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FIELD OF INVENTION

[0001] The present invention relates generally to semiconductor memory, and more

particularly to a tertiary CAM cell.

BACKGROUND OF THE INVENTION

[0002] Many applications require searching information at high speed. In many
network devices, such as switches or routers, data packets are transferred based on the
contents of embedded address information. Thus, in order to achieve a high data transfer
rate, network systems must be able to perform very high speed searches and comparisons.
One class of circuitg useful for this function is a content addressable memory or CAM. It
should be noted that although the following discussion is set within the context of a
networked system, there are many other applications which require high speed searching
and comparison, and which rﬁay also therefore benefit from the present invention. For
example, the tag field of a fully associative cache memory also requires high speed searching

and may be implemented using a CAM.



WO 03/028034 PCT/ US02/ 29749 [0003] It may be useful to conpare a CAM
against a traditional nmenory device, such as a random access nenory (RAM.
To an extwonto3/ogsdd4 and RAM devi ce operate conversely. For pexarsp?/eg74a RAM
may be read by presenting it with a read coomand and an address. The RAM
responds by outputting the data stored at the specified address. However,
when a CAMis read, it is presented with a data sanple, and the CAMreturns
an match signal indicating whether the data sanple is stored in the CAM

and if so, an address wthin the CA jch.contaipns the data i ch t ched
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function, where a portion of a packet, such as an address field, is
conpar gl kmdanh hedesoimedara (RAM). €Fo aiflvatenic SCAM and R/ deviagropstiteo as a
dat abase. Fig. 1 is a block diagram of an exenplary CAM devi ce 100, which
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ot her devices via the data 150a, address 150b, and control 150c |i nes.
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136-bit W de®data sanpfe agai nst a database having up to 16,384 entries.
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[0004] Network routers and switches generally employ a matching function, where a
portion of a packet, such as an address field, is compared to a list of data entries. The list is
often referred to as a database. Fig. 1 is a block diagram of an exemplary CAM device 100,
which includes 2 CAM array 110 for storing the database, a match detection circuit 120 for
detecting matches, and optionally a priority encoder 130 for selecting and outputting a
matching address in a priority order, when appropriate. The CAM device also includes a
controller 140, for controlling the operation of the CAM array 110, match detection logic
120, and priority encoder 130, as well as for interfacing the CAM device 100 to other
devices via the data 150a, address 150b, and control 150c lines. Commercially available
CAM devices may support, for example, searching a 136-bit wide data sample agaipst a
database having up to 16,384 entries. Commercially available CAM devices may be
searched at rates up to 100 million searches per second. This ability for CAMs to quickly
search relatively wide data words against relatively large databases at high speeds makes

them highly useful in applications such as network routing and switching.



search relatively wi de data words against relatively |arge databases at

hi gh speeds nakes them highly useful in applications such as network

routi ng awo osxegoshi ng. -2 WO 03/ 028034 PCT/ US02/ 29749 [ 0®@Q5]usohizg7e9 are two
types of searches which are of interest, nanely a search for the exact
match and the partial match search. In the exact match search, an entry
stored in the CAMw Il match the data sanple only if the data sanple and
the entry match bit for bit. In a partial nmatch search, the search may be
conduct ed on onIK a subset of bits in the word, That is, the CAMentries
are pel®Q3led tEBhegease fiyo sypasiof searelens whieh aee ofdntarest] prmaelyiatseashdor thene

| ogical "0" and "I" states. Wen a partial match search is conducted, CAM
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mat ch searches. CAMs having entries which also support the use of the
"don' t 2 partil megeh tcapghe thesstclamay e sapguctagion ondyi@ sehsetiod bifs ér thicowopshr t i al
mat ch searches. (These CAMs al so support exact match searches when an
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can be used to

match a data sample as long as each bit in the entry set at a logical “0” or “1” states match

the corresponding portion of the data sample.

[0006] CAMs having entries which only support the logical “0” and logical “1” states
are known as binary CAMs, and can only support exact match searches. CAMs having
entries which also support the use of the “don’t care” state are known as ternary CAMs,
and can be used for partial match searches. (These CAMs also support exact match

searches when an entry does not contain any “don’t care” states.)

[0007] In a ternary CAM, each bit of the database stored in the CAM array 110 must
be represented by at least two bits, in order to encode the three required logical states
(€07, “1”, and “don’t care”). Although a number of different technologies can be used to
construct the CAM array 110, modern CAM devices use storage elements based upon a
static random access memory (SRAM), where data is stored in a flip-flop, or a dynamic
random access memory (DRAM), where data is stored in the form of a charge on a

capacitor. Fig. 2 is an illustration of a CAM cell 200 based upon DRAM technology.



construct the CAM array 110, nodern CAM devi ces use storage el enents based
upon a static random access nenory (SRAM, where data is stored in a
flip-flopwoms/oasodynam ¢ random access nenory (DRAM, wheP€Td®0A29739 st or ed
in the formof a charge on a capacitor. Fig. 2 is an illustration of a CAM
cell 200 based upon DRAM technol ogy. -3 WO 03/028034 PCT/ US02/ 29749 [ 0008]
The cell 200 includes a transistor 202 and a capacitor 203, which are
coupled in series between a bit line 201 and a ground potential 206 as
illustrated in Fig. 2. A select Ilipe 205 is, coupled t he. gate of the

tr ansi KU 1202 Theait 20hinagsics areansstar Aboahhereantoy 203 e hisdass pyiEss i o
capacitance, which is illustrated in Fig. 2 as capacitor 204, coupled

bet weein dekies bédwekehnebi?Bie 208 agd augrdud@porddatah 20@ s msetorded Fig. 2.hd sshict 200
by switching transistor 202 on (via line 205) and forcing bit line 201 to
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[0009] In order to read data stored in the cell 200, the bit line 201 is
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204 is also charged. The transistor 202 is then switched on (via line
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the potential of the bit line. The transistor 202 is then switched off (via line 205) and the

potential at node 207 is maintained by the charge stored in capacitor 203.

[0009]  In order to read data stored in the cell 200, the bit line 201 is precharged to a
high level. This ensures that the parasitic capacitance 204 is also charged. The transistor
202 is then switched on (via line 205). If the capacitor 203 is storing a charge so that the
potential at node 207 is high, there is no change of potential at node 207 and at the bit
line 201. The charge level of the capacitor 203 is also unchanged. However, if the
capacitor 203 is storing a charge so that the potential at node 207 is low, charge will flow
from the bit line 201 through the transistor 202 and into the capacitor 203. This causes
the potential at the bit line 201 to decrease and the potential at node 207 to increase. The
charge level of the capacitor 203 also increases. The change in voltage in the bit line 201
and /or at node 207 can be sensed, in order to determine logical stated stored in the

capacitor 202.



capacitor 203 is storing a charge so that the potential at node 207 is |ow,
charge will flow fromthe bit line 201 through the transistor 202 and into
t he capacwDmB/028934 This causes the potential at the bit PCRUSEDI974D
decrease and the potential at node 207 to increase. The charge |evel of
the capacitor 203 also increases. The change in voltage in the bit Iine 201
and/ or at node 207 can be sensed, in order to determ ne |ogical stated
stored in the capacitor 202. -4 WD 03/028034 PCT/ US02/ 29749 [0010] The
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ternary CAMs require cells which can encode three states. The 300 circuit
i || ust Faable phermoginggonly teiorftatey. Appraviusiidiscussqds tgrnaydeAMs reauavace i n
Fig. 2, but includes two storage elenents. This permts the cell 300 to

store iwMchédrSenclde Ghreeafated) CORE 300 ircsit a8 Bratddninelig 08 isdiindhr dosthauttd ci ent
to serve the storage requirenents of a ternary CAMcell. [0011] One
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operation is performed on a cell in which the capacitor 202 is storing a
| ow | e¥80 tofstermaWgeits; Mdigh ¢ap wicode famgkates, dhraerd witieh 1§ syeioat tservisghe he
read operation alters the charge |evel of the capacitor 202. Thus, in CAM

cel |'s 2Rage3RQniranmehey G feesdrpGANMadelloper ation is required after each read
operation. The requirenment for perform ng a charge restorati on operation

[0011] One problem associated with dynamic CAM cells 200, 300 is that a read
operation may be destructive. In cell 200, for example, when the read operation is
performed on a cell in which the capacitor 202 is storing a low level of charge, the flow of
charge from the bit line 201 during the read operation alters the charge level of the
capacitor 202. Thus, in CAM cells 200, 300, a charge restoration operation is required
after each read operation. The requirement for performing a charge restoration operation
after each read limits the speed of a CAM device. The charge restoration circuit (not

illustrated) also requires additional components and increases power consumption.

[0012] Fig. 4 is an illustration of another CAM cell 400. In comparison to the
previously described CAM cell 300 (Fig. 3), CAM cell 400 includes two additional
transistors 402a, 402b, which are coupled in parallel with the data storage capacitors 203a,
203D, respectively. The gate of transistor 402a is coupled to node 207b while the gate of
transistor 402b is coupled to node 207a. These two transistors 402a, 402b provide the
circuit 400 a limited form of protection from destructive reads. More specifically, the CAM

cell 400 can be read nondestructively only if the capacitors 203a, 203b store opposite
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after each read Iimts the speed of a CAM device. The charge restoration
circuit (not illustrated) also requires additional conponents and

i ncr easeswpasoesogonsunpti on. [0012] Fig. 4 is an ill ustratcaruset2eamot her
CAM cel |l 400. In conparison to the previously described CAMcell 300 (Fig.
3), CAMcell 400 includes two additional transistors 402a, 402b, which are
coupled in parallel with the data storage capacitors 203a, 203b,
respectively. The gate of transistor 402a is coupled to node 207b while the
gate of transistor 402b is coupled to node 207a. These txg%{ransistors
402a, Sbzgepfisvi d¥ +had” asi‘déur {0200 huy if the CdM sehABP Wire

destructive reads. More specifically, the CAM cell 400 can be read

nondestirbgitiyelgy, encoliet 1t4:b€(FIg3F1§§3Wﬁmﬂ130rﬂ@§armRQ&bnﬁ‘gQﬂ @mp@mmé) th tWo
03/ 028034 PCT/ US02/ 29749 charges (i.e., 1" "1" + "0"). Thus if
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charge states, the CAM cell 400 can be used as a dynam c_binary CAM c
not r &eANIFNG ghaigsreorasonaiier dgpachf Uaforiunassly, OM celbte0 i urtSHeta@AM cel |
400 is unsuitable for use a ternary CAM cell because ternary CAM cells

must béordNear teonsy GAMadelll Rasiscttbiraey CatMicels mAschs ablogd ytort heleastithre need
and desire for a nmethod and apparatus for an efficient dynam c CAM cel l
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dynamic CAM cell architecture which does not require charge restoration after each read

operation.

SUMMARY OF THE INVENTION

[0013] The present invention is directed to a ternary CAM cell which stores charge in
a manner similar to a DRAM cell, but which also can be nondestructively read. That s, a
read operation does not have to be followed by a charge restoration operation in order to
maintain data integrity. The three required states of a ternary CAM (logical “0”, logical
“1”, and “don’t care”) may be stored using three bits of storage. The use of three bits of
storage per CAM cell permits the use of a circuit topology which include three states which

can be read nondestructively.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing and other advantages and features of the invention will become
more apparent from the detailed description of exemplary embodiments of the invention

given below with reference to the accompanying drawings in which:
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[ 0013] The present invention is directed to a ternary CAM cell which stores
charge in a manner simlar to a DRAM cell, but which al so can be
nondest r WDIB®L8034 ead. That is, a read operation does notPChase22U4be

foll owed by a charge restoration operation in order to nmintain data
integrity. The three required states of a ternary CAM (Il ogical "0", | ogical
"1", and "don't care") may be stored using three bits of storage. The use
of three bits of storage per CAMcell permts the use of a circuit

t opol o ich inclyde three,states.which c be, read nondestructively.
BRI EF %é@gj PTI 1§l W?%i%}te%%ﬁ}ﬁs%@ﬁirﬂﬂngﬂ’d ot her advant ages
and features of the invention will becone nore apparent fromthe detailed
description of exenplary enbodi ments of the invention given below wth

refere th LR QAW JFASh;) A\ fDcel: 6 WO 03/ 028034

PCT/ usg@mé%g %[I?O%gfggpé{n@%m%rsr adglgoc QX}@;gr acrﬁ of a content addressable
menory. [0016] FIG 2 is a circuit diagramof a binary CAMcell; [0017]
FIG 3 is acircuit diagramof a ternary CAM cell based on the binary CAM

cell dOOEYG 2 FI{0BL8h chrt@t ddagrsmavfai ey ONM@enBasdd én Sibigety] CAY icély
two bits of storage and which may be used as a binary CAM cell which can

be readoftﬁ@%s_tructively; [0019] FIG 5 is acircuit diagramof tertiary

st-orage el erent ;

[0018] FIG. 4 is a circuit diagram of a CAM cell having two bits of storage and which

may be used as a binary CAM cell which can be read nondestructively;
[0019] FIG. 5 is a circuit diagram of tertiary storage element;

[0020] FIG. 6 is a circuit diagram of a ternary CAM cell having three bits of storage

per cell; and

[0021] FIG. 7 is a block diagram of CAM device using an array of ternary CAM cells

as illustrated in FIG. 6.

[0022] FIG. 8 is a block diagram of a network device employing a CAM device as

illustrated in FIG. 7.



[0020] FIG 6 is a circuit diagramof a ternary CAMcell having three bits
of storage per cell; and [0021] FIG 7 is a block diagram of CAM device
usi ng an wporoay28B4 t ernary CAM cells as illustrated in Fl @TAISope022] Fl G
8 is a block diagram of a network device enpl oying a CAM devi ce as
illustrated in FIG 7. -7 WO 03/028034 PCT/ US02/29749 DETAI LED DESCRI PTI ON
OF THE | NVENTI ON [0023] The CAM cell architecture of the present invention
is illustrated as CAMcell 600 in Fig 6 and utilizes a tertiary storage

el enent havi ng particul arragro erties in_order to__ support_reading wthout
requiring a charge RABEAHAEPORESSEIRTION %MH,WEEYJRQN di scussing in

detail the structure and operation of the CAMcell architecture of the

Presenoosgvent hADCAls iy bRRELE hQ pRUBH A%l fith ARBAAKKED.CEANIR

tertiary storagé circul as there are nunerous simlarities
between circuit 500 and cell 600. [0024] The tertiary storage circuit 500
(Fig. 9P0dBHE Osed utHizss a (pyipngierge sepihent ﬁl,ngszﬁéﬂw\lﬁwq%%wéntoﬁ gdo
inputs DO, D1, D2 to three outputs QO Ql, @, respectively. The output of
each NAMPp@areadutl]lwithOdt r&afring a @hsige aestptatidnaspeaatiom pHiiowtever, baforet her NAND
gates. For exanple, NAND gate 501 has an output QO which is provided as an

I nput td?sch@ﬁ% FRU&ES AstrRYre a-HaeoﬂE?&i&{ of BRIBAKK ctiNadcAltSc RO prlehd

invention, it may be useful to examine the operation of the tertiary storage circuit 500 of

Fig. 5, as there are numerous similarities between circuit 500 and cell 600.

[0024] The tertiary storage circuit 500 (Fig. 5) comprises three NAND gates 501,
502, 503 which couple three inputs DO, D1, D2 to three outputs QO0, QI, Q2,
respectively. The output of each NAND gate 501, 502, 503 is also coupled as an input to
the other NAND gates. For example, NAND gate 501 has an output QO which is
provided as an ﬁlput to NAND gates 502, 503. The use of feedback in this manner limits
the number of stable input/output states for the circuit 500. In particular, the circuit 500
supports thee stable states wherein only one of the three inputs D0, D1, D2 of the circuit
500 is at a logical “1” (with the remaining inputs each at a logical “0”) and wherein only
one of the three outputs Q0, Q1, Q2 is at a logical “0” (with the remaining outputs each

at a logical “1”). These three stables states are illustrated in the following truth table.

Input Output

DO D1 D2 Q1 Q2 'Q3




t he nunber of stable input/output states for the circuit 500. In
particular, the circuit 500 supports thee stable states wherein only one
of the thweesiozgest s DO, D1, D2 of the circuit 500 is at @cCragorad749 1"
(wth the remaining inputs each at a logical "0") and wherein only one of
the three outputs QO QL, 2 is at a logical "0" (with the renmaining
outputs each at a logical "1"). These three stables states are illustrated
inthe following truth table. Input Qutput DO D1 D2 Q Q2 @ -8 W
03/ 028034 PCTH/1UJS02/ 29749 -1 0 0 011010101 00111070025 One
i nportant gspect of ¢t he gboveptrutp tpblegs that wpen ope ofy the foutputs
(e.g.| Q) is at a logicgl "0" state,|due to the way the| NAND gat¢s 501,
502, 503 are —cpupled, the Tema ni g putputs (€. 9., &, ) are forced to
take the 10gical "1'1 statje. p0026] The CAMcel|l 600 (Filg. 6)l of the
preseﬁt inventipn is based upon the stable state properkies of the above
descrilbed gircujt H} }M cell 60D is a dynamijc CAg/IceI and ingl udes
emert s in f 20

three|storage e t he~f ornf of | capaci t ons a, 203b, "203c.| Each
Capacifgrf iS as hJ_afJarl lfh 9 rachaoctiva hit ILnL’)n‘La 201 h 201c. Access
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between the bit lines 20l1a, 201b, 201c and the capacitors 203a, 203b, 203c
is governed by transistors

[0025] One important aspect of the above truth table is that when one of the outputs
(e.g., Q1) is at a logical “0” state, due to the way the NAND gates 501, 502, 503 are

coupled, the remaining outputs (e.g., Q2, Q3) are forced to take the logical “1” state.

[0026] The CAM cell 600 (Fig. 6) of the present invention is based upon the stable
state properties of the above described circuit. The CAM cell 600 is a dynamic CAM cell
and includes three storage elements in the form of capacitors 203a, 203b, 203c. Each
capacitor is associated with a respective bit line 201a, 201b, 201c. Access between the bit
lines 201a, 201b, 201 ¢ and the capacitors 203a, 203b, 203c is governed by transistors

202a, 202b, 202c, each of which has its gate coupled to line 205.

[0027] The capacitors 203a 203b 203c are each associated with two of discharge
devices. In one illustrated embodiment, the discharge devices are transistors. For example,
capacitors 203a, 203b, 203c are respectively coupled in parallel to a first set of transistors
402a, 402b, and 402c. Transistors 402a, 402b have their gates coupled to node 207c.
Transistor 402c¢ has its gate coupled to node 207b. The capacitors 203a, 203b, 203c are

also respectively coupled in parallel to transistors 602a, 602b, 602c. The gate of transistor



202a, 202b, 202c, each of which has its gate coupled to Iine 205. [0027]
The capacitors 203a 203b 203c are each associated with two of discharge
devi ces. Wwp 03028084 | ustrat ed enbodi nent, the di scharge deviPpcaaisar?/e9749

transi stors. For exanple, capacitors 203a, 203b, 203c are respectively
coupled in parallel to a first set of transistors 402a, 402b, and 402c.
Transi stors 402a, 402b have their gates coupled to node 207c. Transistor
402c has its gate coupled to node 207b. The capacitors 203a, 203b, 203c are

al so respectively coupled in parallel to transistors 602a, 602h, 602c. The
gate of0 ?&ﬂﬁ“@i%‘rto-@i@%?-ogquﬁﬁpwmg %gat%%g‘ﬁ%t%%rf & node
207b. Transi stors 602b, 602c have their gates coupled together and to node

207a. hAd28hodbe0zZbhove described circuit topology is designed using a
principle simlar to the tertiary storage circuit 500 (Fig. 5) because the
above described circuit topology supports three stable states wherein only
one of the three cagacitors 203a, 203b, 203c, stores a high_ | evel_ of charge
(e.qg., [@02&gi callhe abypveriescebedeirgrihtapolegy i dstenedrsng peringiple HEHBEdO (e. g.
a logical "0"). In particular, the nodes 207a, 207b, 207c are respectively
associ giegtridry Qtd‘ra?@@i'kélﬁf 50@ @B.g 52 Btus BikCabiyvd destiritiedatircuitabpbloke t he

f eedback feature o circuit 500. This is because the charge | evel of one

ack feature of cl : g f o
(oo Samsird Bl Y e tin SIF onl PR et Sileibrs IRCHRSTAIRE, devi cos

capacitor 203a stores a high charge, node 207a would be at a high
stores a high level of charge %e. g., a logical “1”) while the other two capacitors are

discharged (e.g., a logical “0”). In particular, the nodes 207a, 207b, 207c¢ are respectively
associated with capacitors 203a, 203b, 203c and function much like the feedback feature of
circuit 500. This is because the charge level of one capacitor is coupled via one of the
nodes to control the discharge devices (e.g., 602b, 602¢c) coupled to the other capacitors.
For example, if capacitor 203a stores a high charge, node 207a would be at a high
potential. Node 207a is coupled to the gate of transistor 602b and the gate of transistor
602c, thus both transistors 602b, 602¢ will be switched on. When transistor 602b is
switched on, charge will flow from capacitor 203b to ground 206 via transistor 602b.
Similarly, when transistor 602c¢ is turned on, capacitor 203¢ will discharge to ground 206

via transistor 602c.

[0029] The cell 600 can be written by setting one of the bit lines 201a, 201b, 201c to
a high logic level (e.g., a logical “1”) and the remaining two bit lines 201a, 201b, 201c¢ to
a low logical level (e.g., a logical “0”). Once the bit lines 201a, 201b, 201c have been set
to the appropriate Volfage levels, a logical high signal is placed on line 205, causing the

gates of transistors 202a, 202b, 202c¢ to conduct, thereby transferring charge

-10 -



potential. Node 207a is coupled to the gate of transistor 602b and the gate
of transistor 602c, thus both transistors 602b, 602c will be sw tched on.
When traneDIBoesodND2b is switched on, charge will flow frecraspaed7sor 203b
to ground 206 via transistor 602b. Simlarly, when transistor 602c is
turned on, capacitor 203c will discharge to ground 206 via transistor

602c. [0029] The cell 600 can be witten by setting one of the bit |ines
201a, 201b, 201c to a high logic level (e.g., a logical "1") and the
remaining two bit lines 201a, 201b, 20lc to a low logical |evel (e. g, a

| ogi catort@pyndiBgde athighbogicililenss toone of 1 gppacitars %Qé%ez%’gér?@étassqc&‘t‘% e
appropriate voltage |levels, a logical high signal is placed on |ine 205,

causi ngithhBe beatRS @f2, LORBSEGL O t3@2hgh REblevallanl transtaridgehargeher eby
transferring charge -10 WO 03/ 028034 PCT/ US02/ 29749 corresponding to a

hi gh | ogi cal level to qne. of, th apacit or , 3 >l.aled

w h tfEspeniifdosRs OBt S5 SRERT e EhaRaR s B0t AR R
transferring charge corresponding to a log logical level to two of the
capaci withgh@ b3dine2098 2, 20He, 2MHsoset ta 2w ipgialevfle bit 1ines 201a, 201b, 201c

set to a lowlogic Ievel. [0030] The cell 600 can be read by precharging
the bit lines 201la, 201b, 201c to high, switching on the access

[ nes. BuRo01c haeclhPag canGr yoRbrER ke R AR 0 30 2T T Vevel
of charge, the read process does not reduce the charge |evel of the
capaci highs switthiag om the access transistors 202a, 202b, 202c, and observing potential
changes on the bit lines 201a-201c. As previously noted, when a capacitor stores a high
level of charge, the read process does not reduce the charge level of the capacitors. Thus, a
capacitor at a high logical state will retain that logical state through a read. In cell 600,
when a capacitor is at a low logical state, it will retain that logical state through a read as
well because one of the other capacitors will be at a high logical state, ensuring that one of
the transistors coupled in parallel to a capacitor having low logical state will discharge to

ground. The cell 600 can therefore be used as a building block for CAM arrays which do

not require a charge restoration procedure following each read operation.

[0031] Thus, the present invention is directed to a tertiary CAM cell 600. The CAM
cell 600 (Fig. 6) includes three bits of storage, arranged in a nine transistor architecture.
The architecture includes three stables states where only one of the three bits is at a logical
«0” while the other two bits are at a logical “1.” These three stables states are sufficient to
encode the logical “0”, “1”, and “don’t care” states required in a ternary CAM. The three
stable states can also be read without requiring a charge restoration procedure while

maintaining the integrity of the storage.
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capacitor at a high logical state will retain that |ogical state through a
read. In cell 600, when a capacitor is at a low logical state, it wll
retai n t D Bogiosal state through a read as well becausepomaisot/247h® ot her
capacitors wll be at a high | ogical state, ensuring that one of the
transistors coupled in parallel to a capacitor having |ow | ogical state

w Il discharge to ground. The cell 600 can therefore be used as a buil ding
bl ock for CAM arrays which do not require a charge restoration procedure

followi ng each read operation. [Q031] Thus, e pr.esent inv Lop s
di rect E¥032d a tBigt Vds gn dsireeen Oée@fl%éevmf&%ﬁﬁﬂ%@n@ﬁ%ﬂ OFHFI udes
three bits of storage, arranged in a nine transistor architecture. The

ar chi t egtvrellé 00 blese bheas iftakiors A nmitels defeetien oirtyit 326’ isfcotpledithrtbe bit s
is at a logical "O" ile the other two bits are at a logical "1." These

three stab at ne .subf c to .. Gk Jder 130", and
"don' t &Y ifé‘sﬁi‘lce(gg{’\@ag‘f@eegé? %&agr%lsgr at}(gﬁg%ﬁdﬁ'ﬁ%a? hrelgﬁéréct abl e states can
al so be read without requiring a charge restoration qgcedur ile

mai nt aceuplgd thishd maedy detpctagn elpalEy &ﬁﬁg . cothokwce@ﬁ&@%@%ﬁ?/ BV 19
[0032] Fig. 7 is an illustration of a CAM device 700 utilizing an array

110" ofi 1phenati\Mecetibs BRAitaRot paofityearaidei h¥@dridoihe datarhboh addtase 150,
circuit 0" is coupled to the array 110. The CAM device 700 may al so

1
reui t 120 to | |
ol oot apeongl 1% el THERSRHRY <M LEBLFRaR IAEA GRyfEIRe 2t

detection circuit 120, priority encoder 130, and thg da(tia 1501a, .tahddress
150b, are similar to their conventional counter parts, but have been adapted to work with an

encoding which maps the three stable states (i.e., 100, 010, 001) of the CAM cells to the
«0” «1” and “don’t care” states of a ternary CAM. For example, state 100 may
correspond to a logical “0”, while state 010 may correspond to a logical “1”, and state
“(01” may correspond to a “don’t care” state. The priority encoder 130 may be coupled
to the match detection circuit to prioritize the output of the CAM device 700 should

multiple entries in the device 700 match a data sample.

[0033] Fig. 8 is an illustration of how the CAM device 700 can be used in a network
device 800. The network device 800 might be, for example, a network router 800 which
examines each data packet received from input ports 801 and routes each packet to one ofa
plurality of output ports 805. As data packets are received from each input port 801, they
are temporarily stored in an input buffer 802. The input buffer 802 may be organized as a
queue and read by a control Jogic 803. Each packet includes an address field. Generally, a
portion of the address field specifies a network or sub-network address, while another
portion of the address field speéiﬁes a node on a network /sub-network. The control logic:

803 examines the data packet at the head of the queue 802 and determines which one of
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and control 150c signal lines. The control circuit 140" and match detection
circuit 120° are simlar to their conventional counter parts, but have
been adapweds3wzsoork with an encodi ng which maps the thr@eTaisabbe4%t at es
(i.e., 100, 010, 001) of the CAMcells to the "0", "1", and "don't care"
states of a ternary CAM For exanple, state 100 may correspond to a

| ogical "0", while state 010 may correspond to a logical "1", and state
"001" may correspond to a "don't care" state. The priority encoder 130 may
be coupled to the match detection circuit to prioritize.the output of the
CAM detheqdurality effupuat pearss {sasheogisspansing 0.(1RE CHEPlE I?Pétnéﬁwgf a
sanple. [0033] Fig. 8 is an illustration of how the CAM device 700 can be
used i ghRnARIORY ¥ill Mevive ehS@4ta phbletnathearontdé logie 868 Gnay g stbe, cacbmewly
exanpl e, a network router 800 which exam nes each data packet received

E o & R e RL oAb BN O A%, GOGD Rk Shork RS iRIn@ CANUCBlCk 12000!

out put a pac s arer ve m each 1 nput port 801,
they are tenporarily stored jin an input buffer 802. The input buffer 802
may beVWreganieve gacket i exquined by ghe eamireljogic 708 the DEFPrE OBHROPERH  packet
i ncludes an address field. Generally, a portion of the address field

speci fj@fred RRhWRE Ka@r palibripekiidtkd agddseschediby the GAM Hevice 760 forom of t he
address field specifies a node on a network/sub-network. The control |ogic

i ch SRy AR BSOS ek APadSf oy s AR SRR JRAIERERSC

(each corresponding to, for exanple, a different network or
to the correct output port without additional processing.

[0034] While the invention has been described in detail in connection with the
exemplary embodiment, it should be understood that the invention is not limited to the
above disclosed embodiment. Rather, the invention can be modified to incorporate any
number of variations, alternations, substitutions, or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and scope of the invention.
Accordingly, the invention is not limited by the foregoing description or drawings, but is

only limited by the scope of the appended claims.
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sub-network) will receive the data packet. The control |ogic 803 may al so
store each newy resolved network/sub-network address-to-output port

pai ri ng iwWOtln®2808M devi ce 700. When a new packet is exampPogdSoy297he
control logic 703, the network or sub-network address fromthe data packet
is extracted and searched by the CAM device 700 for a previously resolved
route. In the case of a match, the data packet can be quickly transferred
to the correct output port w thout additional processing. [0034] Wile the
i nvention has been described in detail in connection with the exenplary
enbodi nent, it should be understood @IH¥MBhe invention is not limted to
the above disclosed enbodi nent. Rather, the invention can be nodified to

i ncorporate any nunber of variations, alternations, substitutions, or

equi val ent Whaangdmeiddsisnot heretof ore described, but which are
commensurate with the spirit and scope of the invention. Accordingly, the
invention is not limted by the foregoing description or draw ngs, but is
only I'ymte : i = ; 03/ 028034

PCT/ US%'Z/ 2974 }’mgfg?%ﬂi?%%{es%agﬁcrﬁg@%‘;g@éﬁ)id_cﬂic?% }t?ils afy content
addressabl e nenory (CAM cell, conprising: a first storage el enent having a

first capacitor controll abl oupled via a first swtch tao a fir i 1
line: 4 et storage element avmg% 1St capacitor controﬁlaf;l? cou\fﬂed i 5 Brd stheeR o atﬁrst
bit line;
a second storage element having a second capacitor controllably coupled via a second

switch to a second bit line;

a third storage element having a third capacitor controllably coupled via a third switch to a

third bit line;

wherein said first, second, and third storage clements are coupled to a control circuit
which, in response to one of said storage elements being set to a first logical state, sets each

of the other storage elements to a second logical state.

2. The tertiary CAM cell of claim 1, wherein said first, second, and third switches are

transistors.

3. The tertiary CAM cell of claim 1, wherein said control circuit further comprises,
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a second storage el ement having a second capacitor controllably coupled via
a second switch to a second bit line; a third storage el enment having a
third capaoiosoesosontrol | ably coupled via a third switch t@ca/usotie7do bi t
line; wherein said first, second, and third storage el enents are coupled to
a control circuit which, in response to one of said storage el enents being
set to a first logical state, sets each of the other storage elenents to a
second |l ogical state. 2. The tertiary CAMcell of claiml, wherein said
first, second, and third switches are transistors. 3. The tert'ary Cﬁub
cel | of fisk ghimof contrelahle dissharge dlevices, cenpledii PAIFIEHRETVERR B EIQWLd potepj!

03/ 028034 PCT/ US02/ 29749 a first pair of controllable discharge devices,
coupl egldﬂle%fg@&abgﬁt@gt ween a ground potential and the first capacitor; a
second pair of controllable discharge devices, coupled in parallel between
the ground potential and the second capacitor; and a third pair of
control | abl e di schar i (0} i ral SiRpnd

pot ent?%ﬁcogﬁc? AhE ctoﬁlgr%)gg@é%%?l r(%r%;&g Cgg’edlorlillp E?lallﬁdJ a?%nrels)tgéﬁgge?? tt(;?%(r:ont rol | abl e

di scharge devices are arranged to set said first capacitor
potential and the second capacitor; an

a third pair of controllable discharge devices, coupled in parallel between the ground

potential and the third capacitor;

wherein

said first pair of controllable discharge devices are arranged to set said first capacitor
to correspond to the second logical state if either the second or third capacitors are

set to store a charge associated with the first logical state;

said second pair of controllable discharge devices are arranged to set said second
capacitor to correspond to the second logical state if either the first or third

capacitors are set to store a charge associated with the first logical state; and

said third pair of controllable discharge devices are arranged to set said third
capacitor to correspond to the second logical state if either the first or second

capacitors are set to store a charge associated with the first logical state.
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to correspond to the second |logical state if either the second or third
capacitors are set to store a charge associated with the first |ogica
state; sawo osoesesd pair of controll abl e di scharge devi ces pamasar/eemged t o
set said second capacitor to correspond to the second |ogical state if
either the first or third capacitors are set to store a charge associ ated
with the first logical state; and said third pair of controllable

di scharge devices are arranged to set said third capacitor to correspond
to the second logical state if either the first or second  capacitors are
set to4stordhe gell aEdlaion 31 whewin prie sentrplable dighuge deyigessre HpgSiHOrs

03/ 028034 PCT/ US02/ 29749 4. The CAM cell of claim 3, wherein said

cont r olhh gk flssediregaldRViceasakteuplé @RS b Hrartermihalofgn@of saidstosaer ce/ dr ai n
termnal coupled to a first termnal of one of said storage capacitors and

J d to & firs _capa
Cort i aryRonrents hanradab a7 B Blag bl & GEIELREI il P, P

second, and third bit lines; a select line; a first, second, and third
access transistors, wherein each of said first, second, and third access
transistors include a gate coupled to said select line and a first term nal
coupled to a respective one of said first, second, and third bit |ines,
and a second termnal coupled to a respective one of said first, second,
and thigd stAtegerywontait addressable memory (CAM) cell, comprising:

a first, second, and third bit lines;
a select line;

a first, second, and third access transistors, wherein each of said first, second, and third
access transistors include a gate coupled to said select line and a first terminal coupled to a
respective one of said first, second, and third bit lines, and a second terminal coupled to a

respective one of said first, second, and third storage units;
wherein each of said first, second, and third storage units include,

a storage capacitor coupled between a respective second terminal of a respective

first, second, and third transistors and a ground potential;

a first discharge transistor having a gate coupled to the second terminal of a first of
the two other storage units, a first source /drain terminal coupled to the storage

capacitor, and a second source/drain terminal coupled to the ground potential;

a second discharge transistor having a gate coupled to the second terminal of a

second of the two other storage units, a first source/drain terminal coupled to the
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wherein each of said first, second, and third storage units include, a

st orage capacitor coupled between a respective second term nal of a
respecti w0 0Bioeg984 second, and third transistors and a gr ®@acmdiSppeemti al ; a
first discharge transistor having a gate coupled to the second term nal of
a first of the two other storage units, a first source/drain term na
coupled to the storage capacitor, and a second source/drain term nal
coupled to the ground potential; a second discharge transistor having a
gate coupled to the second term nal of a second of the t ot her ,st orage
units, a fisterageoupaaiady alilchaS@O@ﬂwﬁpf@ddﬁlﬁée%nﬁlh@uple%t%c@é?ﬁ%034 ?
PCT/ US02/ 29749 storage capacitor, and a second source/drain term nal
coupled to gggmghpund potential. 6. Atertiary content addressable nenory
(CAM device, conprising: a priority encoder; match detection circuit,
coupled to said priority encoder; and a CAM array, coupled to said match
detection circuit, and including a plurality of CAM cells, further
conprising, a first storage elenment having a first capacitor controllably
coupled via a first switch to a first bit line; a second storage el enent

having a second capacitor controll abl ed via a ..
J 6. A tertiary rgontent addressabﬂa memo>1/'y ?8%) gewcc, comprising:
a priority encoder;

match detection circuit, coupled to said priority encoder; and

a CAM array, coupled to said match detection circuit, and including a plurality of CAM

cells, further comprising,

a first storage element having a first capacitor controllably coupled via a first switch

to a first bit line;

a second storage element having a second capacitor controllably coupled via a

second switch to a second bit line;

a third storage element having a third capacitor controllably coupled via a third

switch to a third bit line;

wherein said first, second, and third storage elements are coupled to a control circuit
which, in response to one of said storage elements being set to a first logical state,

sets each of the other storage elements to a second logical state.
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second switch to a second bit line; a third storage elenent having a third
capacitor controllably coupled via a third switch to a third bit |ine;
wher ei n swDAd3/28034, second, and third storage el enents ar@Caxaispt/zaf42o a
control circuit which, in response to one of said storage el enents being
set to a first logical state, sets each of the other storage elenents to a
second | ogical state. -17 WO 03/028034 PCT/ US02/ 29749 7. The devi ce of
claim®6, wherein said first, second, and third smﬁtches are transi stors.

8. The device of claim 6, wher ei n sald contral cu t her co rlses
first pair Gheconice of cabhé, wheseinsyd ey pecoad, &%HP&%& F&‘TF&P Paeen a
ground potential and the first capaC|tor a second pair of controIIabIe

di scharge devices, coupled in parallel between the ground potential and
the second capacitor; and a third pair of controll able discharge devices,
coupled in parallel between the ground potential and the third capacitor;
wher ei n said first pair of controllable discharge devices are arranged to

set saigd 11 gl £ARAGH Qlim bOWREILPSRPBONLE GRGiSREORACOAGHSA| state i

ei t her the S con or third tapacitors are set to store charge associ at ed
with the first |ogical state;

a first pair of controllable discharge devices, coupled in parallel between a ground potential

and the first capacitor;

a second pair of controllable discharge devices, coupled in parallel between the ground

potential and the second capacitor; and

a third pair of controllable discharge devices, coupled in parallel between the ground

potential and the third capacitor;
wherein

said first pair of controllable discharge devices are arranged to set said first capacitor
to correspond to the second logical state if either the second or third capacitors are

set to store a charge associated with the first logical state;

said second pair of controllable discharge devices are arranged to set said second
capacitor to correspond to the second logical state if either the first or third

capacitors are set to store a charge associated with the first logical state; and

said third pair of controllable discharge devices are arranged to set said third
capacitor to correspond to the second logical state if either the first or second

capacitors are set to store a charge associated with the first logical state.
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said second pair of controllable discharge devices are arranged to set said
second capacitor to correspond to the second |ogical state if either the
first or wbios@2806apacitors are set to store a charge assoecatEsd2aw7uh t he
first logical state; and said third pair of controll able discharge devices
are arranged to set said third capacitor to correspond to the second

| ogi cal state if either the first or second capacitors are set to store a
charge associated with the first |ogical state. -18 WO 03/ 028034

PCT/ US02/ 29749 9. The CAM cell of claim8, wherein said controllable

di scharge devices are transistors having a first source/drain termna
coupled to a first termnal of one of said storage capacitors and a second
source/drain term nal coupled to the ground potential. 10. A network

devi ce9, conITHeSCABI celbof ¢laigd Snahwemik sdidhtenfralistle disskagndenetsvme kransisers ace;
a control logic for deciding whether forward packet received on the first

Pﬁzm{j:flﬁlgnt el’jf_( a(jur{, /&Pﬁéﬁﬂﬁ{éﬁg&@%ﬁ%&alﬁ?&%&;@? giﬁ fﬁcﬁﬁ tg%%[ eg?l c

conprising, a first storage el enent having a fir t capagi tor ntroll ably
coupl edapdcioss #11d & seconpfliserreey dran ﬁmélflaltﬁqupiqdn@ & &L aogqrmagg e el ement
havi ng a second capacitor controllably coupled via a

10. A network device, comprising:

a first network interface;

a second network interface;

a control logic for deciding whether forward packet received on the first network interface
to the second network interface, said control logic including a plurality of tertiary CAM

cells, said CAM cells further comprising,

a first storage element having a first capacitor controllably coupled via a first switch

to a first bit line;

a second storage element having a second capacitor controllably coupled via a

second switch to a second bit line;

a third storage element having a third capacitor controllably coupled via a third

switch to a third bit line;
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second switch to a second bit line; a third storage elenent having a third
capacitor controllably coupled via a third switch to a third bit line; -19
WO 03/ 0280843Pe8D84JS02/ 29749 wherein said first, second, &cd/ushr/eg4st or age
el ements are coupled to a control circuit which, in response to one of
said storage elenents being set to a first logical state, sets each of the
ot her storage elenents to a second |ogical state. 11. The network devi ce of
claim 10, wherein said first, second, and third switches are transistors.
12. The network devi ce of cIa|n110 mhereln said control 8IFCUIt f rther

conprises, aviidreinsaishiinst,secanshepd thisg seorapsermegts desrpried to GL?BPEW frgeut

paral l el between a ground potential and the first capacitor; a second pair

of control | aihieh dhsespuige t6leut ofsaid saupgeeemenpaseihd sdt tbet firselogichkstareound
potential and the second capacitor; and a third pair of controllable

di schar ge deyj cesy oaUPLAL. LR AbkbelRGLIEE0d RE@rqupd  potential and

the third cafﬁ or erei I'rst pair ntroll abl e di scharge
devi ces are arranged to set said first capacitor to correspond to the
second logical state if either the second or third capacitors are

11. The network device of claim 10, wherein said first, second, and third switches are

transistors.

12.  The network device of claim 10, wherein said control circuit further comprises,

a first pair of controllable discharge devices, coupled in parallel between a ground potential

and the first capacitor;

a second pair of controllable discharge devices, coupled in parallel between the ground

potential and the second capacitor; and

a third pair of controllable discharge devices, coupled in parallel between the ground

potential and the third capacitor;
wherein

said first pair of controllable discharge devices are arranged to set said first capacitor
to correspond to the second logical state if either the second or third capacitors are

set to store a charge associated with the first logical state;
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set to store a charge associated with the first |ogical state; -20 WO

03/ 028034 PCT/ US02/ 29749 said second pair of controll abl e discharge

devi ces awe canessged to set said second capacitor to corPesamaz247a9 t he
second logical state if either the first or third capacitors are set to
store a charge associated with the first logical state; and said third
pair of controllable discharge devices are arranged to set said third
capacitor to correspond to the second logical state if either the first or
second capacitors are set to store g charge associated with the first

| ogi cal st atsaid sggondrpair ﬁé?%@hﬁ’iﬁ/ﬁ@&%ﬁe ég‘ﬁF%aﬁf‘“%deﬁorFeE sgi¢} second

control | abl e discharge devices are transistors having a first source/drain
terninal couppastok @o @ofresprind: ter tite Badonaf logivel afteshieithershofisgorchisdci t ors and
a second source/drain term nal coupled to the ground potential. 14. A

met hod for op cfl'{(}r{‘%e%?{ 15} %t-bgeg ¥ %]%gg% Q%bcﬁgﬁr\@ﬁﬁ RL BrlRIBEN stakhMhdcel |,

;
conpri si ng: ng% ing afTirs Inary storage elenments to a first

binary state to indicate a first tertiary state of said CAMcell, wherein
in response to said first bi torage, el enent being .set to,ga.first

bi nary st atsald thidpaie tﬁﬁﬁ[’%@fﬁlafﬁ%n%ervﬂrwé ?Efraiﬁaé‘ggﬁéﬂﬁﬁ'i Sfldaﬁgr%ach set
to a second binary state. 15. The nethod of claim 14, fiirther conprising,
-21 capacitor to correspond to the second logical state if either the first or second

capacitors are set to store a charge associated with the first logical state.

13. The network device of claim 12, wherein said controllable discharge devices are
transistors having a first source/drain terminal coupled to a first terminal of one of said

storage capacitors and a second source,/drain terminal coupled to the ground potential.

14. A method for operating a tertiary content addressable memory (CAM) cell,

comprising:

setting a first of three binary storage elements to a first binary state to indicate a first

tertiary state of said CAM cell,

wherein in response to said first binary storage element being set to a first binary

state, said second and third binary storage elements are each set to a second binary state.

15. The method of claim 14, further comprising,
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WO 03/ 028034 PCT/ US02/ 29749 setting the second of three binary storage
elenments to a first binary state to indicate a second tertiary state of
said CAMwelos/028serein in response to said second binary Cansgp29tenment
being set to a first binary state, said first and third binary storage
el ements are each set to a second binary state. 16. The nethod of claim 15,
further conprising, setting the third of three binary storage elenents to a
first binary state to indicate a third tertiary state of said CAMcel |,

wherein in response to said third binary storage el gnent being set to a
first binaryettiogahe seeomidpfrthreetbinag strass aleBIenss P %%%@%F@%&?ﬂ@d}ﬁa&e each

set to a second binary state. 17. The nethod of claim 16, wherein said

first, ;seesitser@id stdié bflsdi€@QAMroellst at es are menbers of a set consisting
of the followng elenments, a binary "0"; a binary "1"; and a "don't care"
state. 18. The nethod of claim 14, further conprising: reading the state of

said first BIpaLy ; il GRSt DcibhichPBEing UPEO SHRG bis
steps of, - ﬁ%d@/&%@ggg%%%ﬁ%&ﬁﬁ%m Eelclett ing ¢
state, said first and third binary storage elements are each set to a second binary state.

16. The method of claim 15, further comprising,

setting the third of three binary storage elements to a first binary state to indicate a

third tertiary state of said CAM cell,

wherein in response to said third binary storage element being set to a first binary

state, said first and second binary storage elements are each set to a second binary state.

17. The method of claim 16, wherein said first, second, and third tertiary states are

members of a set consisting of the following elements,
a binary “07;
a binary “1”; and

a “don’t care” state.

18.  The method of claim 14, further comprising;:

reading the state of said first binary storage element, said reading further comprising

the steps of,
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precharging a first bit line controllably coupled to said first storage
element to a predetermned level; coupling said first bit line to said
first bi maoy3sesesage el ement; and coupling, sensing a chacgason2get ent i al
of said first bit Iine; wherein said reading does not change the state of
said first storage elenent. 19. The nethod of claim 15, further
conprising: reading the state of said second binary storage el enent, said
readi ng further conprising the steps of, precharging a second bit line
controllably coupled to said second storage elenent t pr edet ey m ned

| evel ; coupling seechasgiogrding bit ling éoﬂﬁog%lﬂ C@‘élélgg do B@ﬁéﬁ@t Sé?@gﬁﬁénéelnérrent ;
and sensing a change in potential of said second bit |line; wherein said
readi ng does notthqﬂggmkhﬁﬁ&ﬂqbaﬂpf said second storage el enent. 20. The
met hod of claim 16, further conprising: -23 WO 03/028034 PCT/ US02/ 29749
reading the state of said third binary storage el enent, said reading

further conprising t.he st . j i i i controll ably
coupled to said tcﬁ’?lp gn%fs %g;ﬁé'gt lge)lF ]emrrgﬁgﬁ?ggg 5%&%@&5}% ﬁg%lelhte’\r}glld;

coupling, sensing a change in potential of said first bit line;

wherein said reading does not change the state of said first storage element.

19. The method of claim 15, further comprising:

reading the state of said second binary storage element, said reading further

comprising the steps of,

precharging a second bit line controllably coupled to said second storage

element to a predetermined level;
coupling said second bit line to said second binary storage element; and
sensing a change in potential of said second bit line;

wherein said reading does not change the state of said second storage element.

20. The method of claim 16, further comprising:
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coupling said third bit line to said third binary storage el enment; and
after said coupling, sensing a change in potential of said third bit |ine;
wher ei n swDd3ferads ng does not change the state of said thiPCa/S0D2EgE

el ement. -24

reading the state of said third binary storage element, said reading further

comprising the steps of,

precharging a third bit line controllably coupled to said third storage element

to a predetermined level;

coupling said third bit line to said third binary storage element; and

after said coupling, sensing a change in potential of said third bit line;

wherein said reading does not change the state of said third storage element.
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