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WORD SEARCH IN CONTENT
ADDRESSABLE MEMORY

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s related to the following applications: (1)
U.S. patent application Ser. No. 09/654,316, filed Sep. 1,
2000, and entitled “Variable Width Content Addressable
Memory Device For Searching Variable Width Data™; and (2)
U.S. patent application Ser. No. 09/642,253, filed Aug. 17,
2000, and entitled “Priority Encoder With Multiple Match
Function For Content Addressable Memories And Methods
For Making The Same.” Each of these related application 1s
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates generally to memory devices,
and more particularly to content addressable memory devices

searchable using words spanning multiple rows in memory.
2. Description of the Related Art

Memory devices are indispensable components of modem
computer systems and networks. As storage devices, they are
used to provide fast access to data and instructions stored
therein. A content addressable memory (CAM) 1s a special
type of memory that 1s often used for performing address
searches. For example, Internet routers often include a CAM
tor searching the address of specified data. The use of CAMs
allows the routers to perform fast searches to allow computer
systems to communicate data with one another over net-
works. In addition, CAMs are utilized in numerous other
areas such as database searches, 1image processing, and voice
recognition applications, where fast search performance 1s
desired.

As 1s well known, CAMs typically include a two-dimen-
sional row and column content address memory array of core
cells, such that each row contains an address, pointer, or bit
pattern entry. Within such an array of cells, a CAM may
perform “read “and “write” operations at specific addresses
like a conventional random access memory (RAM). In addi-
tion, a CAM 1s used to perform fast search operations that
simultaneously compare a bit pattern of data, known as a
comparand, against an entire list (e.g., column) of pre-stored
entries (e.g., rows) of bit patterns 1n the CAM array. Based on
these comparisons, the CAM typically outputs a result in the
form of an address, pointer, or bit pattern corresponding to an
entry that matches the input data. By thus performing com-
parisons simultaneously of all CAM entries, the CAM pro-
vides significant savings in search time over RAMs such as
DRAMs, SRAMSs, and the like.

A CAM typically can perform high-speed searches on
comparands or search keys of a particular bit length, known as
the word width. However, available word widths in conven-
tional CAMs arc limited by the physical organization of the
CAM. FIG. 1 1s a logical diagram showing a conventional
CAM array 100. The CAM array 100 comprises a plurality of
bit pattern entries 102, each comprising a plurality of CAM
cells 104 coupled to a match line 106. In use, each CAM cell
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2

104 stores a bit of the bit pattern entry 102, while the match
line 106 1s used to indicate the match results of search opera-

tions.

During a search operation, a comparand 1s compared
against each bit pattern entry 102 1n the CAM array 100 by
comparing the imdividual bits of the comparand against the
corresponding CAM cell 104 of the bit pattern entry 102. If
cach CAM cell 104 of the bit pattern entry 102 matches the
corresponding bit of the comparand, the match line 106 of the
bit pattern entry 1s high. However, CAM cells 104 that do not
match the comparand ground the match line 106, thus pulling
the match line 106 for the bit pattern entry 102 low when the
comparand does not match the data stored in the bit pattern
entry 102.

As can be seen from FIG. 1, the word width usable 1n a
conventional CAM 1s limited by the actual physical dimen-
sions of the CAM array 100. In particular, a conventional
CAM requires each word, or bit pattern entry 102, to be
organized such that the entire word occupies a row of the
CAM array 100 along a match line 106. Unfortunately, this
physical restriction limits the word width available when
using conventional CAMs.

More particularly, a CAM chip must {it within a package,
which implies physical limitations on the actual dimensions
of the CAM memory. Generally, CAM memories can only be
built to a particular size before 1) performance degrades and
2) the chip no longer fits within the packaging. Performance
degradation often results from extra loading caused from
using long match lines, which are conventionally needed
when using extended word widths.

In view of the foregoing, there 1s a need for CAM archi-
tectures wherein the word width 1s not limited by the physical
width of the CAM memory. In particular, the CAM architec-
tures should allow for word width sizes greater than the width
of a single CAM row, thereby maximizing the usage of CAM
space with attendant savings in cost.

SUMMARY OF THE INVENTION

Broadly speaking, the present invention fills these needs by
providing a CAM architecture capable of performing wide
word searches for words spanning multiple CAM rows. In
one embodiment, a CAM capable of performing wide word
searches 1s disclosed. The CAM includes at least one CAM
memory core having a plurality of bit pattern entry rows, and
a boundary array having a plurality of word boundary bits,
wherein each word boundary bit corresponds to a bit pattern
entry row. Also included 1s a serial AND array that 1s 1n
communication with the bit pattern entry rows and the word
boundary bits. The serial AND array 1s capable of utilizing the
word boundary bits to compute a match result for wide word
entries that span multiple bit pattern entry rows. Specific word
boundary bits can indicate word boundaries of stored word
entries. Word boundary bits having a value of ““1” can indicate
a beginning of a new word entry, or optionally, an end of a
word entry spanning multiple bit pattern entry rows.

In another embodiment, a CAM capable of performing
wide word searches 1s disclosed that includes a boundary
array having a plurality of word boundary bits, wherein each
word boundary bit corresponds to a bit pattern entry row of a
CAM memory core. In addition, a serial AND array having a
plurality of serial AND computational units 1s included. In
this embodiment, each serial AND computational unit 1s in
communication with a corresponding bit pattern entry row of
the CAM memory core and a word boundary bit correspond-
ing to the bit pattern entry row. Further, serial AND compu-
tational units receive as mputs a word boundary bit and an
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internal match line result corresponding to an adjacent bit
pattern entry row. In this manner, the serial AND array 1s
capable of utilizing the word boundary bits to compute a
match result for wide word entries that span multiple bit
pattern entry rows. Using this embodiment, word boundary 5
bits having a value of “1”” can indicate a beginning of a new
word entry. The internal match line result for a particular
serial AND computational unit can be a match line result
betfore processing the word boundary bit corresponding the
serial AND computational unit. In one aspect, a bit pattern 10
entry row having a highest address of the bit pattern entry
rows comprising a word entry can be searched before remain-
ing bit pattern entry rows of the word entry. Similarly, a bit
pattern entry row having a lowest address of the bit pattern
entry rows comprising the word entry can be searched after 15
other bit pattern entry rows of the word entry.

A further CAM capable of performing wide word searches
1s disclosed 1n a further embodiment of the present invention.
The CAM includes a boundary array having a plurality of
word boundary bits, wherein each word boundary bit corre- 20
sponds to a bit pattern entry row of a CAM memory core. In
addition, the CAM includes a serial AND array having a
plurality of serial AND computational unmits, wherein each
serial AND computational unit 1s in communication with a
corresponding bit pattern entry row of the CAM memory core 25
and a word boundary bit corresponding to the bit pattern entry
row. In this embodiment, serial AND computational units
receive as iputs a control signal indicating a beginning of a
search and a control signal indicating an end of a search. In
this manner, the serial AND array 1s capable of utilizing the 30
word boundary bits to compute a match result for wide word
entries that span multiple bit pattern entry rows. Optionally,
serial AND computational units can further receive as an
input a match result from an adjacent serital AND computa-
tional unit. Generally, in this embodiment, word boundary 35
bits having a value of *“1” can indicate an end of a word entry
spanming multiple bit pattern entry rows.

Yet a further CAM capable of performing wide word
searches 1s disclosed 1n an additional embodiment of the
present invention. At least one CAM memory core having a 40
plurality of bit pattern entry rows 1s included in the CAM. In
addition, search logic 1s included that 1s capable of searching
particular rows during each cycle. The search logic 1s also
capable of allowing match line results of unsearched rows to
remain unchanged during a cycle. The CAM further includes 45
a serial AND array in communication with the bit pattern
entry rows, wherein the serial AND array 1s capable of com-
puting a match result for wide word entries that span multiple
bit pattern entry rows.

In one aspect, a match line enable signal, which facilitates 50
computation of the match result, 1s provided to the serial AND
array. Optionally, the serial AND array can include a plurality
of serial AND computational units, wherein each serial AND
computational unit 1s 1n electrical communication with a bit
pattern entry row and the match line enable signal. In addi- 55
tion, each serial AND computational unit can recerve both a
match line from the corresponding bit pattern entry row and
the match line enable signal. As above, the CAM can further
include a plurality of CAM memory cores serially coupled,
and be capable of storing word entries spanmng multiple 60
CAM memory cores.

Advantageously, the embodiments of the present invention
can perform searches for wide word entries spanning multiple
bit pattern entry rows without altering the physical width of
CAM memory. Thus, adverse consequences, such as reduced 65
elficiency and increased cost, associated with physically wide
CAM memory are avoided using the embodiments of the
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present invention. Other aspects and advantages of the inven-
tion will become apparent from the following detailed
description, taken in conjunction with the accompanying
drawings, illustrating by way of example the principles of the
ivention.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further advantages thereof,
may best be understood by reference to the following descrip-
tion taken 1n conjunction with the accompanying drawings in
which:

FIG. 1 1s a logical diagram showing a conventional CAM
array;

FIG. 2 1s a block diagram showing a wide word CAM
system, 1n accordance with an embodiment of the present
invention;

FIG. 3 1s a schematic block diagram showing a serial AND
array, 1n accordance with an embodiment of the present
invention;

FIG. 4 1s a schematic diagram showing a serial AND com-
putational unit, in accordance with an embodiment of the
present invention;

FIG. SA 1s a chart showing word boundary bit values for
four word entries each comprising a single bit pattern row, 1n
accordance with an embodiment of the present invention;

FIG. 5B 1s a chart showing word boundary bit values for
two word entries each comprising two bit pattern rows, in
accordance with an embodiment of the present invention;

FIG. 6 1s a schematic block diagram showing a serial AND
array using control signal’s for search operations, in accor-
dance with an embodiment of the present invention;

FIG. 7 1s a schematic diagram showing a serial AND com-
putational unit, 1n accordance with an embodiment of the
present invention;

FIG. 8 1s a chart showing the controls signals used 1n a
multiple cycle search, 1n accordance with an embodiment of
the present invention;

FIG. 9A 1s a chart showing word boundary bit values for
four word entries each comprising a single bit pattern row, 1n
accordance with an embodiment of the present invention;

FIG. 9B 1s a chart showing word boundary bit values for
two word entries each comprising two bit pattern rows, in
accordance with an embodiment of the present invention;

FIG. 10 1s a flowchart showing a method for performing a
CAM searching using wide word entries spanning multiple
bit pattern rows, 1n accordance with an embodiment of the
present invention;

FIG. 11 1s a block diagram showing a wide word CAM
system having a match line enable, in accordance with an
embodiment of the present invention;

FIG. 12 1s a schematic block diagram showing a serial
AND array, 1n accordance with an embodiment of the present
invention; and

FIG. 13 1s a schematic diagram showing a serial AND
computational unit, in accordance with an embodiment of the
present 1nvention.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

L1
=]

ERRED

An mvention 1s disclosed for a wide word CAM system that
allows CAM entries to occupy multiple physical rows of a
CAM. In the following description, numerous specific details
are set forth 1n order to provide a thorough understanding of
the present invention. It will be apparent, however, to one
skilled 1n the art that the present invention may be practiced
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without some or all of these specific details. In other
instances, well known process steps have not been described
in detail in order not to unnecessarily obscure the present
invention.

FIG. 1 was described 1n terms of the prior art. FIG. 2 1s a
block diagram showing a wide word CAM system 200, in
accordance with an embodiment of the present invention. The
wide word CAM system 200 includes a plurality of CAM
cores 202 having local priority encoders 204, which are each
turther coupled to a main priority encoder 220. Each CAM
core 202 includes a plurality of bit pattern entry rows 208,
which are used to store the data for the CAM. In the example
of FIG. 2, each CAM core 202 includes 4K bit pattern rows
208, however, it should be noted that any number of bit
pattern rows 208 may be included 1n the CAM cores depend-
ing on the CAM design and needs of the user.

In addition, the CAM system 200 includes a CAM core
202, which does not include priority encoder. Although the
wide word CAM system 200 1s illustrated in FIG. 2 having
tour CAM cores, 1t should be noted that any number of CAM
cores can be 1ncluded i the wide word CAM system 200

using the embodiments of the present mvention.
Each CAM core 202 1s coupled to the next CAM core 202

via match lines 206. As above, although FIG. 2 shows 4K of
match lines 206, 1t should be borne 1n mind that any number
of match lines 206 can be utilized depending on the CAM
core design and the needs of the user. Using tag bits, which
define the width of a word, bit pattern entries of variable
widths can be implemented utilizing the CAM system 200. In
particular, a word can be stored across multiple CAM cores
202 by providing the match lines 206 to adjacent CAM cores
202 storing a single word.

In one embodiment of the present invention, unique width
tags are used as part of each CAM entry to indicate the width
of the entry. A umique tag value 1s associated with each CAM
entry and denotes the entry width size. For example, Table 1
below shows four distinct word sizes, which can be 1mple-
mented using two bit tag values. It should be noted that
additional CAM entry sizes can be supported by ensuring that
cach tag value 1s uniquely encoded with the appropriate and
similar number of bits.

TABLE 1
Tag Value CAM Entry Size
A 1 row word
B 2 row word
C 3 row word
D 4 row word

For example, 1n Table 1, tag value “A” could be represented
by bits “00,” tag value “B” by bits “01,” tag value “C” by bits
“10,” and tag value “D” by bits “11.” These tag values would
then be associated with CAM entries to denote the entry width
S1ZE.

In order to perform the wide word searches described sub-
sequently, embodiments of the present invention store wide
words 1n a particular fashion. Tables 2-7 below illustrate
exemplary wide word storage configurations for performing
wide words searches, 1n accordance with an embodiment of
the present invention. In the following examples, T refers to a
“Ta1l” logic value and NT refers to a “Non-tail” logic value.
Although the various Figures of the present disclosure will be
described 1n terms of T=1 and NT=0, 1t should be borne in
mind that embodiments of the present invention can be imple-
mented using other logic values by making appropriate modi-
fications to the circuitry of FIGS. 3 and 6. In addition, 1t
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6

should be noted that ternary data can be used in the embodi-
ments of the present mvention.

Table 2 below shows unique width tags associated with
four single row stored CAM entries for use in an ascending
search.

TABLE 2
Row Stored Tag Stored Data Boundary Bit
0 A DataAl-A T
1 A DataAl-B T
2 A DataAl-C T
3 A DataAl-D T

Table 3 below shows unique width tags associated with
four single row stored CAM entries for use in a descending
search.

TABLE 3
Row Stored Tag Stored Data Boundary Bit
0 A DataAl-A T
1 A DataAl-B T
2 A DataAl-C T
3 A DataAl-D T

Table 4 below shows unique width tags associated with two
double row stored CAM entries for use 1 an ascending
search.

TABLE 4
Row Stored Tag Stored Data Boundary Bit
0 B DataB1-E NT
1 B DataB2-E T
2 B DataB1-F NT
3 B DataB2-F T

Table 5 below shows unique width tags associated with two
double row stored CAM entries for use m a descending
search.

TABLE 5
Row Stored Tag Stored Data Boundary Bit
0 B DataB1-E T
1 B DataB2-E NT
2 B DataB1-F T
3 B DataB2-F NT

Table 6 below shows unique width tags associated with a
tour row stored CAM entry for use 1n an ascending search.

TABLE 6
Row Stored Tag Stored Data Boundary Bit
0 D DataD1-G NT
1 D DataD2-G NT
2 D DataD3-G NT
3 D DataD4-G T

Table 7 below shows unique width tags associated with a
four row stored CAM entry for use 1n a descending search.



US RE42,684 E

TABLE 7
Row Stored Tag Stored Data Boundary Bit
0 D DataD1-G T
1 D DataD2-G NT
2 D DataD3-G NT
3 D DataD4-G NT

Table 8 below shows unique width tags associated with a
four row stored CAM entry and a double row stored CAM
entry for use 1n an ascending search.

TABLE 8
Row Stored Tag Stored Data Boundary Bit
0 D DataD1-G NT
1 D DataD2-G NT
2 D DataD3-G NT
3 D DataD4-G T
4 B DataB1-H NT
5 B DataB2-H T

Table 9 below shows unique width tags associated with a
tour row stored CAM entry and a double row stored CAM
entry for use 1 a descending search.

TABLE 9
Row Stored Tag Stored Data Boundary Bit
0 D DataD1-G T
1 D DataD2-G NT
2 D DataD3-G NT
3 D DataD4-G NT
4 B DataB1-H T
5 B DataB2-H NT

Further discussion regarding variable width words can be
found 1 U.S. patent application Ser. No. 09/654,316, filed
Sep. 1, 2000, and entitled “Variable Width Content Address-
able Memory Device For Searching Variable Width Data,”
which 1s incorporated herein by reference.

The wide word CAM system 200 further includes a serial
AND array 212. The serial AND array 212 receives as mnputs
the match line outputs 206 of the CAM core 202, which does
not include a priority encoder, and word boundary bits 218
from a boundary bit array 210. The serial AND array 212, 1n
conjunction with the boundary array 210, allows embodi-
ments of the present invention to perform search operations
using words spanning multiple bit pattern rows 208, 1n addi-
tion to variable word widths as described above. More par-
ticularly, the boundary array 210 1s an array of word boundary
bits 218, each storing either a *“1” or *“0” and corresponding to
the bit pattern entry rows 208 of the CAM cores 202. For
example, the boundary array 210 of FIG. 2 can be a4K SRAM
table having 4K word boundary bits 218 each holding a “1” or
a “0.”

In the embodiments of the present invention, each word
boundary bit 218 indicates either the start or end, depending
on the embodiment, of a word boundary within the CAM.
More particularly, each word boundary bit 218 of the bound-
ary array 210 corresponds to a match line 206 and indicates
either the start of a word boundary, or the end of a word
boundary. For example, 1n one embodiment, a word boundary
bit 218 with a value of “1”” indicates the start of a new word.
In this embodiment, 1 a word spans multiple bit pattern rows
208, the word boundary bit 218 corresponding to the bit
pattern row 208 having the lowest address 1n the CAM cores
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8

202 has a value of “1.” The word boundary bits 218 of sub-
sequent bit pattern rows 208 corresponding to the remainder
of the word have a value of “0.”

The serial AND array 212 combines the match lines 206 of
word entries that span multiple bit pattern rows 208 and
synthesizes a match line result 214 that resembles a solution
that would occur had there been a very large word comprising
a single bit pattern row. Specifically, the serial AND array 212
comprises a plurality of serital AND computational units,
which use the match lines 206 and the word boundary bits 210
as mputs to compute a match line result 214 for each word
entry regardless of how many bit pattern rows 208 the word
entry spans. The match line results 214 from the serial AND
array 212 are provided to the priority encoder 216, which
generates the highest priority matching address.

FIG. 3 1s a schematic block diagram showing a serial AND
array 212, 1n accordance with an embodiment of the present
invention. The serial AND array 212 includes a plurality of
serial AND computational units 300, which receive as inputs
word boundary bits 218 from the boundary array 210 and
match lines 206 from the CAM cores. In addition, each serial
AND computational unit 300 receives an internal match line
result 302 from an adjacent serial AND computational unit
300, and the word boundary bit 218 from the adjacent serial
AND computational unit 300. To ensure operability, the last
serial AND computational unit 300, coupled to the bit pattern
entry having the highest address, 1s attached to a voltage
source, as shown 1n FIG. 3. Further, a common clock signal:
304 1s provided to each serial AND computational unit 300.

In operation, the serial AND computational units 300 syn-
thesize a match line result 214 that resembles a solution that
would occur had there been a very large word comprising a
single bit pattern row. More particularly, the serial AND com-
putational units 300 combine the match lines 206 from bt
pattern rows comprising a single word entry, and output the
match line result 214 from the serial AND computational unit
300 corresponding to the bit pattern row of the word entry
having the lowest memory address. The match line results
214 corresponding to the bit pattern rows of the remainder of
the word entry are forced to a miss or “0.”

The serial AND array 212 shown 1n FIG. 3 illustrates an
example of a descending search configuration. That 1s, the
shift chain indicated by the internal match line result 302 1s
configured to shitt from row nto row 0. As a result, search data
1s sequenced 1n time to match data 1n progressively lower
(row 1-1) addresses. However, it should be noted that an
ascending search configuration can be utilized wherein the
shift chain 1indicated by the internal match line result 302 1s
configured to shift from row O to row n. An ascending search
configuration feeds the internal match line result 302 to the
serial AND computational unit 300 next higher (row 1+1)
location.

To facilitate match line 206 combining, each serial AND
computational unit 300 recerves the internal match line result
302 from an adjacent serial AND computational unit 300.
Each internal match line result 302 1s based on the match line
206 of the corresponding bit pattern row and the match line or
word boundary bit 218 of an adjacent bit pattern row, as
described 1n greater detail below.

FIG. 4 1s a schematic diagram showing a serial AND com-
putational unit 300, 1n accordance with an embodiment of the
present invention. The serial AND computational unit 300
includes an OR gate 400 coupled to an AND gate 402, which
1s Turther coupled to a flip-tlop 404 controlled by the clock
signal 304. The tlip-tlop 404 1s further coupled to an AND
gate 406, which provides the match line result 214 for the
serial AND computational unit 300.




US RE42,684 E

9

In operation, the OR gate 400 of the serial AND computa-
tional unit 300 receives as mputs the mnternal match line result
amlo, , 302 and the word boundary bit S, ; 218 from the

I+1 I+1

adjacent serial AND computational unit. The output of the
OR gate 400 1s then provided to the AND gate 402, which also
receives the match line 206 for the bit pattern row. The result
of the AND gate 402 1s then stored by the flip-flop 404. The
output of the flip-tlop 404 1s the internal match line result
amlo, 302 for the serial AND computational unit 300. The
internal match line result amlo, 302 represents the combina-
tion of the internal match line result amlo, , 302 from the
adjacent sertal AND computational umit and the match line
206 for the current bit pattern row.

However, because an OR operation 1s performed on the
adjacent internal match line result amlo,_ ; 302 and the word
boundary bit S, ; 218, the internal match line result amlo, 302
can represent only the match line 206 for the current bit
pattern row. In particular, 1f the adjacent word boundary bit
S, 21815 a“1,” meaning the adjacent bit pattern row 1s a new
word entry, the output of the OR gate 400 will be a “1”
regardless of the state of the adjacent internal match line
result 302. Hence, the internal match line resultamlo, 302 wall
represent only the match line 206 for the current bit pattern
row.

As mentioned previously, the internal match line result
amlo, 302 1s provided to an adjacent serial AND computa-
tional unit. In addition, the internal match line result amlo,
302 1s provided to the AND gate 406, which combines the
internal match line result amlo, 302 with the word boundary
bit S, 218 to produce the match line result 214. As discussed
above, generally only the serial AND computational unit 300
corresponding to the bit pattern row of the word entry having
the lowest address provides the match line result 214 for the
word entry. Serial AND computational units 300 correspond-
ing to the remaining bit pattern rows of the word entry are
torced to output “0” on the match line result 214 line. To this
end, the AND gate 406 1s only capable of outputting a “1”
result when the word boundary bit S, 218 for the current bit
pattern row 1s a “1,” indicating the tail of a word entry. In this
case, the match line result 214 for the word entry will match
the internal match line result amlo, 302 for the serial AND
computational unit 300.

FIGS. 5A and 5B illustrate sections of a boundary array
210 corresponding to word entries of various sizes. In par-
ticular, F1G. 5A 1s a chart 500 showing word boundary bit 218
values for four word entries each comprising a single bit
pattern row, 1n accordance with an embodiment of the present
invention. The chart 500 shows four bit entry rows 208 and
their corresponding word boundary bits 218 from the bound-
ary array. In this embodiment, a word boundary bit 218 with
a value of “1” indicates the start of a new word. Hence,
because each word entry comprises a single bit pattern row
208 1in the example of FIG. 5A, the word boundary bit 218 for
cach bit entry row 208 has a value of “1” indicating each bit
entry row 208 1s the beginning of a new word entry.

FIG. 5B 1s a chart 502 showing word boundary bit 218
values for two word entries each comprising two bit pattern
rows, in accordance with an embodiment of the present inven-
tion. As above, the chart 502 shows four bit entry rows 208
and their corresponding word boundary bits 218 from the
boundary array. Also as above, a word boundary bit 218 with
a value of “1” indicates the start of a new word. Hence, 1f a
word spans multiple bit pattern rows 208, the word boundary
bit 218 corresponding to the bit pattern row 208 having the
lowest address 1n the CAM cores 202 has a value of “1.” The
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word boundary bits 218 of subsequent bit pattern rows 208
corresponding to the remainder of the word have value of a
GGO‘EE

For example, bit pattern row 0 208a and bit pattern row 1
208b represent a single large word entry, where bit pattern
row 0 208a has a lower address than bit pattern row 1 208b.
Hence, bit pattern row 0 208a has a value of *“1”” indicating the
start of the word entry, and the remaining bit pattern row 1
208b has a value of *“0.” Bit pattern row 2 208c 1s the start of
a new word entry, and hence, the corresponding word bound-
ary bit 218 has a value of *“1,” indicating the start of the new
word entry. As above, the remaining bit pattern row 3 208d
has a value of “0.” In addition to indicating the start of word
entries, the word boundary bits 218 can be used to indicate the

boundary of large word entries, as described next with refer-
ence to F1G. 6.

FIG. 6 1s a schematic block diagram showing a serial AND
array 212 using control signals for search operations, 1n
accordance with an embodiment of the present invention. The
serial AND array 212 includes a plurality of serial AND
computational units 600, which receive as iputs word
boundary bits 218 from the boundary array 210 and match
lines 206 from the CAM cores. In addition, each serial AND
computational unit 600 recerves a match line result 214 from
an adjacent serial AND computational unit 600, a control
signal SC 602 that indicates the end of a search, and a control
signal SSE 604 indicating the beginning of a search. To
ensure operability, the last serial AND computational unit
600, coupled to the bit pattern entry having the highest
address, 1s attached to a voltage source, as shown 1n FIG. 6.
Further, a common clock signal 304 is provided to each serial
AND computational unit 600.

In operation, the serial AND computational units 600 syn-
thesize a match line result 214 that resembles a solution that
would occur had there been a very large word comprising a
single bit pattern row. More particularly, the serial AND com-
putational units 600 combine the match lines 206 from bit
pattern rows comprising a single word entry, and output the
match line result 214 from the serial AND computational unit
600 corresponding to the bit pattern row having the lowest
memory address. The match line results 214 corresponding to
the bit pattern rows of the remainder of the word entry are
forced to a miss or “0.” To facilitate match line 206 combin-
ing, each serial AND computational unit 600 recerves the
match line result 214 from an adjacent serial AND computa-
tional unit 600, as described 1n greater detail below.

FIG. 7 1s a schematic diagram showing a serial AND com-
putational unit 600, 1n accordance with an embodiment of the
present invention. The serial AND computational unit 600
includes an XNOR gate 700 and an OR gate 702, each
coupled as an input to an AND gate 704. The output of the
AND gate 704 1s provided to a tlip-tlop 706 controlled by the
clock signal 304. The flip-tlop 706 provides the match line
result 214 for the bit pattern row.

In operation, the XNOR gate 700 of the serial AND com-
putational unit 600 recerves as iputs the word boundary bit
[S.] S, 218 for the bit pattern row and the SC 602 control
signal. In addition, the OR gate 702 receives as inputs the
match line result 214 from the adjacent serial AND compu-
tational unit and the SSE control signal 604. The output of the
XNOR gate 700 and the output of the OR gate 702 are pro-
vided as 1inputs to the AND gate 704 along with the match line
206 for the current bit pattern row. The result of the AND gate
704 1s then stored by the flip-flop 706, the output of which
provides the combined match line result 214 for one or more
bit pattern rows.
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In one embodiment, multiple search cycles are used to
search word entries spanning multiple bit pattern rows. To
signal the beginning and end of the complete search, search
control signals SC 602 and SSE 604 are used. In particular,
control signal SSE 604 indicates the beginning cycle of a
search and control signal SC 602 indicates the ending cycle of
a search. Thus, during the first cycle (cycle 0) of a search,
control signal SSE is high and during the last cycle of a
search, control signal SC 602 1s high, as illustrated next with
reference to FIG. 8.

FI1G. 8 15 a chart 800 showing the controls signals used in a
multiple cycle search, in accordance with an embodiment of
the present invention. The chart .800 1llustrates exemplary
values for control signal SSE 604, control signal SC 602, and
a priority controller control signal PEOE 802. Priority con-
troller control signals are further discussed i U.S. patent
application Ser. No. 09/642,253, filed Aug. 17, 2000, and
entitled “Priority Encoder With Multiple Match Function For
Content Addressable Memories And Methods For Making
The Same,” which 1s incorporated herein by reference.

In particular, the chart 800 illustrates control signal values
for a three cycle, three row search. As shown, during cycle 0
the SSE 604 control signal is asserted to indicate the begin-
ning of the search, while the SC 602 control signal 1s low
indicating the end of the search has not yet been reached. The
priority encoder control signal PEOE 802 1s low indicating,
that the priority encoder should not yet output the search
result. Next, during clock cycle 1 both control signals SC 602
and SSE 604 are low, indicating neither the start nor end of the
search 1s occurring this cycle. Again, as 1n clock cycle 0, the
priority encoder control signal PEOE 802 remains low during,
clock cycle 1. Search cycle 2 1s the last cycle for the current
search, therefore control signal SC 602 1s asserted to indicate
the end of the current search and control signal SSE 604 is
allowed to remain low. Thereafter, a new search begins with
the next cycle 0, as shown 1 FIG. 8. Thus, based on the
control signals, the states of the match lines 206 and the states
of the adjacent match line results 214 of the remaining serial
AND computational units 600 comprising the word entry, the
final match line result 214 for the word entry can be obtained.

In order to search wide words as described above, a par-
ticular sequence of searching 1s followed to generate the
proper match line information (206 and 214). Tables 10-13
below 1llustrate examples of how searches can be conducted
for various search directionalities and word widths for data
stored as shown 1n tables 2-9. Although the examples show
signal SC for the implementations of FIGS. 6 and 7, 1t should
be noted that the signal SC 1s not required for the implemen-
tation shown 1n FIGS. 3 and 4.

Table 10 below 1llustrates a two-row ascending search data
“F”” using unique tags.

TABLE 10
Cycle Applied Search Data  Applied Search Tag 88 SC PEOE
0 DataB1-F B 1 0 0
1 DataB2-F B 0 1 1

Table 11 below 1illustrates a two-row descending search
data “F” using unique tags.

TABLE 11
Cycle Applied Search Data  Applied Search Tag  SSE  SC PEOE
0 DataB2-F B 1 0 0
1 DataB1-F B 0 1 1
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Table 12 below 1illustrates a four-row ascending search data
“H” using unique tags.

TABLE 12
Cycle Applied Search Data  Applied Search Tag  SSE  SC PEOE
0  DataD1-H D 1 0 0
1 DataD2-H D 0 0 0
2 DataD3-H D 0 0 0
3 DataD4-H D 0 1 1

Table 13 below 1llustrates a four-row descending search
data “H” using unique tags.

TABLE 13
Cycle Applied Search Data  Applied Search Tag  SSE  SC PEOE
0  DataD4-H D 1 0 0
1 DataD3-H D 0 0 0
2  DataD2-H D 0 0 0
3 DataD1-H D 0 1 1

FIGS. 9A and 9B illustrate sections of a boundary array
210 corresponding to word entries of various sizes for the
embodiment of FIG. 7. In particular, FIG. 9A 1s a chart 900
showing word boundary bit 218 values for four word entries
cach comprising a single bit pattern row, 1n accordance with
an embodiment of the present invention. The chart 900 shows
four bit entry rows 208 and their corresponding word bound-
ary bits 218 from the boundary array. In this embodiment, a
word boundary bit 218 with a value of “1” indicates the
beginning of a multiple bit pattern row word. Hence, because
cach word entry comprises a single bit pattern row 208 1n the
example of FIG. 9A, the word boundary bit 218 for each bit
entry row 208 has a value of “1” indicating there are no
multiple bit pattern row word entries in the chart 900.

FIG. 9B i1s a chart 902 showing word boundary bit 218
values for two word entries each comprising two bit pattern
rows, 1n accordance with an embodiment of the present inven-
tion. As above, the chart 902 shows four bit entry rows 208
and their corresponding word boundary bits 218 from the
boundary array. Also as above, a word boundary bit 218 with
a value of *“1”” indicates the beginning ol a multiple bit pattern
row word. Hence, 1 a word spans multiple bit pattern rows
208, the word boundary bit 218 corresponding to the bit
pattern row 208 having the lowest address 1n the CAM cores
has a value of “1.” The word boundary bits 218 of the bit

pattern rows 208 corresponding to the remainder of the word
have a value of “0.”

For example, bit pattern row 0 208a and bit pattern row
208b represent a single large word entry, where bit pattern
row 1 208b has a higher address than bit pattern row 0 208a.
Hence, bit pattern row 0 208a has a value of *“1”” indicating the
beginning of the word entry, and the remaining bit pattern row
1 208b has a value of *“0.” Bit pattern row 2 208c 1s the start of
a new word entry, and hence, the corresponding word bound-
ary bit 218 has a value of “1,” and the ending bit pattern row
3 208d has a value of “0.”

In the examples discussed thus far, unique tag bits have
been used to specily the width of an entry 1n memory. To
reduce the number of tag bits needed to support additional
word widths, one embodiment of the present imnvention uti-
lizes differential width tags to specily the width of an entry 1n
memory. Using differential width tags, only two additional
code words are required to specily any multi-row CAM entry.
Specifically, a “Head” of the entry word row 1s indicated with
one code word and all other rows within the multi-row entry
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store a “non-head” tag value. In the following examples, “H”
will indicate the “Head” of the entry word row and “NH” will
indicate the “non-head” of the entry word row. “H” can have
any logic value as long as “NH” 1s different than “H.”

If the CAM entry spans only one row, the tag value for the
CAM entry 1s always “Head.” For ascending search configu-
rations, if the CAM entry spans more than one row, the CAM
row with the lowest address receives the “Head” value and all
other rows within the multi-row entry receive the “non-head”
value. For descending search configurations, 1f the CAM
entry spans more than one row, the CAM row with the highest
address recerves the “Head” value and all other rows within
the multi-row entry recerve the “non-head” value. In the fol-
lowing examples, Row 1 1s any row in the CAM array, where
11s an integer greater than or equal to zero.

Table 14 below illustrates a differential tag value for a
single row entry for both ascending and descending search
configurations.

TABLE 14

Tag Value Row

H 1

Table 15 below illustrates differential tag values for a
double row entry for an ascending search configuration.

TABLE 15
Tag Value Row
H 1
NH 1+ 1

Table 16 below illustrates differential tag values for a
double row entry for a descending search configuration.

TABLE 16
Tag Value Row
NH 1
H 1+ 1

Table 177 below 1llustrates differential tag values for a three-
row entry for an ascending search configuration.

TABLE 17
Tag Value Row
H 1
NH 1+ 1
NH 1+ 2

Table 18 below 1llustrates differential tag values for a three-
row entry for a descending search configuration.

TABLE 18
Tag Value Row
NH 1
NH 1+ 1
H 1+ 2

Table 19 below illustrates differential tag values for a four-

row entry for an ascending search configuration.

TABLE 19
Tag Value Row
H i
NH 1+ 1
NH 1+ 2
NH 1+ 3

Table 20 below 1llustrates differential tag values for a four-

10 row entry for a descending search configuration.
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TABLE 20
Tag Value Row
NH 1
NH 1+ 1
NH 1+ 2
H 1+ 3

Tables 21-277 below 1llustrate data storage examples using
the differential tag scheme described above. Table 21 illus-
trates four single row stored CAM entries for both ascending
and descending searches using differential width tags.

TABLE 21
Row Stored Tag Stored Data Store Boundary Bit
0 H DataAl-A T
1 H DataAl-B T
2 H DataAl-C T
3 H DataAl-D T

Table 22 1llustrates two double row stored CAM entries for
an ascending search using differential width tags.

TABLE 22
Row Stored Tag Stored Data Store Boundary Bit
0 H DataB1-E NT
1 NH DataB2-E T
2 H DataB1-F NT
3 NH DataB2-F T

Table 23 below illustrates two double row stored CAM

entries for a descending search using differential width tags.

TABLE 23
Row Stored Tag Stored Data Store Boundary Bit
0 NH DataB1-E T
1 H DataB2-E NT
2 NH DataB1-F T
3 H DataB2-F NT

Table 24 below 1illustrates a four row stored CAM entry for
an ascending search using differential width tags.

Row Stored Tag
0 H
1 NH
2 NH
3 NH

TABLE 24

Stored Data

DataD1-G
DataDD2-(G
DatalD3-G
DataD4-(

Store Boundary Bit

NT
NT
NT
T

Table 25 below illustrates a four row stored CAM entry for
a descending search using differential width tags.
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Stored Tag

NH
NH
NH
H
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TABLE 25

Stored Data

DataD1-G
DataD2-G
DataD3-G
DataD4-G
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TABLE 30
Store Boundary Bit Cycle Applied Search Data  Applied Search Tag SS SC PEOE
0 DataD1-H H 1 0 0
1 5 1 DataD2-H NH 0 0 0
NT 2 DataD3-H NH 0 0 0
NT 3 DataD4-H NH 0 1 1
NT

Table 30 shows a descending search for four-row stored
10 search data “H” using differential tags.

In addition, a heterogeneous mixture of various entry sizes

can be stored within the same array, as illustrated below 1n TARIE 31
Tables 26 and 27. Table 26 below shows an example of a —_—
four-row stored CAM entry and a double-row stored CAM Cycle Applied Search Data  Applied Search Tag S8k SC POE
entry for an ascending search using differential tags. 15 0 DataDA-H . L0 0
1 DataD3-H NH 0 0 0
TARBLE 26 2 DataD2-H NH 0 0 0
3 DataD1-H NH 0 1 1
Row Stored Tag Stored Data Store Boundary Bit
0 H DataD1-G NT 20 FIG. 10 is a flowchart showing a method 1000 for perform-
. NH DataD2-G N1 ing a CAM searching using wide word entries spanning mul-
2 NH DataD3-G NT tinle bit patt : d o hod; t of
; NH DataDA.C T tple bit pattern rows, i accordance with an embodiment o
4 H DataB1-H NT the present mnvention. In an 1mitial operation 1002, preprocess
> NH DataB2-H 1 operations are performed. Preprocess operations include stor-

Table 27 shows an example of a four-row stored CAM
entry and a double-row stored CAM entry for a descending
search using dif.

‘erential tags.

= ing data in CAM memory, configuring the boundary array for

multiple bit pattern row entries, and other preprocess opera-
tions that will be apparent to those skilled 1n the art.

In operation 1004, the search data for the search operation

4o 18 recerved on the mput bus. The search data can be of varying

widths, as desired by the user. Wide search data may need to

IABLE 2 be recetved over multiple clock cycles depending on the
Row  Stored Tag Stored Data Store Boundary Bit width of the mput bus. In addition, generally a field, or Tag,
’ NH T n indicating the width of thra Sea'rch data 1s rece"iv:ed along with
1 NH DataD2-G NT 35 the search data, as described 1n greater detail in U.S. patent
2 NH DataD3-G NT application Ser. No. 09/654,316, filed Sep. 1, 2000, and
j T%H giggig TT”TT entliiled “Vanable. Wldth Conte-:nt‘ Addressable Memory
5 . DataB-H NT Device For Searching Variable Width Data.”
A decision 1s then made as to whether the search data spans
40 multiple bit pattern rows in CAM memory, in operation 1006.
In operation, the applied search tag 1s H for the first cycle. As mentioned previously, data that spans multiple bit pattern
Any subsequent cycles required use the NH value for the rows in CAM memory may be stored and searched using the
applied search tag. The order of the applied search data tol- embodiments of the present invention. If the search data does
lows the same order as the search directionality. Tables 28-31 not span multiple bit pattern rows in CAM memory, the
show examples of searches using the differential tags * method 1000 continues with operation 1008. Otherwise, the
described above. Table 28 shows an ascending search for method 1000 continues with operation 1010.
double-row stored search data “F” using differential tags. When the search data is not being compared to data span-

Cycle Applied Search Data

0
1

DataB1-F
DataB2-F

TABLE 28

ning multiple bit pattern rows, a search 1s performed using the
5o received search data in operation 1008. This search 1s per-
——— tormed as described above with reference to FIGS. 4 and/or 7.

Applied Search Tag ~ SS SC PEOE

H
NH

Generally, a single clock cycle can be used to search the entire

R search data in operation 1008. The method is then completed
in operation 1016.

55 Inoperation 1010, a search 1s performed for the data stored

Table 29 shows an ascending search for double-row stored in the portion of the word having the highest address. Spe-

search data “F”” using differential tags.

cifically, a search 1s performed using the portion of the search
data that 1s expected to match the highest addressed portion of
the word entry. For example, 11 a word entry spans three bit

TABLE 29 ‘ ‘
60 pattern rows, the portion of the word entry row stored 1n the
Cycle Applied Search Data  Applied Search Tag ~ SSE  SC PEOE last, or third row, of the entry 1s searched during operation
0 DataRO-F . 0 o 1010 using .the corresponding.portion of the search data.
| DataB1-F NI L In operation 1012, a search 1s performed for the data stored
in the portion of the word having the next highest address.
65 Similar to operation 1010, a search 1s performed using the
Table 30 shows an ascending search for four-row stored portion of the search data that 1s expected to match the next

search data “H” using differential tags.

highest addressed portion of the word entry. For example, the
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next highest address portion of a word entry after the third
row, 1s the second row of the entry.

A decision 1s then made, 1n operation 1014, as to whether
the search data spans additional bit pattern rows. If the search
data spans additional bit pattern rows, the method 1000 con-
tinues with another operation 1012. Otherwise the method 1s
completed in operation 1016.

Post process operations are performed in operation 1016.
Post process operations include post processing of the search
results, further search operations, and other post process
operations that will be apparent to those skilled 1n the art.
Advantageously, the embodiments of the present invention
can perform searches for wide word entries spanning multiple
bit pattern entry rows without altering the physical width of
CAM memory. Thus, adverse consequences, such as reduced
elliciency and increased cost, associated with physically wide
CAM memory are avoided using the embodiments of the
present invention.

In addition to the wide word CAM systems described
above, embodiments of the present invention can provide
wide word searching using a match line enable instead of a
boundary bit array. FIG. 11 1s a block diagram showing a wide
word CAM system 1100 having a match line enable, 1n accor-
dance with an embodiment of the present invention. Similar
to the above mentioned wide word CAM systems, the wide
word CAM system 1100 includes a plurality of CAM cores
202 having local priority encoders 204, which are each fur-
ther coupled to a main priority encoder 220. Each CAM core
202 includes a plurality of bit pattern entry rows 208, which
are used to store the data for the CAM. In the example of FIG.
11, each CAM core 202 ncludes 4K bit pattern rows 208,
however, 1t should be noted that any number of bit pattern
rows 208 may be included in the CAM cores depending on the
CAM design and needs of the user.

In addition, the CAM system 1100 includes a CAM core
202, which does not include priority encoder. Although the
wide word CAM system 1100 1s illustrated 1n FIG. 11 having,
tour CAM cores, 1t should be noted that any number of CAM
cores can be included 1n the wide word CAM system 1100
using the embodiments of the present invention.

Each CAM core 202 1s coupled to the next CAM core 202
via match lines 206. As above, although FIG. 11 shows 4K of
match lines 206, it should be borne 1n mind that any number
of match lines 206 can be utilized depending on the CAM
core design and the needs of the user. As above, bit pattern
entries of variable widths can be implemented utilizing the
CAM system 1100 using tag bits, which define the width of a
word.

The wide word CAM system 1100 further includes a serial
AND array 1102. The serial AND array 1102 receives as
inputs the match line outputs 206 of the CAM core 202, which
does not include a priority, and a match line enable output
signal 1108 from a match line enable latch 1106. The match
line enable latch 1106 recerves a match line enable 1nput
signal 1104, and inverts the signal 1104 to generate the match
line enable output signal 1108.

The serial AND array 1102, 1n conjunction with the match
line enable latch 1106, allows embodiments of the present
invention to perform search operations using words spanning
multiple bit pattern rows 208, in addition to variable word
widths as described above. As above, the serial AND array
1102 combines the match lines 206 of word entries that span
multiple bit pattern rows 208 and synthesizes a match line
result 214 that resembles a solution that would occur had
there been a very large word comprising a single bit pattern
row. Specifically, the serial AND array 1102 comprises a
plurality of serial AND computational units, which use the

5

10

15

20

25

30

35

40

45

50

55

60

65

18

match lines 206 and the match line enable output signal 1108
as mputs to compute a match line result 214 for each word
entry regardless of how many bit pattern rows 208 the word
entry spans. The match line results 214 from the serial AND
array 1102 are provided to the priority encoder 216, which
generates the highest priority matching address.

FIG. 12 1s a schematic block diagram showing a serial
AND array 1102, in accordance with an embodiment of the
present mvention. The serial AND array 1102 includes a
plurality of serial AND computational units 1200, which
receive as mputs two adjacent match lines 206 from the CAM
cores and the match line enable output signal 1108.

In operation, each serial AND computational unit 1200
synthesizes a match line result 214 that resembles a solution
that would occur had there been a very large word comprising
a single bit pattern row. More particularly, the serial AND
computational unmits 1200 combine the match lines 206 from
bit pattern rows comprising a single word entry, and output
the match line result 214 from the serial AND computational
umt 1200 corresponding to the bit pattern row of the word

entry having the lowest memory address, as described 1n
greater detail below with reference to FIG. 13.

FIG. 13 1s a schematic diagram showing a serial AND
computational unit 1200, 1n accordance with an embodiment
of the present invention. The serial AND computational unit
1200 includes an OR gate 1304 coupled to a first AND gate
1300, which provides a first match line result 214 for the serial
AND computational unit 1200. The serial AND computa-
tional unit 1200 also includes a second AND gate 1302, which
provides a second match line result 214 for the serial AND
computational unit 1200. As nputs, the serial AND compu-
tational unit 1200 receives a first and second match line mlo,
and mlo, ;.

In operation, the AND gate 1302 receives the second match
line mlo,, ; and the match line enable output 1108. The output
of the AND gate 1302 1s the second match line result 214. In
addition, the OR gate 1304 also receives as inputs the second
match line mlo, , and the match line enable output 1108. The
output of the OR gate 1304 is provided as input to the AND
gate 1300, which also receives the first match line mlo,. The

output of the AND gate 1300 1s the first match line result 214.

As above, embodiments ol the present invention store wide
words 1n a particular fashion 1n order to perform wide word
searches. Tables 32 and 33 below 1llustrate exemplary wide
word storage configurations for performing wide words
searches using serial AND computational units 1200 as
described with reference to FIG. 13, in accordance with an
embodiment of the present invention. As will be seen below,
these examples essentially mirror the above storage configu-
rations, however, 1n this embodiment the boundary bits are
not utilized.

Table 32 below shows unique width tags associated with
two double row stored CAM entries.

TABLE 32
Row Stored Tag Stored Data
0 B DataB1-E
1 B DataB2-E
2 B DataB1-F
3 B DataB2-F

Table 33 below shows unique width tags associated with a
double row and a single row stored CAM entries.
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TABLE 33
Row Stored Tag Stored Data
0 B DataB1-H
1 B DataB2-H
2 A DataAl1-C

Similar to previously described methods for search wide
words, the methods described with reference to FIGS. 11-13
can search 1n an ascending or descending search fashion,
providing the data1s searched 1in the same way that 1t 1s stored.
However, 1n the embodiments of FIGS. 11-13, the CAM
arrays are modified to search only the relevant rows. That 1s,
cach CAM array 1s modified such that a search 1s conducted
only on particular rows, and the match lines that are con-
nected to rows that are not searched do not change state. Thus
far, the serial AND computational units described with
respect to FIGS. 11-13 are capable of searching one or two
rows. However, 1t should be noted that embodiments of the
present invention can easily be extended to accommodate
wide words that are greater than two rows, as will be apparent
to those skilled 1n the art after a careful reading of the present
disclosure.

When the serial AND array 1s capable of one or two row
searching, the CAM array includes a means to search only
odd rows, a means to search only even rows, and a means to
search all rows simultaneously. By odd rows it 1s meant that
the CAM array includes a means to search entries that corre-
spond to match line 1 where 1 1s an odd integer, and by even
rows 1t 1s meant that the CAM array includes a means to
search entries that correspond to match line 1 where 1 1s an
even integer. To perform these functions, one embodiment of
the present invention includes control signals SS[1:0] to con-
trol which rows of the CAM array are searched. For example,
these control signals can be configured as shown 1n table 34.

TABLE 34
Description of CAM Array Operation SS[1] SS[O]
No search 0 0
Search Even Rows only 0 1

Leave state of odd rows corresponding match line

output unchanged

Search Even Rows only 1 0
Leave state of odd rows corresponding match line

output unchanged

Search All Rows simultaneously 1 1
All match lines are updated and may change state

As shown 1n table 34, the state of the control signals SS[1]
and SS[0] indicate which rows are to be searched. In addition,
the state of the control signals SS[1] and SS[0] indicate which
rows are allowed to change state. For example, when SS[1] 1s
“0” and SS[0] 1s “1” only even rows are searched. In addition,
the match line state of the odd rows remains unchanged.

Using the control signals SS[1:0] in conjunction with the
tag bits, match line enable output signal, and priority control-
ler control signal (PEOE), embodiments of the present inven-
tion can perform word searches for words spanning multiple
rows without using a boundary bit array. Tables 35-37, below,
illustrate search signals for performing wide word searches
using control signals SS[1:0] and a match line enable output.
In particular, table 335, below, illustrates exemplary search
signals for performing an ascending search of data spanning
twO rows.
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TABLE 35
Cycle Search Data Search Tag SS[1:0] MLE MLEN PEOE
0 DataB1-H B 01 0 1 0
1 DataB2-H B 10 1 0 1

Table 36, below, illustrates exemplary search signals for
performing a descending search of data spanning two rows.

TABLE 36
Cycle  Search Data  Search Tag S§8[1:0] MLE MLEN PEOE
0 DataB2-H B 10 0 1 0
1 DataB1-H B 01 1 0 1

Finally, table 37, below, 1llustrates exemplary search sig-
nals for performing an ascending or descending search of data
spanning a single row.

TABLE 37
Cycle  Search Data  Search Tag S§8[1:0] MLE MLEN PEOE
0 DataAl-C A 11 0 1 1

In addition to facilitating wide word searching with
reduced logic, the capability to search only odd or even rows
also greatly reduces the power utilized by the CAM. By only
searching half of the CAM array for the first cycle of a two

row wide word search, a significant power savings occurs.
Similarly, only the other half of the CAM array 1s searched on
the second cycle of a two row wide word search, which
achieves similar power savings.

The present invention may be implemented using any type
of integrated circuit logic, state machines, or software driven
computer-implemented operations. By way of example, a
hardware description language (HDL) based design and syn-
thesis program may be used to design the silicon-level cir-
cuitry necessary to approprately pertorm the data and control
operations 1n accordance with one embodiment of the present
invention.

The invention may employ various computer-implemented
operations involving data stored 1n computer systems. These
operations are those requiring physical manipulation of
physical quantities. Usually, though not necessarily, these
quantities take the form of electrical or magnetic signals
capable of being stored, transiferred, combined, compared,
and otherwise manipulated. Further, the manipulations per-
formed are often referred to 1n terms, such as producing,
identifying, determining, or comparing.

Any of the operations described herein that form part of the
invention are useful machine operations. The 1nvention also
relates to a device or an apparatus for performing these opera-
tions. The apparatus may be specially constructed for the
required purposes, or 1t may be a general purpose computer
selectively activated or configured by a computer program
stored 1n the computer. In particular, various general purpose
machines may be used with computer programs written in
accordance with the teachings herein, or 1t may be more
convenient to construct a more specialized apparatus to per-
form the required operations.

Further, although embodiments of the present mvention
have been described with specific logical values for various
logical statements and states, 1t should be noted that the
embodiments of the present invention are not be limited to
these specific logical values for various logical statements
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and states. In particular, the specific logical values can be
changed to better suit a particular design. For example, speci-
fied logical values of “0” and *“1” can be reversed to better suit
the logical design of a particular application.

Additionally, the various block diagrams may be embodied
in any form which may include, for example, any suitable
computer layout, semiconductor substrate, semiconductor
chup or chips, printed circuit boards, packaged integrated
circuits, or soiftware implementations (and combinations
thereol). Accordingly, those skilled in the art will recognize
that the present embodiments are to be considered as illustra-
tive and not restrictive, and the invention 1s not to be limited
to the details given herein, but may be modified within the
scope and equivalents of the appended claims.

What 1s claimed 1s:

1. A content addressable memory (CAM) capable of per-
forming wide word searches, comprising:

at least one CAM memory core having a plurality of bit
pattern entry rows;

a boundary array having a plurality of word boundary bits,
cach word boundary bit corresponding to a bit pattern
entry row; and

a serial AND array in communication with the bit pattern
entry rows and the word boundary bits, wherein the
serial AND array 1s capable of utilizing the word bound-
ary bits to compute a match result for wide word entries
that span multiple bit pattern entry rows.

2. A CAM as recited i claim 1, wherein specific word
boundary bits indicate word boundaries of stored word
entries.

3. A CAM as recited 1n claim 2, wherein word boundary
bits having a value of *“1” indicate a beginning of a new word
entry.

4. A CAM as recited 1in claim 1, wherein the serial AND
array includes a plurality of serial AND computational units.

5. A CAM as recited 1in claim 4, wherein each serial AND
computational unit 1s in electrical communication with a bit
pattern entry row and a word boundary bit corresponding to
the bit pattern entry row.

6. A CAM as recited 1n claim 5, wherein each serial AND
computational unit recetves a match line from the corre-
sponding bit pattern entry row and a word boundary bit from
the boundary array as input signals.

7. A CAM as recited 1in claim 6, further including a plurality
of CAM memory cores that are serially coupled.

8. A CAM as recited 1n claim 7, wherein the CAM 1s
capable of storing word entries spanning multiple CAM
memory cores.

9. A content addressable memory (CAM) capable of per-
forming wide word searches, comprising:

a boundary array having a plurality of word boundary bits,
cach word boundary bit corresponding to a bit pattern
entry row of a CAM memory core; and

a serial AND array having a plurality of serial AND com-
putational units, each serial AND computational unit 1n
communication with a corresponding bit pattern entry
row of the CAM memory core and a word boundary bit
corresponding to the bit pattern entry row, wherein the
serial AND computational units recerve as inputs a word
boundary bit and an internal match line result corre-
sponding to an adjacent bit pattern entry row,

wherein the serial AND array 1s capable of utilizing the
word boundary bits to compute a match result for wide
word entries that span multiple bit pattern entry rows.

10. A CAM as recited 1n claim 9, wherein specific word
boundary bits indicate word boundaries of stored word
entries.
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11. A CAM as recited 1n claim 10, wherein word boundary
bits having a value of *“1” indicate a beginning of a new word
entry.

12. A CAM asrecited in claim 11, wherein each serial AND
computational unit 1s capable of outputting a “1” only when
the corresponding word boundary bit 1s a “1.”

13. A CAM as recited 1n claim 12, wherein the internal
match line result for a particular serial AND computational
unit 1s a match line result before processing the word bound-
ary bit corresponding zo the serial AND computational unait.

14. A CAM as recited 1in claim 9, wherein a bit pattern entry
row having a lowest priority of the bit pattern entry rows
comprising a word entry 1s searched before remaining bit
pattern entry rows of the word entry.

15. A CAM as recited 1n claim 14, wherein a bit pattern
entry row having a highest priority of the bit pattern entry
rows comprising the word entry 1s searched after other bit
pattern entry rows of the word entry.

16. A content addressable memory (CAM) capable of per-
forming wide word searches, comprising;:

a boundary array having a plurality of word boundary bits,
cach word boundary bit corresponding to a bit pattern
entry row of a CAM memory core; and

a serial AND array having a plurality of serial AND com-
putational units, each serial AND computational unit in
communication with a corresponding bit pattern entry
row of the CAM memory core and a word boundary bit
corresponding to the bit pattern entry row, wherein the
serial AND computational units receive as mputs a con-
trol signal indicating a beginning of a search and a con-
trol signal indicating an end of a search,

wherein the serial AND array 1s capable of utilizing the
word boundary bits to compute a match result for wide
word entries that span multiple bit pattern entry rows.

17. A CAM as recited 1n claim 16, wherein serial AND

computational units further receive as an input a match result
from an adjacent serial AND computational unit.

18. A CAM as recited i claim 17, wherein specific word
boundary bits indicate word boundaries of stored word
entries.

19. A CAM as recited 1n claim 18, wherein word boundary
bits having a value of ““1”” indicate a beginning of a word entry
spanming multiple bit pattern entry rows.

20. A CAM as recited in claim 16, further including a
plurality of CAM memory cores that are serially coupled,
wherein the CAM i1s capable of storing word entries spanning
multiple CAM memory cores.

21. A content addressable memory (CAM) capable of per-
forming wide word searches, comprising:

at least one CAM memory core having a plurality of bit

pattern entry rows;

search logic capable of searching particular rows during

cach cycle, the search logic further capable of allowing
match line results of unsearched rows to remain
unchanged during a cycle; and

a serial AND array in communication with the bit pattern

entry rows, wherein the serial AND array 1s capable of
computing a match result for wide word entries that span
multiple bit pattern entry rows.

22. A CAM as recited 1n claim 21, further comprising a
match line enable signal that 1s provided to the serial AND
array, the match line enable signal facilitating computation of
the match result.

23. A CAM as recited 1n claim 22, wherein the serial AND

array mcludes a plurality of serial AND computational units.
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24. A CAM asrecited in claim 23, wherein each serial AND
computational unit 1s in electrical communication with a bit

pattern entry row and the match line enable signal.
25. A CAM asrecited in claim 24, wherein each serial AND

computational unit recerves a match line from the corre-
sponding bit pattern entry row and the match line enable

signal.
26. A CAM as recited 1n claim 25, further including a

plurality of CAM memory cores that are serially coupled.
27. A CAM as recited 1n claim 26, wherein the CAM 1s

capable of storing word entries spanning multiple CAM
memory cores.

28. A method of performing word searches, the method
COmMpPrising:

stoving word entries in at least one content addrvessable

memory (CAM) corve having a plurality of bit pattern
entry rows;

storing a plurality of word boundary bits in a boundary

array, wherein individual ones of the plurality of word
boundary bits correspond to individual ones of the plu-
rality of bit pattern entry rows,; and

computing a match vesult for a word entry that spans

multiple bit pattern entry rows.

29. The method of claim 28, wherein the computing a match
result comprises computing a plurality of match line vesults
for the plurality of bit pattern entry rows.

30. The method of claim 29, wherein the computing a match
result comprises determining a beginning and an end the
word entry according to the plurality of word boundary bits.

31. Themethodof claim 30, wherein the computing a match
result comprises combining the match line results corre-
sponding to the plurality of bit pattern entry vows of the wide
word entry to compute the match vesult.

32. The method of claim 28, wherein word boundary bits
have a value of “1 " indicate a beginning of a wide word entry.

33. The method of claim 28, wherein the storving comprises
storing word entries in a plurality of CAM cores, wherein the
CAM covres are serially coupled.
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34. A method, comprising:

storing word entries in at least one content addressable
memory (CAM) corve having a plurality of bit pattern
entry rows.

computing a plurality of match line vesults for selected bit

pattern entry rows during a searvch cycle; and
computing a match result for word entries that span mul-
tiple bit pattern entry rows.

35. The method of claim 34, wherein match line vesults for
unselected bit pattern entry rows remain unchanged during
the search cycle.

36. The method of claim 34, further comprising:

combining the match line results corvresponding to the bit

pattern entry rows of word entries to compute the match
result.

37. The method of claim 28, wherein the computing a match
result is using a sevial AND array that is in communication
with the plurality of bit pattern entry rows and the plurality of
word boundary bits.

38. The method of claim 34, wherein the computing a match
result comprises using a sevial AND array that is in commu-
nication with the plurality of bit pattern entry rows.

39. The method of claim 34, wherein the computing a match
result comprises using a match line enable output signal from
a match line enable latch.

40. The method of claim 34, further comprising seavching
only odd rows or only even rows of the plurality of bit pattern
entry vows.

41. The method of claim 34, further comprising specifving
widths of the word entries using differential width tags.

42. The method of claim 34, further comprising using a first
control signal to indicate a beginning of the search cycle and
a second control signal to indicate an ending of the search
cycle.
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