in active portions of the
memory; all architectures under consideration here maintain a completely activated memory space
during all searches. The only unknown is the ratio between power per storage bit and power per
comparator. Again, we introduce a scaling factor kp to represent this ratio,? and then determine
power as a function of kp. From this, we may derive a trend for the power-delay product.

We need not analyze every one of the architectures presented in this paper. First, note that the
standard fully parallel architecture is not capable of achieving truly large capacities. Similarly,
unless the bit-serial architecture is divided into blocks, large capacities are not attainable. The most
logical block-decoded bit-serial architecture to select is the SAM.

'We let k, vary from 0.5 to 4.
2We let kp vary from 10™% to 1071



area overhead due to comparators (%)

area-delay product (core cells x cycles)

100

80

40

20

1e+05

K.J. Schultz, P.G.

7 T T T
~ / post-encode 7
pre-class _.-°
SAMPAM .
........................... word-serial
! ! ! 1
050 1.00 200 3.00 4.00
comparator area scaling factor k,
(a)
T T T T
word-serial
N SAM/PAM 4
= post-encode _____...eer T -
e pre-class __..
= 1 1 | =
0.50 1.00 200 3.00 4.00
comparator area scaling factor k4
(©

search operation power (unit comparators)

power-delay product (unit comparators x cycles)

Gulak | INTEGRATION, the VLSI Journal 18 (1995) 151-171

SAM/PAM

word-serial

l 1 1 1 1

1e-03 le-02

core power scaling factor kp

(b)

te-01

- word-serial

SAMPAM " ]
M

1e-03 le-02

core power scaling factor kp

(d)

Fig. 11. Cost and performance trends for four CAM architectures for a 4 K x 32 configuration.



area overhead due to comparators (%)

area-delay product (core cells x cycles)

K.J. Schultz, P.G. Gulak | INTEGRATION, the VLSI Journal 18 (1995) 151-171

sk T

55—
v

50 ¢
ol
a0
s
30}
25 -

20—

post-encode

T T T
h
H

1.00 2.00 3.00
comparator area scaling factor k4

(a)

T 7 T T

word-serial

SAM/PAM

1.00 3.00

comparator area scaling factor k,

(©

search operation power (unit comparators)

power-delay product (unit comparators x cycles)

T

pre-class

post-encode

SAM/PAM

{ i 1

le-03° le-02 le-01
core power scaling factor kp

(b)

aveverer:

word-serial

SAM/PAM// 7

-

e

post-encode

pre-class .-~~~

1le-02 le-01

core power scaling factor kp

(d)

Fig. 12. Cost and performance trends for four CAM architectures for a 128 K x 128 configuration.
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For the purposes of our simple analysis, the cost and performance of the PAM can be shown to
be identical to those of the SAM, as follows. A SAM requires w comparators and n cycles to
complete a search. In dividing a PAM into blocks, a logical assumption would be to insist that each
block be square, or n x n. Hence, the number of blocks is w/n, and the total number of comparators
is n per block times w/n blocks, or w. The page size is n, which is also the cycle count for a search.

While comparator counts are simply determined as w x n for the post-encoded architecture, we
also have to make some assumptions in the case of the pre-classified CAM. Here, we insist that the
over-all aspect ratio of the memory be approximately square (as close as possible with power-of-
two decode ratios). The total number of rows is set to ¢, and the total number of classes to C = w/e.
Therefore, the number of comparators can be found as K = (wxn)/C =nxe.

Trend lines are plotted for the four remaining “interesting” architectures for two different
memory capacities. Fig. 11 shows results for a 4 K x 32 CAM; this capacity approximates the
largest commercially available CAMs today. Fig. 12 shows results for a 128 K x 128 memory; the
16 Mb total capacity approximates today’s largest commodity RAMs, although the word is
considerably wider (this is usually the case for CAMs). Area is measured in terms of core cells, with
the area of comparator equal to k, times that of a core cell. Power is measured in terms of “unit
comparators”, with the power associated with a storage bit equal to kp of a unit comparator.

The cost of the post-encoded CAM, in terms of area and power, is considerably higher than that
of the other architectures; this architecture is not a good choice if chip area and power dissipation
are the most important design parameters. However, due to the single-cycle operation, area-delay
and power-delay results for the post-encoded architecture are very good. The same general
comments can be made regarding the pre-classified CAM, except that costs are not as high, leading
to the best cost-performance ratios among the four architectures.

This analysis does not prove that the pre-classified architecture is always preferable (keep in
mind that this architecture could suffer from poor capacity usage and efficiency due to the decrease
in associativity?). Different cost and performance parameters will be more important in different
design situations. Conclusions will vary along with k, and kp. The analysis presented here does,
however, highlight some useful general trends.

7. Conclusions

Numerous applications would benefit from the availability of CAMs with RAM-like capacities.
Such large CAMs have not been realizable, due to circuit density disadvantages, architectural
hurdles, and market constraints. Architectural innovations are required to overcome these chal-
lenges. Several memory architectures have been proposed in this vein, and these are reviewed in this
paper.

Serial CAMs can be implemented with only a few alterations to existing RAM designs, and
achieve the highest density. They are suitable for many applications, especially when used in
conjunction with bit-serial processing. However, the throughput degradation caused by multi-cycle

3 Counters could be employed to manage overflows into adjacent classes, leading to more efficient memory usage. For
classes that have overflowed, multiple cycles would be required for all searches, and for some writes. Different strategies
for dealing with overflows are discussed in [17].



170 K.J. Schultz, P.G. Gulak | INTEGRATION, the VLSI Journal 18 (1995) 151-171

searches is often not tolerable. Various fully parallel CAMs are capable of performing searches in
a single clock cycle.

By classifying the architectures into a taxonomy, one is able to visualize design trade-offs, select
the best architecture for a set of design goals, and explore new techniques in a systematic manner.
In addition to the taxonomic study, a technology-independent cost-performance analysis was
carried out, demonstrating the benefits of the fully parallel architectures. Post-encoded CAMs are
especially well-suited to advanced fabrication processes or low-supply-voltage environments. The
pre-classified CAM provides the best cost-performance results, if memory data can readily be
partitioned into classes and a decrease in associativity can be tolerated.
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