
.~~;iiii~--~.iiiiiiiiiiiiiiOiiiiii _________________ iiiiiiiiiiiiiiiliiiiiiiiiiiiiiiiiiiiiiiii•~----------= ...... -............... ~~~---=-----...-.~~~~~~~ 
t;J 

Technical Fi·eld 

200106881-6 
0 8 NOV 2001 

LOW POWER CAM MATCH LINE CIRCUIT 

BACKGROUND OF THE INVENTION 

The invention relates generally to content addressable 

memory {CAM } devices, and more specifically, .to the design and 

use of Match-Detecting Match Line Controller circuitry for CAMs. 

Related Art 

A Content Addressable Memory (CAM} is a device adapted to 

perform fast (e.g., single-clock cycle) searches of list based 

data stored in a plurality of locations called entries.-

As depicted in FIG. 1, a CAM cell .101 differs·from a Random 

Access Memory (RAM) storage cell in that a CAM cell adds a 

comparison lQ.gic circuit to every memory cell, to provide the 

content-ad<J.Fessable functionality. Unlike RAM arrays I - all .. data 

words in the word storage locations (i.e., entries} of a· CAM 

array may be simultaneously compared. with a search word (Le;, 

compa~and) stored 1n a comparand buff€r. This added 

.functionality generally raises the qomponent count in each qell· 

by the number of transistors or other components/circuit.elements 

needed to perform the comparison function, but adds a' "parallel _ 
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processing" characteristic to the CAM memory array. Many CAM 

arrays generally include a plurality of pass-transistors (e.g., 

PTj in FIG. lA, where. j = 1, 2, .... X) ~onnected in parallel and 

connected bet~een. a M~tch Line and ground, to form a distributed 

Match Line Pass7Gate. 

The CAM Match Line Pass-Gate is a distributed pass-gate 

comprised of the plurality of parallel Pass-Transistors or a 

plurality of parallel Pass·-Transistor-Stacks which are connected 

to the Match Line. A CAM cell may comprise a pair of Pass-

' Transistor-Stacks that together perform a logical XNOR comparison 

function within the CAM cell. A Pass-Transistor-Stack may be 

comprised·of 2 or more transistors connected in series between 

the Match Line and ground~ forming a leg of the Match Line Pass-

Gate. Each leg of the Match Line Pass-Gate may be comprised of 

NFETs or PFETs or a combinat1on·of these types of Field Effect 

Transistors (FET) • 

In most CAM circuits of the related art, as in FIG. 1, the 

Match Line functions as a capacitor having capacitance. (CMI.) tP,at 

is pre-charged (e.g., through pre-charge transistor Tpe) to a 

~ogic High voltage (e.g., Vdd) · i;>rior to each search, and the 

·observable event on each Match Line will be a MI.SS (the logical 

opposite of a MATCH which is also called a. HIT), which will cause 

the Match Line voltage to drop (discharge towards ground voltage) 
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from.the pre-charged High voltage to a Low voltage through the 

Match Line Pass-Gate. 

In the case of a MATCH-ing entry, the Match-Line pass-gate 

(i.e., comprised of all of the pass-transistor stacks conne·cted 
. . 

in parallel.bo the Match Line) of the MATCH-ing entry will remain 

OFF (i.e., non-condu'cting). Therefore, the pre-charged Match 

Line of a MATCH-ing entry will remain Hish in the MISS-detecting 

. CAM circuits (e.g., 102 in FIG. 1) of the related art. Thus, .in · 

the related art, the Match-sensing hardware designer is faced 

with the problem_ of detecting the lack of a Match Line voltage 

change, which includes challenges in defining reliable strobing 

protocols and sensing margins necessary to activate a reliable 

MATCH or HIT output signal •... 

In the Match Line systems 9f the related art, as the size 

(i.e., width X) of the bin~ry·word storable· in each entry 

increases, the capacitance of each Match Line generally increases 

proportionately .. Because.the energy consumed ·cECAP) by the 

complete ·discharge of a capacitor (e.g., a Match Line} i·s equal 

to: l/2CVca.p2
·, where C is the ~apacitance and Vcap is the Voltage 

across the capacitor, the energy consumed per search by each MISS 

(e.g. , EMrss=Eop) with this Match Line system can increase 

approximately proportionally with the increased size (X) of the 

word storable in the qAM entry. ·Additionally, the energy 

consumed by most of the CAM circuits of the related art is 

3 



·directly proportional to the frequency of searches, and therefore 

the Power consumed and heat generated·during operation of the 

Miss-de_tecting CAM circuits (e.g., 102 of FIG la) of the related 

art generally increases with increasing search frequency. 

Although some attempt is ~ade in the related art·to minimize 

the energy lost upon each Miss ·event in each search, e.g., by 

minimizing the Match Line Capacitance Cm,, or by preventing the 

Match Line from completely discparging the entire pre-charged 

voltage (e.g., Vcap), "these methods still generally fail to 

prevent the energy consumed in each MISS from increasing in 

proportion with increasing size (i.e., width X) of words in each 

entry and with increasing frequency of searches. 

A different approach, a Match-event detection approach, is 

disclosed in the 1999 Japanese Patent No. JPli073783, issued to 

·Yoshiaki, wherein each Match Line in.the disclosed.CAM is pre-:­

charged Low (e.g., ~tor near ground), and raises above. a Match 

Detection Voltage (VMD} only upon the ·occcirrenqe of a MATCH of 

all bits in the entire entry ·associated with that Match Line. 

The Yoshiaki patent teaches that a CMOS Inverter (19} (presumably 

comprising a PFET transistor stacked ~pon an NFET transistor) 

driven directly and only by the Match Line voltage (VML) is to be 

used to detect the occurrence of a MATCH-event.' on the Match Line· 

of a MATCH-ing entry, and that a HIT signal will be output from 

the CMOS ~nverter 19· when ~he CMOS Inverter (19) switches in 
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~ response to the Match Line voltage (VMI.) rising to or above the 

Match Detection.Voltage (VMD). Consequently, the Match Detection 

Voltage {VMD) of Yoshiaki can not be less than the CMOS Inverter 

Switching Voltage (V0081s) of the CMOS Inverter 19, which may 

equal .or exc~ed One-Half of the Supply Voltage (Vcc/2)' in order 

to reliably regi_ster a HIT. The Match-event-detection circuit 
/ 

and method of 'Yoshiaki consumes energy (e.g., by through-currents 

through all MISS-ing entries) for an excessive period of time 

after a MATCH-event. 

The explosive growth and· increasing speed of Intranets and 

the Internet is fueling the demand for larger, faster, and more 

energy-efficient CAM circuits. The large CAM memory-arrays of 

the related art can consume multiple watt.s of power during 

performance of search operations. As the_ length N and entry­

width X of CAM arrays contfnues to increase ·and searching becomes 

more frequent, the need to-reduce the power consumed during CAM 

search operation also increases. 

S.t.JMMARY OF THE INVENTION 

. In designing CAMs, it is ·desirabl~ that the CAM use the least 

energy possible wh~n performing searches, and that each search 

generates a reliably detectable Match/HIT event when a MATCH-ing 

·w0rd is stored in an entry in the CAM. Acc~rdingly, the present 

invention provid~s, inter alia, an improved.Match-Detection 
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~ Circuit and Match-detection method, for searching a Content 

Addressable Memory. An embodiment of the invention provides 

Match Detection circuitry and a method of operation that can 

. support many known CAM storage-cell circuit topologies (e.g.·, 

Binary/Ternary/Global Masking CAM cells; SRAM/DRAM CAM cells; 

NFET/PFET CAM cells) while providing reduced energ~ consumption 

and other advantages over the related art. 

The inventive CAM system achieves its search performance by 

simultaneously comparing all entries in the CAM memory with an 

externally applied "comparand. 11 Words stored in t'he ~ntries of 

the CAM array whi~h "match" the comparand result in a Higher 

voltage on the Match Line and consequentl~ the HIT line voltage 

(Vm,} rises to· a logic High v9ltage ievel, while all stored words 

that contain even a single bit that mis-matches (i.e., does not 
. . . 

match) .the comparand's corre~pond~ng ~it result ·in a Match line 

Low voltage (false) (and HIT Line voltage (Vm.) stays Low) . The 

Match Detection Voltage (VMD) of the present invention is the 

lower bound ··of the aforesaid "Higher Ma~ch line voltage level" on 

the Match Line. The Match Detection. Voltag_e (V"°) of embodiments 

of the invention is normally less than O~e Half of the Supply 

Voltage ~i.e., less than Vcc/2}. 

The through-current_ in. each MISS~ing entry is turned off 

completely by ~ carefully timed control s_ignal at the end of the 

Match Detection Period and relatiyely soon after a MATCH-ing .. 
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entry is detected or is reliably detectable. Circu"its for 

generating the specially timed control signal to turn off the 

through-currents of MISS-ing entries are disclosed . 

.Accordi!'.J.gly, a first _aspect of· the invention provides .. a 
content addre·ssable memory (CAM) device comprising: an entry that 

-includes a plurality of CAM cells each coupled to a leg of a 

plurality ~f legs of a Match Line Pass-Gate and a Match Line 

having a Match Line Voltage, an~ being coupled to the Match Line 

Pass-Gate, such that when any legs of the Match Line Pass-Gate is 

conducting the Match Line is coupled_ to.a Low voltage· level; and 

furthe~ comprising a Match-Detection Circuit including a Field 

Effect Trartsistor (FET) coupled to the Match Line .and adapted to 

detect a MATCH-ing entry 

wherein the MATCH-ing entry is characterized by the rise of the 

Match Line Voltage from a Low vo~tage level.to a Match-Detection 

voltage within a Match-Detecti~n Period. 

A second aspect of the invention provi~es an improved Match-

.·. detection circuit for a cAM entry comprising a Field Effect 

-~ransistor . (.FET) , t~e gate of the Field Effect 'transistor being · 

coupled to the Match Line and the FET being adapted to pull-down 

a node· FLOAT-ing at a High voltage down towards a Low voltage 

when the voltage .on the Match Line rises to the conducting 

Threshold Voltage of the FET. 
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A third aspect of the invention provides a digital ~ystem .. 

such as for example, a computer, or a network router, comprising 

a digital processor ope~atively coupled to a CAM array; the CAM 

array ~aving Match-detection circuits including a FET as in the 

.forgoing asp~ct of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The exemplary embodiments of the present inven~ion will 

hereinafter be described in conjunction with the appended 

drawings,· where like designations denote like elements, and: 

FIG. 1 depicts a circuit diagram of a· Content Addressable 

Memory (SCAM) cell having .a single pass-transistor coupled to a 

plurality of ·other such CAM cells. and to a Mrss:...netection circuit 

of the related art through a Match Line; 

FIG. 2a depicts the inventive Mateh Line Controller coupled 

to.the Match Line and to a 2-Hi NFET XNOR comparator in 

accordance with embodiments" of the present invention; 

FIG. 2b depicts a CAM array comprised of plurality of 
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entries and Match Lines coupled to a plurality of the inventive 

Match Line Controllers in ·accordance with embodiments of the 

present invention; 

FIG. 3a depicts a timing diagram of an embodiment of the 

inventive Match Line Controller depicting an exemplary ti~ing 

relationship of the control signal and MATCH and MISS and HIT­

output; 

FIG. 3b depicts a timing diagram of an embodiment of the 

inventive Match Line controller depicting exemplary.control 

signal and MATCH and MISS and ~IT-output timing; 

FIG.·3ci depicts a diagram of Match Line voltage and current 

magnitudes dµring a CAM search on a MATCH-ing entry controlied by 

an embodiment of the inventive Mat~h ~ine Controller; 

FIG .. 3cii depicts a diagram of Match Line voltage.and 

current magnitudes during a. CAM search· on a MISS-ing entry 

.. controlled by an embodiment of the inventive Match Line 

Controller; 

9 



FIG. 4a depicts a circuit diagram of an inventive timing 

control signal generation circuit ·including a Dummy Match Line 

Controller and coupled to a plurality of inventive Match Line 

Controllers.la accordance with embodiments of the invention; 

FIG. 4b depicts a circuit· diagram of an alternative timing 

control signal generation circuit including a NAND-gate and a 

buffer-delay line for controlling a plurality of inventive Match 

Line Controllers in accordance with embodiments of the invention; 

FIG. 4c depicts a timing diagra~ of the timing control 

si~rial generated ;t>Y the timing control signal generation c~rcuits 

of FIG. 4b and FIG. 4d for controlling a plurality of inventive 

Match Line Controllers in accordance with embodiments of the 

·invention; 

FIG. 4d depicts a circuit diagram of an alternative timing 

control signal generation circuit including· a NAND-gate and a 

DUMMY MATCH LINE for controlling a plurality of inventive Match 

Line Controllers in accordance with embodiments of the invention; 
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FIG. 4e depicts a circu~t diagram of the timing co~trol 

signal generation circuit of FIG. 4d coupled to a· plurality of 

inventive Match Line Controllers in accordance with embodiments 

of the invez:it:i.on; · 

FIG. 5 depicts a circuit' diagram of an alternative 

embodim~nt of the inventive Match Line Controller of FIG. 2a 

wherein an inve.nti ve PRE-MATCH LINE circuit enables the CAM 

Search of the POST-MATCH LINE portion of the CAM entry; 

FIG. 6 depicts a representative digital system including a 

.· 
CAM array operated in accordance with an embodiment of the 

present invention. 

DETAILED DESCRIP~ION OF INVENTION 

The invention provides, inter alia, a Match Line Control1er 

including an improve~ ·Match-Detection Circuit, for detecting 

MATCH-ing entries in a Content Addressable Memory array. A CAM 

·array 221, as depicted in FIG 2b, storing N data words (i.e., 

having N "~ntrie~") has N Match Lines (e.g. , ML0 , ML1 , M~2 , • • MLN-

1 ; where N=Y x L; Y is an integer representing the number of 
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entries that are controlled per Match Line Controller c~rcuit; L 

is an integer representing the number of Match Line Cbntroller 

circui"ts per CAM array), one Match Line for each entry, each 

entry having a unique n-bit (n=BASE2LogN) a~dress· within the CAM. 

In an einbodiment o~ the invention, each entry and Match Line 

combination is -9oupled to a Match Line Controller MLC that 

includes aMatch-Detection Circuit 210, as depicted in FIG 2a. 

FIG. 2a depicts an embodiment of the inventive Match Line 

Controller (MLC) including an improved Match-Detection Circuit 

(210) coupled. to a Match.Line that is coupled to an exemplary 

(e.g., ternary) CAM cell 201. The CAM cell is comprised of two 

binary storage elements (e.g.·, memory storage cells CELLC and 

CELLT) and·has an XNOR function realized in two NFET transistor 
, 

·.stacks (TO-T2 and T4-T6). Prior.to a_CAM search operation, 

control signal MATCHDETECTION-ENABLE-NOT {MEN } is High, thereby 

pre-charging.the MATCH LINE to a Low voltage. This Pre-Search 

(i.e., initial) High state of contro~ signal MEN_ al~o pre­

charges FLOAT aigh and, therefore, HIT is Low (i.e., NO-HIT) 
·. 

prior to a CAM search. During·a CAM search operation, which 

occurs within ~ Match-Detection Period during which control 

signal MEN_· is Low, the Match Detection circuit 210 of the Match 
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Line Controller coupled to a MATCH-ing entry will detect the 

match, and· HIT will only then go to a logic High (i.e., TRUE) 

voltage level. The control signal (MEN_} input to the Match 

Line Contr~ll~r may be generated by the inventive timing control 

signal generation circuit depicted in FIGs. 2b, 4a, 4b, 4d and 

4e. 

The function of the inventive Match-Detecting Match Line 

Controller (MLC) of FIG. 2a may be better understood in a broader 

context, as an ele.ment of -the larger circuit of FIG. 2b. FIG. 2b 

depicts an ex~mplary arrangement of the inventive Match Line 

Controller (MLC) in connection·with a·CAM ar!ay 221 having a CAM 

controller 224 which may contain the timing control signal 

_generation circuit {i.e. timing controller 224} for generating 

and asserti~g the MEN_ control ~ignal to the inventive Match Line 

Controller MLC. The output ·of the timing controller 226 is 

transmitted to each of Y Match-Line Coi:itrollers MLC0 TO MLCy_1, 

each.of which contains Match-Detection Circuit 210 for detecting 

a MATCH-ing word stored ~n the Y entries of the CAM array 221 

according to methods of the present inventi_on. The Match Line 

Controllers MLCo-MLCr-1 are_ connected to the Match .Lines MLo TO 

MLy_1 , respectively, and are identical in construction with each 
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other, and.may be referred to collectively herein as MLC. To 

each of the Match-Line Controllers MLC0 -MLCy_1 there is input the 

timing control signal MEN that is generated by the Timing 

Controller Je .. g., 226).when ~he CAM search operation is to.be 

performed. Each vertical column of CAM cells has a pair of 

diff·erential Search .Lines inputs (e.g., SLO -and its complement 

SLO_) which are coupled to the comparand buffer 228. Each 

horizontal CAM entry is coupled to a Match Line (e.g .. ,. ML0 ) which· 

in turn is coupled to· a Match Line Controller, · as depic.ted in 

FI.Gs. 2a and 2b. A 11 Word Line" input may be coupled to all the 

memory cells of each entry, and BI"T LINES may be coupled to each 

cell.of the entry, to support.the writing of data into each. 

memory cell of the entry. 

~s shown in FIG. 2b, each of the output of. each of the 

plurality. {i.e. , Y) of· Match Line Controllers MLC0 - MLCy_1 may be 

cohnected to an·Address Output Circuit {AOC). The Address Output 

Circuit {AOC) is connected to the· output of -each MLC such that· it 

can latch a ~HIT" High signal which may be output from one or 

more of the Match-Line Controllers MLC0 to MLCy_1 where the CAM . . 

search operation det~cts a MATCH-ing entry. The HIT signal can 

be.latched High by using the HIT signal as the SET input to a 
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Set/Reset latch. The MLC will output a logic High "HIT" signal 

when the Match-Detection Circuit 210 of the MLC detects that the 

data word stored in a CAM entry is identical to {i.e., matches) 

the coroPara~d.stored in the comparand buffer 228. The AOC.then 

outputs the address of the MATCH-ing CAM cell entry as a match 

address MATCH-ADDRESS. 

A CAM search is performed during the Match-Detection Period. 

The Match Detection Period begins when the control signal MBN_ 

input to the MLC falls to:Low. It is assumed that before·a 

reliable HIT can.be output during the Match Det~ction Period, 

·data to be searched shall have been stored in·each content 

addressable memory (CAM) cell 201 of a plurality of entries of 

'the CAM array 221, and a compa:rand shall.have.been stored in the 

comparand butfer 228 such that the 2X differential search lines 

(e.g., SLO, SLO_, SLl, SLl_, SL2, SL2_, •.. SLx, Slx_; where (x· =·· 

X-1)) are asserted within the Match Detection Period. The Match 

Detection Period ends when the control signal MEN transitions 

from its Low ·{search-enabling) voltage (i.e., logic Low vo.ltage) 

back·to the initial (pre-search) High voltage. The optimization 

9f the length of time (t2 ) between the beginning and end of the 
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Match Detection Period is discussed in other sections of this 

disclosure. 

Ref erring again to the embodiments of the inventive Match 

Line Contro~ier depicted in FIG. 2a, the initial (pre-search) 

logic HIG~ voltage on the MEN_ line presents a log~c HIGH voltage 

at the gates of both of stacked transistors PFET Tl and NFET TB 

and at the input of inverter Il, thereby causing PFET Tl to be 

initially OFF (i.e., non-conducting), and causing NFET TB to be 

initially ON {i.e., conducting)., and causing pull-up transistor 

T3 to be initially ON, ·while TlO is initially OFF (due to the Low 

pre-charge voltage of the Match Line due to TS being ON). 

Inverter· Il.may be formed by a stacked NFET-PFET ~air, or by any 

other equivalent inverting circuit known to persons in the art. 

Alternatively, inverter Il may.be eliminated in an alternative 

embodiment, {e.g., by ~mplementing T3 as a NFET, which will 

ope~ate reliably if the supply voltage (Vee) is high enough to 

compensate for.the ~arger effective switchihg threshold voltage 

· (VT) of NFET T3 as a function of the source-substrate voltage.) 
. . 

The circui~ of.FIG. 2a.including PFET T3 has op~rated reliably in 

simulation with a supply voltage (V~) as low as 1.0 volts). 
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The electrically conductive Match Line of -eaoh CAM entry 

inh~rently has a capacitance CML and is connected to each of the 

stacked control transistors, (i.e., pull-up transistor Tl and 

pulldown transistor TB), and t.o the plurality of the legs of. the . . 

distrib~ted pass-gate on the Match Line (e.g., pass-transistor-

stack TO-T2 and pass-transistor-stack T4-T6} . The Match Line 

Pass-Gate functions as a logical NOR-gate during the Match 

Detection Period such that the Match Line Pass-G~te {NOR-gate) 

will conduct, thereby holding the Match Line (the effective N9R-

gate output) at a logic Low voltage level (indicating a MISS, or 

a NON-MATCH) if even one leg of the Match Line Pass-Gate is 

condu~ting (ON), such as when the word stored in the CAM· entry is 

a mis-match with the.comparand .. Each l~g of each XNOR-gate 

{e.g~, xNORl) (e.g., TO-T2 and T4-T6 of the exemplary CAM ceil 

~01), and of each CAM cell in a CAM entry, functions as one leg 

of the Match Line Pass-Gate · (i. e, NOR-gate} .. 

~s pjr'eviously rne~tioned, prior to. a, search (i .. e., . be.fore the 
( . . . . . 

Match-Detection Period wherein MEN_ is LOW) the MATCH LINE is 

pre-charge~ to (i.e., pulled down to) a Low voltage level (e.g., 
. .· 

ground) through NFET T8,.while PF~T Tl is-OFF. (The Match Line 

of a·MISS-ing entry may also be pulled down to logic Low voltage 
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~ prior to a search by one or more legs of the Match Line Pass~ 

G~te, ·because it is ·not necessary that the Search Lines be pre­

charged Low). Because the MATCH LINE is coupled to the gate of 

NFET transistor TlO, the initial Low voltage level on the MATCH 

LINE causes TlO to be non-conducting (OFF) prior to the search. 

Meanwhile, prior to the search, the output of inverter Il asserts 

a-Low voltage level at the gate o"f PFET T3, thus causing T3 to be 

conducting (i.e. / ON)·. The initial combination of T3 being ON 

(i.e., conducting) and TlO being OFF (i.e., non-conducting). _pre­

charges the FLOAT node initially to a logic HIGH voltage level, 

which in turn brings the output of the inverter I2 (which has its 

in~ut connected to the FLOAT node) to a logic Low voltage, which 

indicates the absence.of a logical HIT True condition (i.e., 

HIT=FALSE) by asserting Low volt.age level on the HIT line p:rior 

to the Match. Dete_ction Period. It is. worthy of note that the 

FLOAT.line has a finite capaci~ance such that if subsequent to 

·esta~lishing the initial High voltage pre-charge condi.tion, T3 is 

turned OFF ·(while TlO remains· OFF}, the HIGH pre-charge voltage 

on· the FLOAT line will continue and tb,e output of inverter·r2 

coupled thereto will continue to indicate the absence of a 
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;; .logical HIT True condition, by asserting a ·Low voltage level on 

the HIT line. 
0 

It is assumed that at the beginning of and during the Match-

Detection Period, the memory cells (e~g. CELLT ·and CELLC ) and . . . 

the Search Lines (e.g., SLC,_ SLT) of the Entry of the Match Line 

are properly powered and are static to enable a reliable search 

such that each of the legs of the pass-gate (e~g., the XNOR 

transistor stacks) will be either conducting (ON) or. non-· 

conducting {OFF) depending only upon the logical values of the 

data bits stored i~ the memory cells and the logical value of the 

comparand bits represented.on the search lines. 

If the entry contains a match compared against the search 

data {i.e., comparand), then none of the pass-transistor-stacks 

(e.g. XNORl NFET stacks.) -in the CAM ce_lls connected in ·parailel 

to the Match Line will be ON (i.e., conducting), and "current 

running· into the Match Line during the Match Detection-Period 

will pull the MATCH LINE voltage (VHL) up. Eventually, the·Match 

Line Voltage (VML} will exce~d NFET TlO's threshold-voltage (Vx), 

and NFET TlO will begin to col';lduct. FLOAT will be discharged Low 

through NFET TlO, and the HIT output _of the MLC will rise to True· 

{i.e., High logic voltage} as the dropping volt.age of FLOAT is 
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inverted by Inverter 12. If the CAM entry contains a mismatch 

compared against the search data (i.e., comparand}~ then at least 

one of the pass-transistor-stacks (e.g. XNOR NFET stacks) in the 

CAM cells c?n~ected in parallel to the Match Line will be ON 

(e.g., TO-T2 OR T4-T6), and the Match Line Voltage will be held 

Low through the at least pne of the pass-transistor stacks. 

At the beginning of the. Match~Detection Pe~iod, the control 

signal volt~ge MEN_ drops.from the initial HIGH voltage level to 

a search-enabling Low.voltage level and remains Low during the 

Match Detection Period. When the voltage on the MEN_ line falls 

from High to Low at the beginning of a search, the gates of 

transistors T1 and TS are pul~ed Low, thereby turning PFET T1 ON 

fi.e., conducting) arid turning NFET TB ·OFF .. (i.e., non-conducting) 

such that the MATCH LINE is·elec~rically connected to the Supply 

Voltage, and electric current will flow through Tl into the MATCH 

L~NE which .had been pre-charged to a lower voltage level. At 

approximately the same time ~hat current begins to flow into the· 

MATCH LINE through Tl,.the FLOAT node pull-up transistor PFET T3 

·is turned OFF· (non-conducting) _In the circuit of FIG. 2a this is 

because the inverter Il has inverted the Low voltage search­

enabling control signal now asserted on the MEN_ ·1ine, and the 
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; small capacitance· of the short line coupled to the gate T3 does 

not significantly delay the switching of T3 {OFF). However, the 

FLOAT node pull-down transistor NFET TlO will not turn ON 

immed;i.ately ..(~.e., not at the beginning of the Match Detection 

Period) even if there is a MATCH in the entry making all.the legs 

of the Match Line Pass-Gate OFF, because the capacitance CML of 

the Match Line is significantly large. If the entry i~ a MISS, 

at least one leg ~f the Match Line Pass-Gate will be conducting, 

an~ will th~refore hold the Match Line to the logic Low voltage 

level (at or below an asymptotic level}. Therefore, for a finite 

period of time a~ the beginning of every Match-Detection Period, 

both transistors T3 and TlO will be OFF (non-conducting) and the 

FLOAT node will be floating as a· small capacitor at the initial 

logic High Pre-charge voltage; and the HIT output of inverter -I2 

coupled thereto will continue to indicate the absence of a HIT 

(i.e. 1 a logic Low volt.a,ge).. The preli~inary logic High voltage 

floating state of the FLOAT node within the Match-Detection , . 

. . 
Period facilitates the detection of a MATCH-event on the Match 

Line by NFET transistor TlO with a Match-Detection Voltage. less 

than ONE-HALF of the Supply Voltage, -and eliminating the 
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deficiencies of· employing the eta.eked NFET-·PFET type INVERTER 

provided for Match-event detection in the related art. 

Because a MATCH-ing entry may be detected {and output as a 

HIT) ·by the _i:q.-ventive circuit as the result of a transition of 

only one transistor (i.e., NFET TlO) from-OFF to ON, the inherent 

Threshhold Voltage (VT) of that one transistor is the lower bound 

of the Match-Detection Voltage (VMD) of the present invention. 

In the circuits of the related art that rely upon a CMOS.Inverter 

(comprising an·NFET stacked in series with a PFET) to detect the 

MATCH-event, ~he lower bound of the Mateh-Detection_Yoltage 

therein is approximately the mid-voltage point between Supply 

Voltage and ground, which may be many tim~-s higher than the 

conducting threshold"voltag~ VT of an NFET. Thus, the present 
.•. 

invention can detect-a MATCH~ing entry and ~urn off the through-

currents in the Match Line of a MISS-ing entry faster than the _ 

· related art, thus reducing the minimum required Match Detection 

Period, and reducing the energy (EMxss> coilsurtted by the through-
. . 

current· of each MI$S~ing entry during each CAM search operation. 

The ~iming, polarity and relative magnitude of the Match 

Line Current (IML_)- in MATCH-ing and MISS-ing entries in an 

embodiment of the invention is illustrated in FIGs. 3ci and 3cii 
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respectively. As illustrated in FIGs. 3ci and 3cii, the 

invention provides a control signal that is adapted to enable the 

Match-Detection Circuit at the beginning of the Match-Detection 

Period, an~-i~ further adapted to turn off a Match Line through­

current {IML) in a MISSING-entry at the end of the Match-

Detection Period. 

The Match Line Current (IML) passes through w~ak pull-up 

·transistor Tl in both MATCH-ing and MISS-ing entries during the 

Match Detection Period. At a beginning portion of the Match­

Detection Period, the Match Line Current {Im.) of MATCH-ing and 

MISS-ing entries will be approximately the same. The Match Line 

Current IML of a MATCH~ing·ent~ will thereafter decrease during 

the Match-Detec~ic:>n Period as a function of the increasing Match 

Line Voltage ('VML) , ·because the Match Line i,EI charging as a 

capacitor. The Match Line CUrrent.IML of a MISS-ing entry will. 

thereafter level-off and cont~nue during the Match-Detection 

Period at approximately a:n a~ymptotic magnitude detennined by the 

sup~ly voltage divided by the total resistance of the IML current 
. . 

_path. The total resistance of the IMr. current path ·will include 

the.ON-resistance of transistor Tl and the ON-resistance of the 

Match Line Pass-Gate (~.g., the ON-resistance of the conducting 
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parallel-resistor legs of the XNOR-gates of the CAM cells coupled 

to the Match Line, which legs ,are comprised of pass­

transistor/stacks). 

If Tl is.turned OFP. as soon as the Match Line voltage of a 

MATCH-ing entry has certainly had time enough to rise and 

discharge FLOAT (i.e. VML ~qual to or greater than VT of NFET 

Tlo); causing HIT to rise to True (i.e., logic High voltage) and 

:be latched, then the total amount (i.e.,. charge) of through-· 

current {IHI.). consumed per MISS-ing ~tch Line_is minimized. 

Thus energy consumption during each search can be minimized by 

·minimizing.the length of the Match-Detection Period. 

{Accordingly, the width and length ot transistor TlO may be 

chosen to minimize the ON--res-istance of TlO to allow FLOAT to 

dischar$e at high rate, thus enabling a shorter Match-Detection 

Period, which in turn further reduces the power consumption of 

each search operation of the CAM. Transistor_ TlO may also be 
chosen to_be wider and longer·~han the minimum device all"owed by 

·the technology ground.rules to minimize the effects of normal 

variations due to photo effect~,. doping mismatches etc.} 

A voltage divider network· (comprised of Tl and of at least 

one of the plurality of pas~-transistor-stacks coupled to the 
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. Match Line) is forined between supply voltage (e.g., Vdd) and 

ground. Thus, the voltage on the Match Line of a MISS-ing.entry 

can rise oniy to some maximum asymptotic level regulated by ~he 

ratio of th~· .:r;esi.stance of the lower· portion of the voltage 

divider (i.e., the ON resistance of one or more pass-transistor-

stacks coupled between the Match Line and ground (e.g., an NFET-

stack in"XNORl)} divided by the resistance of the upper portion 

of the voltage divider (e.g, the ON resistance of Tl). Ideally, 

the maximum asymptotic level of a MISS-ing entry will he below 

the switching threshold voltage {Vr) of NFET TlO of the Match-

Detection Circuit 210. However, such a condition is not 

necessary to the effective operation of all embodiments of the 

invention, because MATCH-ing entries inherently.will raise the 

Match Line Voltage (VMI,)" faster, (and therefore .cause VML:to reach 

the switching threshold voltage of TlO faster)" "than MISS-ing 

entries. 

FIG. 3a.depicts an exemplary timing relationship and the 

rise-time of VML in MATCH-ing and MISS-ing entries _in embodiments 

of the invention. As depict~d in FIG ·3a,· wh~n the .Match-

{?etect.ion Period begins, the Match Line voltage VMx, of MATCH-ing 

and MISS-ing entries both initially rise. However,.the.Vr-u:. of a 
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MATCH-ing entry rises faster and will generally reach VT before 

·' the VML of a MISS-ing entry reaches its asymptotic level. Thus, 

a reliable.High HIT-output may be asserted by the MLC, and 

latched Hig~ ~y the AOC or another circuit, before the VHi:. of a 

MISS-ing entry reaches_ its asymptotic level. Therefore, if the 

asymptotic Vm. level of a MISS-ing entry happens. to ·exceed VT, the 

Match-Detection Period 1T1ay be terminated before the VML of a 

MISS-ing entry reaches VT. Of course, if the asymptotic VML level 

of a, MISS-ing entry is a safe margin less than VT, the Mat.ch­

Detection PeriC?d can be exter,i.ded without the possibilfty of a 

MISS-ing entry generating a (false) H!T output. {But as 

previously explained, energy is conserved by minimizing the 

Match-Detection Period.} 

FIG. 3b illustrates an exemplary timing relationship between 

the HIT-output and the rise of VML in MATCH-ing and MISS-ing 

entries, in an embodiment of the invention wherein the Match­

Detection· Period is·minimized such that the Match Detection 

Period ends virtually immediately afte:r: a· High HIT output is. 

~eliably ass~rted and latched High. The Match Detection Period 

need only be long enough such.that a Match stored in a CAM entry 

.coupled to the Match Line 'Will be reliably detected and reported 
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as a logically True HIT signal (e.g., a ~ogic HIGH voltage on the 

HIT output of MLC), which may be latched High. The HIT-output 

signal will first be assert~d High when the intermediate FLO~T 

node falls pe:t.ow the CMOS Inverter Switching Voltage (VCMOsts> of 

the CMOS Inverter I2. Because FLOAT node voltage will begin to 

drop Low as soon as VMx. of a MATCH-ing entry rises to VT of 

transistor TlO (i.e., before VML of a MATCH-ing entry rises to 

Vcc/2, and before VMI.. of a MISS-ing entry rises to VT), a High HIT-

output can be reliably asserted and latched.High (.and the Match 

Detection Period can be ended} before VML of any entry·reaches 

Ycc/2. The Supply Voltage (Vee) of the circ~it embodying the 

invention that produced the timing signals of F~G·. 3b is 1. O 

volts, which is a "worst-case" of a. nominal 1. 2 volt Supply· 

Voltage. 

As illustrated by the time-versus-voltage information in 

FIG. 3b, embodiments of the invention: can detect a MATCH-ing 

entry even if the M~tch Line Voltage never rises to ONE-HALF of 

the Suppl.y Voltage; ·can detect a MATCJi-ing entry when the Mat.ch 

Line Voltage rises to the conducting _Threshold Voltage of a Field 

Effect Transistor (e.g. ~ET TlO); can output a HIT signal when 

the Mµtch Line Voltage _(VMIJ is more than ~he conducting 
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Threshold Voltage of the Field Effect Transistor (e.9 1 NFET TlO) 

and less than ONE-HALF of the· Supply Vo~tage; can output a HIT 

sign~l when the Match Line Voltage (VML) is between about 100 

percent (e .. ·g.~ 0.3 volts) and about 166 percent {e.g., o.so 

volts) of the conducting Threshold Voltage of the FET (e.g. NFET 

. TlO); can perform a CAM search within a Match-Detection Period 

that is l~ss than twice the ·inherent period of time it takes for 

the Match Line Voltage of a MATCH-ing ent~ to rise from the Low 

voltage level to ONE-HALF of the Supply Voltage; can perform a 

CAM search· within a Matc~-Detection Period that is less than the 

iriherent period of time it takes for the Match Line Voltage of a 

MATCH-ing entry to rise fro~ the Low voltage l~vel to a High 

voltage level equal· to about 90 percent of the Supply yoltage 

(i.e., .which may.be proved by extra~olating the forward-sloped 

line of th~ rising Vm. of the MATCH-ing entry within the Match 

Detection Pe;riod to a point where· it would intersect a horizontal 

line d~notin~ 0.9 voltf:=J. if.the control signal MEN_ had not been 

_raised High, thus ending the Match Detection Period, before VML 

reached 0 .. 9 volts) ; can perform a ~ search within a Match­

Detection Period _tl~at is les_s than four times the inherent· period 

of time it takes for. the Matoh Line Voltage of a MATCH-ing entry 
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to rise from the Low voltag~ level to a High voltage level equal 

to about 90 percent of the Supply Voltage (which is obvious from 

the preceding -extrapolation) ; aan p~rform a CAM searc~ w~.thin a 

Matc~-Detec~iqn Period that is not greater than the inherent 

period of time it takes for the Match Line Voltage of a MATCH-ing 

entry to rise from the Low voltage level to a voltage level equal 

to about 166 percent of the conducting Threshold Voltage of the 

FET (e.g., the exemplary Match Detection Peiiod depicted in FIG. 

3b ends before VML of a MATCH-ing entry has time to reach o.s 

volts which is approximately about 166 percent of VT.)·; can 

perform· a CAM ~earch within a Match-Detection Period that is not 

greater than the inherent.period of time it takes for the Match 

Line Voltage of a MATCH-ing entry.to rise from the Low.voltage 

level to a voltage level equal to about 120 percent of the 

conducting Threshold Voltage of the FET (this ability is 

indicated by the fact that FLOAT begins to di'3charge as soon as 

Vtu.·of a ~TCH-ing entry reaches VT, and by the expectation tha~ a 

·Match Line coupled to only·a small number (e.g., four} of CAM_ 
. . 

entries will have a small enough·capacitance to allow F~OAT to 

drop rapidly)i can end energy consumption in MISS-ing entries at 

the end of a Match-Detection· Period that is not greater than .the 
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inherent period of time it takes·for the HIT output to be latched 

High; can perform a GAM search within a Match-Detection Period 

that ·is less than the inherent period of time it takes for the 

Match Line .Voltage of a MISS-ing.entry .to rise from the Low 

voltage level to the conducting Threshold Voltage of the .PET 

{e.g., as shown in FIG. 3b, the Match Detection Period ends 

before VML of a Miss·-ing entry rises to an Asymptote less than VT, 

which would occur before the VML could rise higher to Vx) 

As illustrated in F!G. 3b, the end of a minimal Match-

Detection Peri.ad may coincide approximately with the fall of the 

voltage on the intermediate .node, FLOAT, to Low. Therefore the 

duration of the Match-Detection Period.can be reduced by 

increasing the speed of. the High~to-Low transition of the FLOAT 

node. 

The voltage on the intermediate node FLOAT transitions from 

High to. ~w relatively ,slowly because the significant c.apacitance 

of the Match Line of a MATCH-ing entr}r·is·being charged through 
. . 

the ON resistance of Ti. Therefore, the Match Detection Period 

can be reduced further. (and the frequency of Searches increased) 

by reducing the capacitance of the.Match Line, and/or by reducing 

the ON resistaµ.ce of· Tl. (As discussed below, ·an effective 
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reduction of the capacitance of the Match Line, and a reduction 

of the Match Detection Period1 may be accomplished by providing a 

·circuit for detecting a match in a limited number of Pre-Select 

CAM cells i~ ~n entry coupled to a PRE-MATCHLINE and only then 

searching the remainder of the CAM cells of the entry coupled to 

a POST-MATCHLINE.) Reducing the ON resistance of Tl will tend to 

reduce the safety margin between the Asymptotic level on a MISS-

ing Match Line. and VT of transistor TlO. Therefore1 the ON 

resistance of Tl is selected based upon the CAM circuit 

designer's balancing of a need for a safety margin versus a 

desired higher speed of·the CAM search operation. As depicted in 

FIG. 3b, the asymptotic VML level may be ·fixed at a safe margin 
: 

below: the mini.mum VT of transistor TlO, s·uch that the Asymptote . 

voltage level equals VT minus a "safety margin.,, 

The_ actual asymptotic level of the Match Line Voltage (VML) 

in.a given MISS-ing entry will vary depending upon.how many bits 

niis-match compared against ·the- comparand. The more bits that 

mis~match in a given MISS-ing entry, the.lower the asymptotic 
. : . . 

level of that MatchLine's voltage will be during that search 

period. Thus the "worst-case" for differentiating a Match from a 

Miss, may be where the MISS-ing entry raises the Match Line. 
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Voltage (VML} to an asymptotic level nearest to the threshold 

voltage {VT) of NFET TlO. This ~worst-case" occurs with a 

·single-bit mis-match in the entry. Therefore assuming that the 

resistance of the lower portion of. the voltage divider is 

constrained by the logical and performance requirements for.the 

Match Line Pass-Gate (e.g., XNOR-gates) the maximum asymptotic 

Match Line voltage level for MISS-ing entries is set by selecting 

the resistance of the upper portion of the voltage divider (e.g.~ 

the ON resistance of PFET ·pull-up-Tl}". 

The size of the weak pull-up Tl may be se.lected ~uch that, 

in the worst case of a single·-bit mismatch, the asymptotic value 

of the MATCH line is near ·or· below the thre.shold voltage (VT) of 

· NFET TlO. Tl may be sized by perfoming DC simulations ·modeling 

T1 ON with a ceil stack of a single-bit mismatch (e.g., TO-T2 or 

T4+T6) holding down the MATCH line through the metal resistance 

of the MATCH line. An objective is·to prevent.Tio. from 

conducting_ and discharging FLOAT in a MISS-ing. entry by keeping. 

the level of the MATCH line below the Match-Detection Voltage 

(e.g., the conduction Threshold Voltage (VT) of NFET TlO m~nus 

some safety margin) .. during the Match Detection-Period. Pull-up 

transistor Tl may.be designed longer and wider than the minimum 
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~evice allowed ·by the technology groundrules to minimize the 

effects of normal variations due to photo effects, doping 

mismatches etc. 

When s~z~ of transistor Tl is properly selected, the Match 

Line voltage of a MISS-ing entry cannot rise above NFET TlO's 

threshold voltage, and FLOAT cannot discharge, during the Match 

Detection Period, and therefore, HIT will stay Low in the case.of 

a MISS-ing entry. However, even when the maximum asymptotic 

value of the Match Line voltage exceeds the· threshold voltage 

·"(VT}· of NFET TlO, embodiments of the invention can still· reliably 

distinguish MATCH-ing entries from MISS-ing entries because the 

Match Line _of ·a MATCH-ing entry will rise faster than a M!SS-ing 

entry I and t.he timing control singal (MEN_) can end the Match-

· Detection Period before enough time has elapsed for a MISS-ing 

entry to raise the Match Line Voltage up to the Match-Detection 

Voltage (e.·g., Vv: of NFET TlO). Thus, the circuit will perform 

reliably if circuit element·parameters a.nd timing signals a~e· 

designed such that the Match Line Voltage of a MISS-ing entry ~ 

does not rise to the Match·Detection Voltage (e.g., VT) within 

the Match-Detection Period. The rise time of the Match Lin~ of a 

.MATCH-ing entry is a function o.f the Match Line Capacitance (CML) 
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and the Match Line Current {Il'tL),·which in turn is a function of 

the ON resistance of pull-up transistor PFET Tl) . Thus, the 

performance of the inventive ~ircuit can be optimized by red~cing 

the Match L~n~ Capacitance, and by optimizing the ON-resistance . 

of the pull-up transistor PFET Tl. 

In order to control the timing of the Match Line Controller, 

including the turn-off timing of pull-up transistor Tl, timing 

control signal generation circuits (e.g, 226) are provided to 

optimally limit the .duration of the Match-Detection Period. A 

pluraiity of embodiments of inventive timing signal generation 

circuits use a Dummy CAM entry circuit that emulates a MATCH-ing 

, entry, on a Dummy Match Line which may be coupled to a Dummy 

.Match Line Controller that generates a Dummy-HIT signal to 

define the end of the Match-Detection Period. 

Timing Control Signal Generation Circuits 

The timing control signal MEN_ is input to the plurality Y 

(where Y is a positive integer number) of Match-Line Controllers 

·MLC0 to MLCy_1 (these Match-~ine Controllers will hereinafter be 

described as.a Match-Line Controller MLC because they· are 

identical in operation). The CAM Controller 224 may coµtain 
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circuitry (e.g. 226) that generates the search-enabling co~trol 

signal Matchline Enable-Not ( MEN_} and outputs· the signal MEN 

to each of Y Match-Line Controllers MLC . 

. The ti~i~g control signal generation circuits (e.g. 401 of 

FIG. 4a, 411 in FIG. 4b, and 226 in FIGs. 4d and 4e), generate 

the carefully timed control sign~l MEN_ which controls the . 

operation of the Match Line Controller (MLC). The timing control 

signal MEN may be generated from the system clock CLOCK (having 

a duty cycle larger than MEN_) by the circuitry 411 or 226_· 

depicted in FIGs .. 4b and 4d respectively. Alternatively, the 

timing control signal MEN_ may be generated from a pulsed GO 

signal (having a duty cycle shorter than MEN_) by the circuit 

401 depicted ~n FIG. 4·a. The signal generation circuitry (e.g., 

depicted in·FIG. 4a, 4b or 4d} that generates the timing control 

signal MEN may be separated from the CAM Controller-224, and/or - . . 

may be replicated and distributed· on the· CAM integrated circuit, 

or the centrally generated .. MEN.._ signal may be buffered and fanned 

out, to provide a locally-generated, strong and/or low-skew MEN_ 

signal to each.set of Y Match Line Controlle~s among a very-large 
. . . 

number (e.g., Y multiplied by L ~quals N, where Lis an· integer 
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greater than one) of Match Line Controllers in a large CAM array 

circuit. 

The control signal generatlon circuit 411 shown in FIG. 4b 
.f 

is driven by the system clock signal CLOCK at its input, and a 

NAND-gate NANDl outputs the timing control signal Match-Line 

Enable-Not {MEN_) . The operation of the circuit of FIG. 4h is 

further illustrated in the timing diagrams of FIG. 4c. As 

illustrated in FIG. 4c the control signal MEN_ generated from the 

clock signal by the circuit of FIG. 4b f~lls to a logic Low level 

following ( time period t 1 after) the High-to-Low transition of 

the clock signal CLOCK, but returns to a High_voltage at a finite 

period of time (t2 ) after MEN_ falls to Low, independent of the 

subsequent clock signal transition. Time period t 1 is a 

propagation delay through the inverter Ill. Time period t 2 is 

the sum of the propagation delay times of the plurality i (where 

i is an C?dd int~ger greater than on~) of inverters connected in 

series (e.g., inverters I12-I13-I14.} . The time period . 

r~preserited by t 2 i·s effectively the Match-Detection Period 

during which the CAM search is performed with the Match Line 

Controller enabled by MEN_ being Low. Therefore, the-

prop~gation delay times of inverters (e.g., Il2-Il3-I14) and/or 

36 



the quantity of that plurality of inverters,. should be selected 

by the circuit designer to insure an optimal duration of the 

Match Detection Period: long enough for reliable detection of a 

MATCH-ing e~ti;y and for outputting a 1atchable HIT signal, and 

short enough to reduce unnecessary through-currents in MISS-ing 

entries, in accordance wi.th embodiments of the present invention. 

An inverter (e.g., Ill) may be opt_iona~ly included in the 

circuit. 411 of FIG. 4b to introduce a propagation delay. (t1 ) and 

to provide an inverted CLOCK signal to the next stages of the 

signal generation circuit 411. The inverted clock signal 

(output from inverter Ill} is branched into two lines, one line 

being connected directly to the· input qf a series of i~verters 

(e.g. , 112, 113, 114} .and the other being connected to one of two 

input terminals of a NAND-.gate NANDl .. The output of _the last 

inverter (e.g., 114) of the series of inverters (e.g., I12, 113, 

114) is ·connected to the other of the two input terminals of the 

NANO-gate NANDl. The.signal generation circuit 411 outputs a Low 

. ("search-enabling) timing control signal MEN durir,tg a Match 

Detection Period that is appro:>cimately eqqal in·duration to the 

propagation time delay t 2 of the ·series of inverters (e.g., Il2, 

·113, 114) within each cycle of the C~CK signal, thereby enabling 
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the CAM searches to be performed synchronously at the system 

clock frequency. Thus, the timing control signal MEN is at a 

High level prior to· each search until the propagation delay time 

t 1 of inver~e~ Ill (in FIG. ·4b)· elapses after the transition of 

the level of the clock s~gnal CLOCK from High to Low, and MEN 

theri goes·to a.Low (search-enabling) level and thereafter stays 

Low during a Match-Detection Period t 2 approximately equal to 

propagation time of the series of inverters (Il2-Il3-I14) . 

FIG. 4c also illustrates an exemplary timing relationship 

between the control signal MEN_, and the output at the HIT line 

of a Match Line Controller in the cases of MISS-ing and MATCH-ing 

search .results. As depicted in FIG. 4c, the High (i.e., True) 

HIT signal. output in the case of a MATCH-ing search result is 

ordinarily.first asserted during the Match Detection.Period and 

may continue to be asserted after the end of the Match Detection 

Period if it is latqhed. The Match-Oetection Period may be 

extended to irisure that the HIT (True) output of the Mtc i·s 

asserted lqng enough to be latched. The HIT output signal may be 

latched High well beyond the end of the Match Detection Perio.d by 

circuits known to persons skilled in the aJ::t'. 
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The CLOCK signai input to the control signal generation 

circuits described in FIGs. 4b, 4c, 4d and 4e may of course be 

gated OFF (e.g., High) to prevent search power consumption during 

iqle periods when no CAM searches are required. Further, it 
. 

should be noted that although the circuits and circuit operation 

of FIGs. 4b, 4c, 4d and 4e are depicted as being driven by and 

synchronous with the system clock signal CLOCK, any other 

transitioning signal of suitable duty cycle can be used as a 

search-triggering i~put to these. circuits, whether synchronous or 

asynchronous relative to the system clock, provided that valid 

searchable data is present in the CAM array and a comparand is 

being asserted via the search lines. 

As dep~cted in FIG.· 4d and 4e, the control signal MEN_. may 

also be generated from a system clock signal by an alternative 

NAND-gate based control signal generation circuit 226 that 

includes a. capacitative DUMMY Match Line (DML). The circuit of · 
t 

FIG •. 4d is simii.ar to that of circuit 411 of FIG. 4b except that 

the duration of the Match-Detection Period (i.e., delay period ta 

as depicted in FIG. 4c) is characterized instead by the rise-time 

of.the capacitative Dummy Match Line pre-charged Low (by T8D) and· 

then pulled.up by pull-up transistor TlD, wherein each transistor 
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(i.e., TlD and T8D) is sized the same or similar to corresp0nding 

transistors (i.e. 1 Tl and TS) of the real Match Line Controller 

(MCL) . The Dummy Match Line is coupled' to a plurality of Dummy 

CAM cells 2Q1D., each of which is adapted to contribute to the 

D~mmy Match Line the same capacitance that a CAM cell in a real 

MATCH-ing CAM entry (i.e., comprised of real CAM cells 201}.would 

contribute to a real Match Line •. In other words, the plurality 

of Dummy CAM c·ells 201D coupled. to the Dummy Match Line DML 

emulate a real CAM entry containing data word that MATCH-es a 

comparand asserted to the CAM entry via the Search.Lines. 

·rn an embodiment of the invention wherein the DML is coupled· 

to X Dummy CAM cells, the internal XNOR-gate of ,each Dununy CAM 

cell ·is tied in such a manner as· to give the worst case {i.e., 

highest possible} capacitive load of a CAM array having a data 

pattern th.at matches. The DML will therefore rise at a rate 

equal to the slowest possible. Match Line of .MATCH-ing entrie.s, 

thus· insuring·that the Match Detection Period is long enough for 
. . . 

a MATCH-ing entry on a real Match Line to be reliably detected 

and reported as a HIT.output from the real MLC. ·Because the real 

and dummy Match Line circuits may be made on the same 

semiconductor chip, they· are presumably subject to the same 
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manufacturing and environmental conditions, and the ·Dummy Match 

Line may therefore be expected to have the same capacitance and 

to perform in a virtually identical manner as a Match Line ·of a 

real MATCH-~ng entry. 

In the circuit 226 of FIG. 4d, the timing control signal 

MEN will go to a Low level when the system clock signal CLOCK 

falls and time t 1 has elapsed, where t 1 is the propagation delay 

time through inverter Ill. The Low voltage level state of MEN_ 

continues until the time period t 2 elapses. W~en the ti~e period 

t 2 elapses after the timing control signal MEN_ has gone to a 

logic Low level, MEN_ will return to a logic High level. Time 

period t 2 as controlled by the circuit.of FIG. 4d is 

·characterized by the time_. it inherently takes for the 

capacitative DUMMY .Match Line (DML) to rise from its pre-charged 

Low voltage level to a predetermined Dummy Match-Detection 

voltage. The Match-Detection Period controll.ed by.the circuit 

226 of FIGS. 4d .and. ·4e may· be intentionally modified (i.e., 

shortened or lengthened) in alternative embodim~nts of the 

invention by methods including: 1} changing the capacitance of 

the Dummy Match Line·; and/or by 2.) changing· the parameters of the 

pull-up transistor TlDi and/o~ 3) by changing the pre-charge 



(pre-search} voltage of the Dummy Match Line; and/or 4) ·br 
changing the effective Mat'ch Detection.voltage that switches the 

input to the NAND-gate NANDl that is coupled to the Dummy Match 

Line, and/or.by other methods that" would be within the ability of. 

persons skilled in the art. The capacitance of the Dummy Match 

Line can be rnodif iecl by modifying the structure of the Dummy 

Match Line itself, and/or by modifying the structure of any one 

or more of the Dummy CAM cells coupled to the Dummy Match Line, 

and/or by adding or omitting one or more Dummy CAM cells, arid/or 

adding or omitting one pass-transistor stack (i.e., one leg of 

the Match-Line pass-gate) coupled to.the Dummy Match Line. 

As noted, additional time {delay) may be added to the Match 

·Detection Period (i.e.", t 2 ) by adding dummy CAM cells {e.g., 

-adding dummy CAM cell X+l) to· the Dummy Match Line thereby 

increasing the capacitance (and rise-time) of the Dummy Match 

Line, and/or adding buffers (e.g., adding an even number of 

inverters) in series with the inverter formed by transistors T1 

and TS. ·similarly, the Match Detection Period· (i.e. , t 2 ) may be 

e~fectively reduced (or tuned} by omitting or modifying one or 

more of the X dummy CAM cells from the Dummy Match Line (and/or 

by omitting one or more of the 2X parallel legs of the XNOR gates 
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coupled to the Dui'nmy Match Line), thereby reducing the 

capacitance {and rise-time) of the Dummy Match Line; 

.Other way's to control and refine the .duration of the Match-

Detection P.eriod (i.e., t 2 ) will be within the ability of_persons 

skilled in the art, such as by adjusting the size of transistor 

TlD in the circuit 226 of FIG. 4d-, etc. . As previously noted, 

the Match-Detection Period of the control signal MEN generated 

by the circuit 226 of FIG. 4d may also be modified by altering 

the Dummy Match-D~tection voltage. The Dummy M_atch-Detection 

·voltage may be set equal to the real Match-Detection Voltage 

(e .. g., VMD =VT) by incorporating the functionality of the real, 

Match-Detect.ion Circuit(210 inc::luding equivalents of T3 and TS 

·and 12). of the real Match .Line Controller (MLC) circuit into th~ 

NAND-gate NANDl. Alternatively,· the Dummy Match-Detection 

Voltage may be set higher than the real Match-Detection Voltag~ 

{V"°)· and set at approximately equal to one half of the supply 
. . 

voltage, to simplify the NAND~gate circuitry and to allow for a . 

larger margin of time (delay) to insure rel"iable Match-Detection, 

and the latching of the High HIT signal. 

FIG. 4a depicts a timing control signal generation circuit 

401 that may be adapted to be used to f?.Upp·ort clock-asynchronous 
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CAM searches. The signal gene.ration circuit 401 has an input 

terminal to which the pulsed-High "GO" signal is input.. The 

pulsed-High GO signal is latched High, at output line/node ~ by 

the operatio~.of the Gombination of the del~y line 402 

(comprising a series of an odd number of inverters, e.g., I3, I4, 

IS, I6, 17) and the three-input cross-wired-transistor latching 

circuit 403 (comi?rised of transistor stack T9- T18- Tl6, 

transistor stack Tll-T22-T20 and CMOS inverter IS· which is 

comi:>rised ¢f a PFET stacked upon an NFET) . (Th~ pulsed-high GO 

input is active for longer ~ban the total propagation delay of 

the delay line (~nverters I3-I7) but shorter· than the time delay 

from GO rising to STOP falling.) The latched-High output EN of 

·' the three-input cross-wired-transistor ·latching circuit 403 is 

then inverted by inverter 19 to produce the search~~nabling Low 

MEN. control signal that is distributed to the plurality of Match 

Line Controllers (MLC) and to a Dummy-Match-Line Controller DMLC. 

' . In an emboqiment of the invet.1.tion, all of the e~e~ents and the 

·structure of the Dunimy Match Line Controller (DMLC) are 

substantially identical to corresponding elemen~s and structure 
' • ' I • . 

·of a real Match Line Controll~r fabricated on the same 

semiconductor chip.. The Dummy-Match Line Controller will 
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generate a High Duminy-HIT ·signal (DHIT) that will pull control 

signal MEN_ High (thereby ending the Match-Detection Period by 

disabling the Match-Detection Circuit 210 of the ·real MLCs) 

through operation of inverter It2 and the latch-interrupting 

transistors PFET T9 and NFET T22 within the cross-wired­

transistor latching circuit 403. 

The three inputs of the cross-wired-tr~istor latching 

circuit 403 are activated sequentially: first, the pulsed-High GO 

signal is input at the gate of transistor T18 turning Tl8 ON 

while T'l6 is ON, thereby asserting a latched-High GO signal at 

lat.ch-output node EN ; second, an inverted time-delayed GO signal 

·is input at the gate of transistor. Tl6, ttjrning OFF T16 and· 

turning OFF the T16-T18 stack at a· relatively short time interval 

after GO has been latched High at latch.:.output node EN; and last, 

a STOP signal (derived from the Dummy-HIT ,DHIT, signal output 

from the Dummy-Mat~h Line Controller, ·DMLC) is input at the gates 

of latch-interrupting transistors PFET T9 and NFET T22 within the 

cross-wired-transistor latchi~g circuit 403, thereby returning 

the latch-output.node EN· to Low, which in turn brings control 

signal M~- ·High (thereby ending the Match-Detection Period by 

disabling the Match-Detection Circuit 210 of the real MLCs) 
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through inverter 19. The circuit 401 of FIG. 4a is therefore 

adapted to generate a search-enabling Low control signal MEN_ 

shortly after a GO signal is pulsed high, and which may.be 

asynchronous· _with the system clock. The duration of the Match­

Detection Period of the MEN control signal generated by the · 

circuit 402 of FIG. 4a is approximately {not less than) the time 

interval between the time that.node EN latches High and the 

subsequent time that node EN is returned to Low. Because this 

t·ime interval of the Hish-state of node EN· is_ controlled by the 

effective time-delay within the Dummy-Match Line Controller, 

(i.e., the delay betw~en the assertion of the search-enabling Low 

MEN.:_ signal and the output _of the Dummy-HIT signal), and because 

the capacitance (and rise time) of the Dummy-Match Line is 

supposed to be virtually equal to the capacitance (and r~se time) 

of the Match Line of a real MATCH-ing entry, the circuit 401 is 

adapted to provide a search-enabling Low M~N_ control signal for 

a Match Detection Period that will be not-less-than the time 

needed to allow the Match Line of a real MATCH-ing entry to rise 

to the Match-Detection Voltage (e.g., .at TS and TSD), and that 

·can be not unnecessarily longer than-that rise time. The Match­

Detection Period controlled by the circuit 401 of FIG. 4a may ~e 
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intentionally modified (i.e., shortened or lengt~ened) in 

alternative embodiments of the invention-by methods including the 

same methods that were described above as methods for modifying 

the Match-D~t~ction Period controlled by the ·circuit 226 of FIG. 

4c. The Match-Detection Period contro~led by the circuit 401 of 

FIG. 4a may additionally be·affected by the capacitance of the 

line carrying signal MEN_J and by the propagation delay of ~he 

feedback path of the signal DHIT back to and through inverter 19. 

FIG. 5 depicts another embodime~t of the invention, _wherein 

a Match Line Controller controls only a sub~et of the CAM cells 

of the CAM entry, while ano~her M?ttch Line Controller controls 

the 'remainder of the .CAM cells of the CAM entry. For example, 

given a 64-bit word wide (X=64) CAM entry, a set of 4 Pre-Select 

"bits {i .. e., 4 CAM cells) are coupled to a separate Pre-Match 

Line, while the o_ther 60 bits ·{i.e., 60 CAM cells) ·are coupled to 

a Post-Match Line. In th.is embodiment, the 4 Pre-Select bits of 

all entries are com~~red to the corresponding 4 bits of the 

comparand, and only those entries having MATCH-ing Pre-Select 
' 

hits will be subjeci; to further comparison with the cotnparand:. 

Statistically, using 4 :Pre-Select bits, ~t may·only be necessary 

-to perform further comparison on one-sixteenth of entries in the . 



average CAM search. And, thus, statistically, fifteen-sixteenths 

of the energy that would otherwise have been ex.pended to search 

the remaining 60 bits of all the CAM entries of the array, may be 

conserved dµr~ng the lifetime of the CAM array. 

In operation, MEN_ starts out High and MDIS starts out Low. 

Therefore PRE-MATCHLINE and POST-MATCHLINE are Low; FLOAT is pre­

charged High; and output HIT is Low. At the beg~nning of the CAM 

Search Period, MEN_ falls ·to Low, and t.he weak-PFET stack STACKl 

(.e.g~, compris:i,,ng Tl3+TSS+T48) begins to pull PRE-MATCHLINE up 

towards Vw. 

If the four Pre-Select bits of an entry mismatch against the 

·corresponding bits of the coraparand, PRE-MATCHLINE rises no 

higher than a maximum asymptotic voltage level which is (by 

careful sizing of the PFET stack STACKl), well below the NFET VT, 

and no further comparisons are perf~rmed in that CAM entry. If 

the four Pre~Select bits of an entry match with the corresponding 

bits of the comparand, PRE-MATCHLINE rises quickly (because of 

the small capacitance of the PRE-MATCHLINE due to the smal~ 

number of CAM cells loading the PRE-MATCHLINE), and the.voltage 

on node MATCHN falls, and the keeper-transistor T25 locks ON~ 

(Meanwhile, the Pre-Select portion of the Dummy CAM array coupled 
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to a Dummy-·PRE-MATCHLINE has generated the same result; the 

Dumm.y-MATCHN signal falls and is buffered into MEN_, which shuts 

OFF T82 and stops the through-current on the mis-matched PRE~ 

MATCHLINEs,. saving power.) Meanwhile, MATClIN, having fallen in. 

the MATCH-ing·entries, turns on weak PFET.pull-up Tl (of the 

Match Line Controller MLC that controls the POST-MATCHLINE), 

·which attempts to pull up POST MATCHLINE, in exactly the same 

manner as described with respect to the Match Line of the circuit 

depicted in FIG. 2a. Thus, if the entire ·CAM entry.is a match, 

FLO~T will discharge Low and HIT will rise High. 

While the invention has been particularly shown and 

described with reference to.exemplary embodiments thereof, it 

will be understood by those skilled in the art that the foregoing 

and other variations in form,- arrangement and details tnay be made 

th~rein without departing from the spirit and scope of the 

invention disclosed herein. 
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We claim: 

1. A content addressable memory (CAM) device comprising: 

an ento/.including: 

a plurality of CAM cells each coupled to a Match Line Pass-

Gate having a plurality of legs; 

a Match Line having a Match Line Voltage, and being coupled 

to the Match Line Pass-Gate, such that whe~ any leg of the Match 

Line Pass-Gate is conducting the Match Line is coupled ta a Low 

voltage level; 

a Match-Detection Circuit including a Field Effect 

Tr~sistor coupled to the Match Line and adapted to detect a 

MATCH-ing entry; . 

. wherein the MATCH-ing entry is characterized by the rise of 

the Match Line Voltag~ from a Law voltage level to a Match-

Detection voltage within a Match-Detection ~eriod; 

·and wherein a MISS-ing entry is· characterized by one or more 

legs of the Match Line· Pass-Gate being conducting duriµg the 

Match-Detection Period .. 
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2. The device of claim 1, wherein the Match-Detection Circuit is 

adapted to detect a MATCH-ing entry even if the Match Line 

Voltage never rises to ONE-HAl;JF of the Supply Voltage. 

3. The device of claim 1, wherein the Match-Detection Circuit is 

adapted to detect a MATCH-ing entry when the Match Line Voltage 

rises to the conducting Threshold Voltage of a Field Effect 

Transistor (FET) . 

4. The.device of claim 1, wherein the Match-Detection Circuit is 

adapted to output a HIT signal when the Match Line Voltage (VML) 

~s equal to or more than the conducting Threshold.Voltage of the 

Field Effect Transistor (F~T) and less thap ONE-HALF of the 

Supply Voltag~. 

5 •. The device of claim 4, wherein the Field Effect Transistor is· 

.an NFET. 

6. The device of claim 1., wherein the Match-Detection Circuit is 

adapted to detect a MATCH~ing entry when the Match Line Voltage 
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(VML) is equal to the conducting Threshold Voltage o"f the Field 

Effect Transistor (FET), and wherein the FET is an NFET. 

7. The dev~e~ of claim 3, wherein the Match-Detection Circuit is 

adapted to output a HIT signal when the Match. Line Voltage (Vr-tIJ 

is between about 100 percent and about 166 percent of the 

conducting Threshold Voltage of the FET. 

'8. The device of claim 1,. wl;terein the Match-Detection Circuit is 

.coupled to a control signal generation circuit ·that generates a 

.control signal, wherein the control signal is adapted to enable 

the Match-Detection Circuit at the beginning of the Match-

Detection Period, .and is further adapted to turn off a through-. 

current in a MISSING-entry at the end of the Match-Detection 

:Period. 

_9. The device of claim 8, wherein the Match-Detection Period is 

less.than twice.the inherent period of time· it takes for the 

Match Line Voltage of a MATCH~ing entry.to rise from the Low 

voltage level to ONE-HALF of the Supply · 

·voltage. 
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10. The device of claim 8, wherein the Match-Detection Period is 

less than the inherent period of time it takes for the Match Line 

Voltage of a MATCH-ing entry to rise from the Low voltage level 

to a High v?l~age level equal to about 90. percent of the Supply 

Voltage. 

11. The device of claim 8, wherein the Match-Detection Period is 

less than four times the inherent period of time it takes for the 

Match.Line Voltage of a MATCH-ing entry to rise from the Low 

voltage level to a High voltage level equal to about 90 ·percent 

of the supply Voltage. 

' . 
12 •.. The device of claim 8, wherein the Match-Detection Period is 

not greater than· the inherent peri_od ·of. time it takes for the 

·Match Line Voitage of a MATCH-ing entry to rise from the Low 

voltage le~~l to a voltage level equal to about 150 percent of 

the conducting Threshold Voltage of the FET. 

13. The. device of. claim. 8, wherein t~e Match-t;>etection Period is 

not greater than. the inherent period of time it takes for the 

Match Line Voltage of a MATCH-ing entry to rise from the Low 
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voltage_ level to a voltage level equal .to about 120 percent of 

the conducting Threshol~ Voltage of the FET. 

14. The deviqe of claim· a, wherein the Match-Detection Period is 

not greater than the inherent period of time it .takes for the HIT 

output to be latched High. 

15. The device of claim a, wherein the ·Match-Detection Period is 

less than the inherent period of time it takes for the Match Line 

Voltage of a MISS-ing entry to rise from the Low voltage level to 

the conducting Threshold Voltage of the FET. 

16. The device of claim 9, wherein the end of the Match-

·Detection Period is characterized by the rise of a voltage on a 

Dununy Match Line to the Match Detection Voltage. 
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17. A Match-detection· circuit for a CAM entry including a Match 

·Line comprising: 

a Field Effect Transistor (FET), the gate of the Field 

Effect tran~i~tor being coupled to ~he Match Line and the FET 

being adapted to pull-down a node FLOAT-ing at a High voltage 

down towards a Low voltage when the voltage o~ the Match Line 

rises to the conducting Threshold Voltage of the FET. 

18. The circuit of claim 1.7, further adapted to operate such 

that a voltage on an output line will change from a first lQgic 

level to a second-logic level only when both a Control Signal is 

a:sserted and the Match Line :J?ass-Gate is non_.conducting. 

19. The detection circuit. of claim 17, further comprising a 

first·switch having an ON resistance greater than the ON 

resistance of the Match Line ·pass-Gate, and being coupled to the 

.Match Line and adapted to connect the Match Lirie to a supply 

voltage when a Control Signal is asserted~ 
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20. A digital system comprising: 

a digital processor operatively coupled to a CAM array; 

the CAM array· haying a Match-detection circuit inc~uding: 
•. 

a Fiel~·Etfect Transistor (FET), the gate of the Field 

· Effect transistor being coupled to a Match Line and the FET being 

adapted to pull-down a node FLOAT-ing at a High voltage down 

towards the Low voltage when the voltage on the Match Line rises 

to the conducting Threshold Voltage.of the FET. 
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