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BACKGROUND OF THE | NVENTI ON Technical Field The invention rel at 3 %ﬂ@@

to content addressable nenory (CAM ) devices, and nore specifically, to the

< ORI 5 % TAES08 IHEIH B S a5,

performfasinte. g., single-clock cycle) searches of |ist based data stored
in a plurality of locations called entries. As depicted in FIG 1, a CAM
cell 101 differs from a RanBAEKABOUNE NEnTHE LRAENTEONrage cell in that a
CAM cel |l adds a conparison logic circuit to every nenory cell, to provide
the content-addressable functionality. Unlike RAMarrays, all data words in
t he wor dpgtphdggll sgatigons (i.e., entries) of a CAMarray may be

si mul t aneously conpared with a search word (i.e., conparand) stored in a

conpar and bUf’}ﬁé Ubﬁtagﬁeg HE‘&L'QQF}E%SXl?EESr@&Meﬁ@i $83rLBsagegpPonent

count in each e nunber of “transistors or other conponents/circuit
el enent s needed p ormthe conparison fun tio but a g "parall
e 5?8%eis?ﬁglcsﬁar3EEDW?£?iEP?SIfh X1 mefiof e a??s$9nwaﬁ§ cAM
arrays generally include a plurality of pass-transistors (e in

FIG 1A uGRepE Jlatch-Deotecting)Mapg eE%Bﬂ Fﬂnbaeél?§|caﬁaueeﬁxeéeéd PéEween
a Match Line and ground, to forma distributed Match Line pass-Gate. The
CAM Match Line Pass-Gate is a distributed pass-gate conprised of the
plurality of parallel Pass-Transistors or a plurality of parallel

Pass- Tr aRellated- Sracks which are connected to the Match Line. A CAM cel
may conprise a pair of PassTransistor-Stacks that together performa

| ogi cal XNCR &8Hg@5t833d233g559g MEROLD LBEMEAM C! devibe adapted ¢

Pass- Tr ansi st or rrsed nore transi stors COI’lI’]ECt ed

in serleﬁeefewﬁeﬁagbe(@hgch Eiﬂﬁhéﬂélgéﬁua c1&prainpcreb egr of i khendbegh
Li ne PassGate. Each |eg of the tch Line Pass-Gate nay be conprised of

NFETs or dREETstered €aAnki patirabiey bbhetechypensofaFietidedttees. Transistors
(FET). In nost CAMcircuits of the related art, as in FIG 1, the Match
Li ne functi onAsadepicapdcihoFIBAavingaca@pccehhck0] CiATfehat frempacRahdoyed
(e.g., through pre-charge transistor Tpc) to a logic H gh voltage (e.qg.
vdd) pridecesseMenozEalBAM) aptiorageopséi van| ehatentCAM eath aBdehaLine will

be a MSS (the, Ioglcal opposite of a MATCH which is ﬂlso called.a
whi ch wi FPTBa%ésPhe HEEEhCEFﬁBlPOF?aﬁgeFB BeBprY dfethar jR PHARIAS gb%und

vol tage) content-addressable functionality. Unlike RAM arrays, all .data
words in the word storage locations (i.e., entries) of a CAM
array may be simultaneously compared with a search word (i.e.,
comparand) stored in a comparand buffer. Thi; added
functionality generally raises the component count in each cell
by the number of transistors or other components/circuit elements

needed to perform the comparison function, but adds a '"parallel
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T2 1 0J UL 2003 fromthe pre-charged Hi gh voltage to a Low \rio(lat e
t hrough the Match Line Pass-Gate. In the case of a MATCHing ent y.TE}[LhQOOS
Mat ch- Li ne pass-gate (i.e., conprised of all of the pass-transistor stacks
connected in parallel to the Match Line) of the MATCHing entry will remain
OFF (i . ®@rogesisigeidchayanper IHereftar esha HAMN reetediay uigr At chiManneCa a
MATCH-ing entry will remain Hgh in the MSS-detecting CAMcircuits (e.g.,
102 in AMayy asmanml el meics t2 o lity (e Radstempnsistene (e.g.,
Mat ch- sensi ng hardware designer is faced with the problem of detecting the
| ack of EFsMABCRIBinéAvolt8d€ dhande, 2whirch KAcFORBECERS idnFeTaild edefing ng
reliable strobin rotocol s and sensi ng rgins pecessary to activate a
ol | abl ERRFATST HTHGRR Ut A Gharing i@ HEHRy (6 e Y8t b FE HHat o
rel ated art s the size (i.e., width X) of the binary word storable in
each entrfﬂ}:cl% g’s"",ssﬂ%atceapaci tance of each Match Line generally
I ncreases prQporti | v. .Because the energy consumed (Eca by the

e dﬁpﬁﬂiaecéi'x L e d rbeate lﬁl\%tcglf'lsiﬁn;ﬁ%ljéel(g [g%ﬁjsalg‘%%e

conpl ete di scharge of a Capacitor (e.” 0., &

1/ 2CVca ! i 535[]% P A 1 age Qacross the
capaci tg’%m% gsregdnéfg;%%%ﬁ)surregclp rrbgig rc %{L@eaﬂc%%\ﬂh%\éﬁéég. ,gl':cl[e/?sés:EcAp)
wi th thig ¥ahch Lide BB € a5k d 105958 SYY -3¢ JBLL | Wh 1P RO '&%&iﬂéé’t th
the increased si'ze ( of the word storable in the CAMentry. Additionally,
the enengy wnMash hyinost ofcAedAMEY Wi itfe thepd of dedbadd-is 3 1
O0J UL 2003 directly proportional to the frequency of searches, and

t her ef orrdrea fRawers teorka nEth b deadie g ereerfaimad ad Wrodig-a0p iR aronifatieon

M ss-detecting CAMcircuits (e. g., 102 of FIG 1a) of the related art

gener al |furiaicireenseishviint HhendtAdhsialg sedr drda-dipsargiat A tHmgh spneoat t enpt
is made in the related art to mnimze the energy | ost upon each Mss event
i n each asemEsed qf 2 Br MoK tAans itonvntiesmngate Cadpnd et eaveat by

preventing the Match Line_from conpletely discharqi r}:ﬁl the entire
I

pr e- chartdid MRt dene . apd axaapd. tﬁrférs"élq‘ﬂft%dtf& S [qheydfaich INineiFassy i
: O : et rartety

fLﬁYSQts G Eah o8 3&%&?%@%% R GRS ?n?%i‘%%”aﬁ”r%&"ﬁ"%é# Shing

pproncitls SEAENSE &b ¢ (SRR M A VRS S R E R A

to YoshiggkingsWigad n(@agh, Match Line in the disclosed CAMis precharged Low
(e. g., at or near ground), and rai ses above a Match Detection Voltage
(Vmb) only upen ndi: agourdenas «f of MhEChHefatdld did,s da) hermntire @ ry
associated with that Match Line. The Yoshi aki patent teaches that a CMOS

| nvert eMatkd) I(ipree siuredt joreorger iz idapaar iREET Havdng stagracsittaciced (Ghon @matNFET
transistor) driven directly and only by the Match Line voltage (VM.) is to
be used itso piest-edtandesl ooy rerdyrfgha pusFCHag@att rangimE Natleh) Lidea of a
MATCH-ing entry, and that a HIT signal wi|ll be output fromthe CMOS

I nverterlom h e lhas | (Rt teVado P deesdch searcly pnd (thepos

Dot ect %ﬁsﬁ’%ﬂ‘%&g E@C{%H,Lf}?oien @caéﬂ%%gﬁ?ﬁq béi)qeﬁévsibﬁfﬁhfe‘éﬁvg%ﬁﬁ%%%( )

Y i aki_ ¢, . I ' [ Vol,

(V- ?isio%éqﬁllat?%?%vo%w/f@ir@w“a?géseﬁﬂ% lqﬁ&%@é%ﬁﬁ*éw&ﬁ%& s
S (V~~ ' ' ' | T.

Nt ch: el YRR AEaHR S ALL i St ot S bt Brepe)

g., by through-currents through all MSS-ing entries) for an excessive
period of time after a MATCH event. The expl osive growth and increasing
speed of Intranets and the Internet is fueling the demand for | arger,
faster, and nore energy-efficient CAMcizcuits. The |l arge CAM nenory arrays
of the related art can consunme multiple watts of power during performance
of search operations. As the length N and entryw dth X of CAM arrays
continues to increase and searching becones npre frequent, the need to
reduce the power consuned during CAM search.operation al so increases.
SUMVARY OF THE | NVENTION In designing CAMs, it is desirable that the CAM
use the | east energy possible when perform ng searches, and that each
search generates a reliably detectable Match/H T event when a MATCH-i ng
word is stored in an entry in the CAM Accordingly, the present invention
provi des, inter alia, an inproved Mtch-Detection 5




"1 0J UL 2003 Grcuit and Match-detection nethod, for searchi a nt
Addr essabl e Menpbxy. An enbodi nent of the invention provides I\/ag@u %@&m@]
circuitry and a nethod of operation that can support many known CAM
storage-cell circuit topologies (e. g., Binary/Ternary/ d obal Maski ng CAM
cel | s; $SromMEbRARIEANhagdles: HBETVRRERIGAMc @ Loy welltagsr dhingiugh rddkiced
energy consunption and ot her advantages over the related art. The inventive
CAM systlechc hilagedaisss Geggr-ch performance by simul taneously conparing all
entries in the CAMnenory with an external ly applied "conparand." Wrds
stored in théneghe €asef ofthe HAWNCH-iag wwitety " rﬁgltecmattchelci@@pmgaé&ﬂ t
in a H gher voltage on the Match Line and consequently” the HIT Iline

vol t age (fve. .+ Foppdsedoof 1Bddi OIHRE Waissageansdstorwaitiaeksl Fosmsad dor ds
that contain e\r/Lﬁn a single bit that rris-matkgws g .e., does not, _match) the
conpar add® ®3&GrEdpERditRG Bt cheddine)i ffa MRICERd NBo RN &dd Y Feamssn
(and H ine voltage (V,.~, ) .stays .« _The tch _Detectio | tage
(V) BFRL G -Bres SRR-ERPGNEEIRTTY AEYESES o thd BF o FEa5ea el T H gher
Match | vaolt agekevel. o h t.gh Ll c i on . Vol t.age
(V. o) 1AL B0 R R el Rt S0 £ e Gy T Bog MESS B R
the Sup (i€ I :ha Cch3) ~¢The t scurrent . ea

" MISS-i ngjpéeqn}é?%?g%tsur(ﬁé "of ?'%(%otrjf% gtléfy léy oaf EgFeFE?PgQﬁ lréerré'corﬂh%’ ?ﬁgnal
at the epd QkibhReadVRhEh PeledHar@mh-BRhnA%h AN afhat! UeLY o$eeN iaf trelce
MATCH- i ng 6 ~0J UL 2003 entry is detected or is reliably detectable.

G rcui t svifedr toeneraiblee e deReditdngy thiemad ckostr al MstghalLihe bRk fd the
t hrough-currents of MSS-ing entries are disclosed. Accordingly, a first
aspect ahanikye,i mdrti dngqincdeisdehad lengeentinaddfeniall eeisrbily cCAMbideyi ce
conprising: an entry that includes a plurality of CAMcells each coupled to
a | eg ofPretgicels iam@d ensdgy shrgiNst ceceisserPase- eatévane a Wetdabliene
having a Match Line Vol tage, .and _being coupled to the Match Line Pass- Gate,
such t hdPTWeprafy Tl oy #H@™t-ch Li ne Pass-Gate is conducting the Match
Line is coupled to a Low valtage | evel; and further conprising.a |,

Vbt ch- Det et g (% NAECT HOREIENG CEME: Bifd Bt BELAFPanST br ofS( FEF) Sl ed
to the tch Lin ng..a d ect VA kng.entry,’ rein the
MATCH- i n'\@‘eerit'r Vlz%lst%c%&r g’%?tet |eztg§n%§%’t ﬁ'grﬁ é‘sggggb?ﬁel%%gﬁhf#g%%l tage from
aLOWVl!Bt&Q vel - i e Wikt hi chs joNn
Peri od. ¥ sec;%loslﬁa 'astpl)leec%a P@tﬁ%?ﬁ%gﬁf%g%ﬂp}q%\ﬁcgegl% gﬁgsg\?ﬁyl\/gpgﬁie%géso
det ecti jorilidnat@1yd CAMLRIgEY theMRhetighd cenbufkd KRl gFtbyr ansi st or
(FET), ?Jr%ecggate of thgaFi eld Effect transistor being Eo%%l’:edyto the Match
Li ne anddupa tlel digidhgradapifed icappdilodovie.a.nodeMEtEATLE hg) ati saekiugh

vol tage down towards a Low vol tage when the voltage on the Match Line rises
to the dcendy@diig’Thwieste|d iAb tlgecapaditearde . and V.5 Gs) tUel V20G&ge third
aspect of the invention provides a digital system such as for exanple, a
conput erRcusssh thet Wwapk aidger theo @pereyn §oasyingdt RErpFeassboPYopacht ME&Sy
coupled to a CAMarray; the CAM array having Match-detection circuits

i ncl udi @ & -FEEvas=Faekt ML 5 tdbishdladtediing svsé e Fant ilor T BREEF

DESCRI PTI ON OF THE DRAW NGS The enpl.aty enbodi nents _of .t he esent
| nvent | GPRAPTTIREE RO T e DAk APEoRTGRERFBA RAER (Re SppERfed
i aui 15,0, 40%1,1 5% 955 RIS S9! € AR ShETE Serdneray

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



FIG 1 depicts a circuit diagramof a Content Addressable NEnor]yU(&UﬂL_quqU3
cell having a single pass-transistor coupled to a plurality of other suc
CAM cells and to a MSS-Detection circuit of the related art through a

Mat ch Line; FIG 2a depicts the inventive Match Line Controller coupled to

the Mat cldikied® 18N@riopodt3dialNkl tHEOR reQfiRaidt Of iseaatt@=danrarl WHdrefore
enbodi nents of the present invention; FIG 2b depicts a CAM array conpri sed
of pl ur althiey Pofved consimédUand? Bi@3 terfaricas tanat dvaticly ldpees tdauplofd tie a
plurality of the inventive Match Line Controllers in accordance with

enbodi neitissetdetlkeetpngs €AM iciventiiten;(eklgG., D 2ded IS dat)i mfnghai agrlareaf
an enbodi nent of the inventive Match Line Controller depicting an exenpl ary
timng relrat gemeliad lyf inicecessisr oli tdi dmadr esrsd nigAECE xavid fMeS§S ey .HI T
output; FIG 3b depicts a timng diagram of an enbodi nent of the inventive
Mat ch Li ne codtitdiough @epiecaitigrdteds aapecdm tdle giegrgledarnd IMATCRIiavidnivSS
and H T-output timng; FIG 3ci depicts a diagramof Mtch_Line voltage and
current FREnENEISY é@lsitnglP@nCRIVI%’eg‘rlé‘W GV €2 IVMATICIRAICHY SEREIAP .c 6ntSral ¥ by
an enbodi nent of the inventive Match Line Controller; FIG 3cii depicts a
di agr am SYPNEREHDG hEsy Sietsde LARE CRPASHE ARG Cond &F R iIHFVETEAMSE ddieh on

3 MSS- | pel o8 0 ool et 2, HRAt IR0 8 chi2® SRS LYe Mg e
voltage (e.g., V. ,), 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. JP11073783, issued to
Yoshiaki, wherein each Match Line in the disclosed CAM is pre-
charged Low (e.g., at or near ground), and raises above a Match
Detection Voltage (V,,) only upon the occurrence 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 upon an NFET transistor)
driven directly and only by the Match Line voltage (V) 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 Inverter 19 when the CMOS Inverter (19) switches in



1 0J UL 2003 FIG 4a depicts a circuit diagramof an inventiy

control signal generation circuit including a Dummy Match Li nz @JU&&%&B
and coupled to a plurality of inventive Match Line Controllers ~in
accordance with enbodi nents of the invention; FIG 4b depicts a circuit

di agr amrekspansal tter ndtd WMatidhmlngiec ordltalgesi ghgl yenbn@ttonori alsové the

i ncluding a NAND-gate and a buffer-delay line for controlling a plurality
of i nveNatehd Mstertliore Vodrtaod | (Bfs) | N Corsegencel w ttthe nodeed seof i dhe
invention; FIG 4c depicts a timng diagramof the timng control signal
gener at ¥ lbpgehe Vid)mi oy Yesttirati stgmatogdper besortinam cuie sSCHOS FliGredteand
FIG 4d for controlling a plurality of inventive Match Line Controllers in
accor dafiwéd twhimde Meddiagent Yoat:st heti hikentMOl; IRVertay dépi which bRYCui t

di agr am of an alter natl ve tim contr ol s nal gener atl on,circuit

i ncl udi fgu&a! N%e@‘éteee ]'@L]JN‘/%I? ¥ ot & olVeihg) alpl Tty of

i nventive Match_Li ne Controllers ordanevmthe odi nents of the
i nventi &f; TEd1a Fagistsgos IHII(%: 4 i'H-’e ERGHE ect‘?ﬁ%l’gj?rarﬁ](ﬁcuc%

of i nye RO BT o ﬁ%e%% ol RaTAT %egﬁ%w@uffﬁcee‘%%fﬂofﬁﬁmt <§J'“ra"ty
t td I t of
the | nvaRERy %\/ﬁclh%ﬁ e o O Sxihes ol AT ©

PRE- I\/ATgf IeIIN% ((Mﬁ e A qu_r;.&bl es the CAM Search of the POST- MATCH LI NE
portion o t he Mentry, FIG 6 depicts a representative digital system

including a Gid APV LR rRAitiN a@ﬁi?qrrW%ﬂMgt @ﬂ%@@@ﬂ%néﬂs th&
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 watts of power during
performance of search operations. As the length N and entry-
width X of CAM arrays continues to increase and searching becomes
more frequent, the need to reduce the power consumed during CAM

search operation also increases.

SUMMARY OF THE INVENTION
In designing CAMs, it is desirable that the CAM use the least
energy possible when performing searches, and that each search
generates a reliably detectable Match/HIT event when a MATCH-ing
word is stored in an entry in the CAM. Accorxrdingly, the present

invention provides, inter alia, an improved Match-Detection



" present invention. DETAI LED DESCRI PTI ON OF | NVENTI ON The inve t@gzUL.ona
provides, inter alia, a Match Line Controller including an ing

Mat ch-Detection Grcuit, for detecting MATCHing entries in a Content

Addr essabl e Menory array. A CAM array 221, as depicted in FIG 2b, storing N
dat a worclsrduite. andanatighNiéeattion " methed, NEdhat ebatéhbng (&. QonteMo, M1,
Mz, . . MN_,; where N=Y x L; Y is an integer representing the nunber of
11 1 AddtedsRODS Mehoipes timatembedboant obf ech@et nwachohi peo@hdés ol | er
circuit; L is an integer representing the nunber of Match Line Controller
circui tqudBcrh Gt act dyn , cbneuMatghahd ne hethedobf empeyat tachteat rgahavi ng a
uni que n-bit (n=BASE2LogN) address within the CAM In an enbodi nent of the

i nvent i csuprezEcth reany ykaodn MBAM hstonageordl hatioeuits toppledies bdeMitch Line
Controller M.C that includes a Match-Detection Crcuit 210, as depicted in
FI G 2a. BRaryaTeeprey AChpbahbbasibng Mt ¢el ) siv eSRANADRAN cEAN pells;
Control |l er é)%ﬁé |nclud|n an |n£roved Mat ch-Detection Circuit (210

coupl ed NEE 'Ehc‘?:mn%el @t yii %Lm@dl%n%rw%&wame{%w@n%wm 9% CAM
cell 201. The CAM c is conprised of t nary storage elenents (e.g.
memory I &YERREl 7 V%Eiiﬂ?% VeELY ﬂg%%é XNCR function realized in

two NFET tranﬁéstor ckg §?§;12 End T4 16 Prlor t E nc
operati on, ¥ ot X?% al ?Fm% ?he?eby
e g IS S, L AUARE TV %?S*ﬁ%“%“ﬁﬂ’g%nand
theref orgee dddaisy mﬁiﬁ‘biie& »-cmsﬂérﬂd P i Ofiot@s %@Méefﬁ Chne QURE P CAM
search operation, ch occurs Wthin a Match-Detection Period during which
control the CAM array which "match®" the comparand result in a Higher

voltage on the Match Line and consequentlx the HIT line voltage

(V) rises to a logic High voltage level, while all stored words

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

match) the comparand’s corresponding bit result in a Match line

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

Match Detection Voltage (V,,) of the present invention is the

lower bound of the aforesaid “Higher Match line voltage level” on

the Match Line. The Match Detection Voltage (V,,) of embodiments

of the invention is normally less than One Half of the Supply

Voltage (i.e., less than Vcc/2). ‘

The through-current in each MISS-ing entry is turned off

completely by a carefully timed control signal at the end of the

Match Detection Period and relatively soon after a MATCH-ing



signal MEN_is Low, the Match Detection circuit 210 of the Nhtcﬁ[ﬁ%HJL;ngQ
UL 2003 Line Controller coupled to a MATCH ing entry will detect the
match, and HHT will only then go to a logic High (i.e., TRUE) voltage

| evel . The control signal (MEN)) input to the Match Line Controller may be

dopi ot S HY B DR By L B e R L LS, EEE i ve
Vat oh- Dl et pGnMBLGD LhDEs 04T eLhen EMhCho®! aFlfa 28Ry heobet Lk
t ro ) e of the

understood I n a ader” cont ex as an enent arger circult of

F!G-:H%hf%&%hZngf@ﬁGE509”M?§§”Pﬁ§r¥néfE§QQ§P§n&iQélégéd[nV?ntiVe Mat ch
Line ControlTer (M.C) in connection with a CAM array 221 having a CAM

control l er 2R4-¥hichqRy §0piakp LBBettNbROLtRON APbnci8AHrEENGEEL HON
circuit (i.e. timng controller 224) for generating and asserting the MEN

controlcohgeat 4@dt88saPYENheMErMB{CAM)i devisat compeisM§: dheeptiputhat
the timng controller 226 is transmtted to each of Y Mtch-Line

Cont r ol 1 et Budkfaa TRAMLYity eachrwfcabl shesont avbusl dt eh- Delegt b6naCircuit
210 for detecting a MATCHing word stored in the Y entries of the CAM array
221 accplutrapitp oftheds of &hMapckskhbei hasstGane Jheé dbMshchi héne
Controllers M.Co- M.CY_1 are connected to the Match Lines Mo TO M.Y_1,
respecthaelyg andabekr LieatVeidtage, condt batny opovpiedebehthe Match Bigel

2003 other, and may be referred to collectively herein as M.C. To each of
the MatRae$iGeteonbreh| bhat weo ey leghept tRe|Mphehthinei Rrag-€dher &F

signal MEN.that is generated the Tim
g conductgng tge Match LE e Ps coupfgd to a Low voltage level; and

further comprising a Match-Detection Circuit including a Field
Effect Transistor (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 voltage level. to a Match-Detection
voltage within a Match-Detection Period.

A second aspect of the invention provides an improved Match-
detection circuit for a CAM entry comprising a Field Effect
Transistor (FET), the 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.



"Controller (~e.g., 226) when the CAM search operation is to ﬂeUde}anBHB
Each vertical columm of CAMcells has a pair of differential Search Lines
inputs (e. g., SLO and its conplenment SLO) which are coupled to the
conparand buffer 228. Each horizontal CAMentry is coupled to a Nhtch Li ne
(e. g., Mo) “@hggd'ﬁshgﬁ bt %ﬁ%ﬁh%@e%ﬂl% N?E%th%@eacgqgﬁQ%he fh

t he

depicted in IGB 2a a rd Line" may be coupl ed

menory ggkhSaef F8aChXaRbIY:, %néoﬁbﬂt%&NEér”%yn%%w%@%pk%@t%% e@gﬁg 1ﬁ%ﬂg

the entry, to support the writing of data into each nenory Ccel

entry Asgs QWBI'ErEb@%s%Q opaeh tafvell c@@bnea QB gaemot e ; Pletealdaby

(i.e., Y) of Match Line Controllers may be connected to an

AddressaewapuhaeuhguMhtehgektethoﬁd@ne@&leutﬁnblﬁaﬁ@glb FAGChs Srcemeect ed
to the output of each MLC such that it can latch a "H T* Hi gh signal which

may be @uotkpgoingr asgpere off mbhkee idfvenlteolht ch-Line Controllers M.Co to M.CY_1
where the CAM search operation detects a MATCH ing entry. The H T signal
can be latched High by using the H'T signal as the SET input to a 14 1Q
J UL 200 Set/Reset latch. The MLC w Il output a logic H gh "H T" signal
when the Match-Detection Crcuit 210 of the M.C detects that the data word
stored in a CAMentry is identical to (i.e., matches) the conpararid. stored
in the conparand buf f er BRIEF PESCRIETINGN OFuTHEt DPRAWENGEdr ess of the
MATCH ing CAM cell entry as a match address MATCH ADDRESS. A CAM search is
per formed dufhegeikeepVatryhebboddiment sPeifi atie PlreskhtchnblehedbnowilPéri od
begi ns when the control signal MEN input to the M.C falls to Low. It is
gssungdhbhé&naete&eb@ delsicalilbedHih canjhacedbpuivigur thg bbpeMakah Detection
eri o

drawings, where like designations denote like elements, and:

FIG. 1 depicts a circuit diagram of a Content Addresgsable
Memory (SCAM) cell having a single pass-transistor coupled to a
plurality of other such CAM cells and to a MISS-Detection circuit

of the related art through a Match Line;
FIG. 2a depicts the inventive Match 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



‘data to be searched shall have been stored in each content addfgng?Le%qga
menory (CAM cell 201 of a plurality of entries of the CAMarra

conpar and shall have been stored in the conparand buffer 228 such that the
2X differential search lines (e.g., SLO SLO, SL1, SL1 , SL2, SL2-, ...
SLx, SIx_. e ) d h t e on, Peri od.
The net ch btk Tod FafthitifhE &%ﬁﬁi%ﬁet§%%tkTv¥Q?1§§ B RREC Ty B iR
fron1|ts Low (search enabi# ﬁ% voltag % | ogi c Lom1vo|tage% back to
the initl w%p?%“%eg?ﬁﬁfo ghovdPt AGECTFRBCEpYE hi 28T PBAIBE E ReCFehE of
time (t2) betmeen the beginning and end of the 15 1 0J UL 2003 Match
Det ect i oprPRenbdipsedtselssed in other sections of this disclosure.
Referring again to the enbodi nents of the inventive Match Line Controller
depicted in FIG 2a, the initial (pre-search) logic H GH voltage on the
MEN- line presents a logic H GH voltage at the gates of both of stacked

transistors PFEF. TiaaddpNeEd I8t amen tdﬁhgramp@t gh bmpedigentloft hgeeby
causing PFET Tl to be initially OFF e., nhon-conducting), and causing

NFET Ts §Qubgeinbtiglly f%é' csntr&;@mgycaéggétmgdaﬁggfém%FQy{( | E¥Ring

transistor T3 to be initially ON, IS 1niti ue tothe

Low pre sharaeouehi g0 Olnl NELNPLEY Ling,dusnhiouBchelng Ghke Lowertar |1

may be forre t ack or by any 0 eqU|vaIen
|nvert|n8 circuit known to persons in the art. Alternatively, inverter 11
may be e FPhhied in an alternative enbodi nent, (e. g., by inplenenting T3
as a NFET, which will operate reliably if the supply vol tage (V~~) is high
enough to conpensate for the larger effective switching threshold voltage
(VT) of NFET T3 as a function of the source-substrate voltage.) The circuit
of FIG 2a inEl@di 3y feEicts ﬁaslmp@@adeagr@mugbl@nuﬁmbodlment of the

inventive Match Line controller depicting exemplary control

signal and MATCH and MISS and HIT-output timing;

FIG. 3¢i depicts a diagram of Match Line voltage and current
magnitudes during a CAM search on a MATCH-ing entry controlled by
an embodiment of the inventive Match Line 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;



simulation with a supply voltage (V~~) as low as 1.0 volts). 6 JUlo 2003 L
2003 The electrically conductive Match Line of each CAM entry inherently
has a capacitance C ~, and is connected to each of the stacked control
transistors, (i.e., pull-up transistor Tl and pull down transistor T8), and

he pl f the.l f. the.d b .on the. Match
Line (e ”rai?géis?-t?sﬁg e C R R

The Match Line Pass-Gate functions as a | agical NOR- gate during the Match
Det ect i §RTPEPLo&1gDER Bﬁ&@rﬁﬁéOWhFéﬁcEﬂﬁelP§§§d€§Bea(HERmyaNéYGW Line
conduct, thereby holding the Match Line (the effective NOR gate output) at
a IogicCpomm@dﬂeagenﬁeWQMpah@dWQami@QuaaWﬁSS;OdriaVH@NiNBTMHﬁCMfLémen one

| eg of the Match Line Pass-Gate is conducting (ON), such as when the word
st ored ConthelCAWsehir yciceraamnce mEthh ewbodimeateomiataed inkaahibag of each
XNOR-gate (e. g., XNOR1l) (e. g., TO T2 and T4-T6 of the exenplary CAM cel
201), and of each CAMcell in a CAMentry, functions as one |leg of the
Match Line Pass-Gate (i.e, NOR-gate). As previously nentioned, prior to a

search (1.e: pBef 8beabho CaMal o eipoHign Bar Lod Hhes pLOAVEN, LS bl he

MATCH LINE is pre-cha to (i own to ow vol'tage

b Sso ngoekEpg RiShat gaﬁl&%&%ﬁd@%ﬁ%ﬁﬁé@ ofipg,oofrbsesls ang 8 %, |

2003 prlor t % earch by one or ? gs of the Match Llne Pass Gate
becausePPE e -AGt aXe é§§aﬁ?rtﬁ§FtF SQHréhPEPﬁé ip¥ pfeinventive Match

Line Controllers in accordance with embodiments of the invention;

FIG. 4c depicts a timing diagram of the timing control
signal generated by the timing control signal generation circuits
of FIG. 4b and FIG. 4d for controlling a plurality of inventive
Match Line Controllers in accordance with embodiments of the

invention;

FIG. 44 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;

10



charged Low). Because the MATCH LINE is coupled to the gate OfLTtgﬂé
transistor T10, the initial Low voltage |evel on the MATCH LI N LSZHHB
to be non-conducting (OFF) prior to the search. Meanwhile, prior to the
search, the output of inverter 11 asserts a Low voltage |evel at the gate

of PFET T3, thug, caesaaglarésta Bereqndual hgdati of- thmlmlﬁaecbﬂtkbal
combi nation of T3 being ON (i.e., conducting) and T10 belng OFF (

non- cond ) e LOAT de

non- COncleLh 19) QBAEERL (%8, HI ELORTkpad ’f%ﬁi%ﬁe gkgaﬁﬁﬁ.ch
has its |nput connecte the FL node |c Low vol t whi ch

i ndi cat es*YHRE4bEe éﬁcgfian?oaPBE%ﬁim?r?r B ESHBF Bﬂe(VlEh emﬁggFﬂEBE? by
asserting Low voltage level on the HT line prior to the Match Detection
Period. P tRewbrYAYtdPnpote that the FLOAT line has a finite capacitance
such that if subsequent to establishing the initial H gh voltage pre-charge
condition, T3 is turned OFF (while T10 remains OFF), the H GH pre-charge
voltage .. on the FLOAT line will continue and the output of inverter |2
coupl ed therefocw §l depnttsug tortndtcaiggthe absancgloérdaddve 1 0 J UL
2003 | ogi cal HIT True condition, by asserting a Low voltage |evel on the
HI T | i neembdaifieABSYRRELE hﬁﬁvéﬁt W@ nsgbn nLSJHe OfoRPEL HHE L NGr t e MBS SN

Det ection Period, the nenory cel CELLT and CELLC ) and the Search
Lines (&n@r L h n f i p e power ed
and are statlcgi%he§%g%gggv%e ng e¥gga%%§§ suc atQ£%§% ? Eﬂﬁeééﬁgs of

t he pass ( stor stack ) MA|+ e elther conducti ng
(ON) or %éﬁ#%%n f P%g ?ggéw;gé% rlﬁp%E ?%% i FAr YAl ues of the
data bits stored |n t he menory ceIIs and the | ogi cal val ue of the
FIG. 6 depicts a representative digital system including a
CAM array operated in accordance with an embodiment of the

present invention.

DETAILED DESCRIPTION OF INVENTION
The invention provides, inter alia, a Match Line Controller
including an improved 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 “entries”) has N Match Lines (e.g., MLy, ML,, ML,,.. ML,

.; where N=Y x L; Y is an integer representing the number of

11



" conmparand bits represented on the search lines. If the entry M
mat ch conpar ed agai nst the search data (i.e., conparand), theﬁfmtigjgffgua

pass-transi stor-stacks (e. g. XNORL NFET stacks) in the CAM cells connected
in parallel to the Match Line will be ON (i.e., conducting), and~'current

runni ng gt Q fshecﬂxbct Ca*}eucr&s?nt%mr&i 8- Maitch %td%ctdo%foqrmd AAlddypul Iy, the
MATCH LI NE vol tage ( ,) up. Eventually the Match Line Voltage (VM) Wl |

d 2 bt eshal o d [
conduct o eET NiEee Srseafreaqv et&%“%%b&%ﬂ SR i LSl SR Bt put

of the ML.C w Il rise to True i Hi gh | oqgic volta%ﬁ%bas t he droppin

vol t age G ORIGET Reyr M arltm ,ucmez Ghemteed By Sorie gy 2 2840 t he CAM
entry contains a msmatch conpared agai nst the search data (i.e.,

conpar asdtryt heyyiag lseastidire Tofbithe(nrdSRaAlawdl) s tedrsssc ks thery. EENCORMIFET
stacks) in the CAMcells connected in parallel to the Match Line will be ON
(e. 0., TROal? cORoBAMEG)t, cahdHehel rvitrohi dil ,neaddl teageywanld badedd d.ilrew
through the at | east one of the pass-transistor stacks. At the begi nning of

the Mat Gndateetiion ikerdagplddhaesantmalcrsitgmel ceplchaae eMENL.cdroRg from the
initial H GH voltage |level to a search-enabling Low voltage | evel and

[ el NS 4 A0 %A&M&%M (0 R 1A%, Waele gﬁ%t\é@ 999D Jhe MEN

line fal from Hi Low at the Begi nning of a search, the gates of

transistors é?n% T8 arﬁﬁ._t%?' | ede&IHgV%(J.menecr l%y il i e E)ZIZ:LI%'L g}lat :ltnei he

conducting) an turnln - Sion- conduc ing) SGeH

MATCH LI NE i | ect 11y ected to the Ly .Volta electric
current c%lr'ltl ‘%31 Mgﬁ“ﬁ lf(ﬂ‘tr@ e WRECY EE‘ "g)ﬁtﬁg%lt?é’e%lﬁrcé”ctharged
to a | owner voltage | evel . At approximately the same tine that current

begi ns t@¥Y ok 9URiEG e @ Match Line that is coupled to an exemplary

(e.g., ternaxry) 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 (T0-T2 and T4-T6). Prior to a CAM search oberation,
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 control signal MEN_ also pre-
charges FLOAT High and, therefore, HIT is Low (i.e., NO-HIT)
prior to a CAM search. During a CAM search operation, which
occurs within a Match-Detection Period during which control

signal MEN is Low, the Match Detection circuit 210 of the Match

12



" MATCH LI NE through T1, the FLOAT node pull-up transistor PFET +%Digl{%rzggp
OFF (non-conducting) In the circuit of FIG 2a this is because the inverter
|1 has inverted the Low vol tage search enabling control signal now asserted

on the MEN line, and the 20 ~ 0 ~ UL 2003 snmall capacitance of the short
l'i ne coupligd t@ntbalma&ec$a$QeaStaoa sngent i agnehy rgelaylt Berewkt eRing of
T3 (OFF). However, the FLOAT node pull-down transistor NFET T10 w |l not

turn ON | i at eliyukin. €23 1N t ginnin t h_ Det Lon
per i od) TuEa {RrereT S AR08 £hRf BBLBNS el e REGHTENe DL TREETT
Mat ch Line gass- t e. OFF, ecausE tge cagaiitanﬁe C,,l, of the Match Line
i's signi YPLERPPYIFYRde. | FPEhEOBREPY FLIR SEEN) jRBNt bRethegMBEchhe
Match Line Pass-Gate will be conducting, and will therefore hold the Match
Li ne to FhBe| Bgneredhevolmpigbel ggeprasedopybbheviarensyvipt binéngegenyrol
Therefore, for a finite period of time at the begi nning of every

Mat ch- Deséghadnglseiret iobothrtnahsdsporsed3iandIFa0 M) | 4be OFF 4d and
(non-conducting) and the FLOAT node will be floating as a small capacitor
at the iaetial logic H gh Pre-charge voltage, and the H T out put of
inverter 12 coupled thereto wll continue to indicate the absence of a HT

(i.e., a logienbowmettiagebs The RhokhELioar MateHietbobiNg! agenflpati ng
state of the FLOAT node within the Match-Detection Period facilitates the

et o Lo B LIS OB L% D Ly DY M ElaL AR 2 TR Al

elininataggtggg’Z%s a% gl%m%h% %goghe\larger circuit of FIG. 2b. FIG. 2b
depicts an exemplary arrangement of the inventive Match Line
Controller (MLC) in connection with a CAM array 221 having a CAM
controller 224 which may contain the timing control signal
generation circuit (i.e. timing controller 224) for generating
and asserting the MEN_ control signal to the inventive Match Line
Controller MLC. The output of the timing controller 226 is
transmitted to each of Y Match-Line Controllers MLC, TO MLCy,,
each of which contains Match-Detection Circuit 210 for detecting
a MATCH-ing word stored in the Y entries of the CAM array 221
according to methods of the present invention. The Match Line

Controllers MLC,-MLC,, are connected to the Match Lines ML, TO

ML, ,, respectively, and are identical in construction with each

13



deficiencies of enploying the stacked NFET- PFET type | NVERTER lpfoyiHed (08
Mat ch- event detection in the related art. Because a MATCHing entry may be
detected (and output as a HI'T) by the inventive circuit as the result of a
transition of only one transistor (i.e., NFET T10) from OFF to ON, the
i nher enpeTreshhal taYobkagareYkdotot bat1abe iteaRshak@in st he.d.ones bound
of the Match-Detection Voltage (V,,~) of the present invention. In the

f
i it I . th I i,Si
LS BBk i u5E! AL URaN DR B L {popieiag o
b d of ,the Match-Detecti Vol t h i i i t ( t.h

ooun. DL SRS D3 SELED YOk SARANSLELL LSRR S T RE

ti mes hi gher than the conducting threshold voltage VT of an NFET. Thus, the
present CorfERlilex dgnIdet Se6) awgmcﬁhren&wnﬁﬁ?r& opgratdPn tfetPhPEugh
currents in the Match Line of a MSS-ing entry faster than the related art,
t hus regecifogrelde nBaiciumerégaialedolamphobeCédt ced lPehreda peaiidt péduci ng
the energy (EM ss) consuned by the through current of each MSS-ing entry
duri ng GddifewaMriedr ckaepdr aines. ifbatki eng,. ,pelLar bhy ang cempliewent

magni tude of the Match Line Current (IMZ) in MATCHing and M SS-ing entries

in an empedimymt Of ablae dotypartl @8 khel bbiphi-ahadpufifELGS2g3Ci gabd 3cii 22
~0J UL 2003 respectively. As illustrated in FIGS. 3ci and 3cii, the

i nventi (o \VA .S at. i ed. apl e .
ot oh. DR ad ul BBl 18 BBBe1ERko B BRRL R R oG e

and.is further adapted.t urn of tch_Line rough _curren IM) in a
M S51 NG I it RE RS Cor o e PR L DBEe PSR CRaF o S TREFRRESR trne

Current (L) passes Lhroyaf eak oul | yp Lransl SLar T Lo oL, YATEH g

memory cells of each entry, and BIT LINES may be coupled to each
cell of the entry, to support the writing of data into each
memory cell of the entry.

As shown in FIG. 2b, each of the output of each of the
plurality (i.e., Y) of Match Line Controllers MLC, - MLC,., may be
connected to an Add;ess 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 MLC, to MLCy, where the CAM
search operation detects a MATCH-ing entry. The HIT signal can

be latched High by using the HIT signal as the SET input to a

14



"Match Detection Period. At a beginning portion of the Match DetletiJon. 2003
Period, the Match Line Current (lri,) of MATCH ing and M SS-ing entries
will be approxinmately the sane. The Match Line Current I,,"., of a

MATCH ing entry will thereafter decrease during the Match-Detection Period

as a fungtd f. tshe i,ncreasi tch Line Voltage (V,,.r.) cause the
Mat ch Lir}’ﬁeed/i%]esg%tarlga}etncghase%%g%éé(\:/?’f@r. Of‘héa"k{/-at%ﬁlgcf_q]n% P&ﬁ}?e‘r\%?f?,ﬁ‘g%?la
M SS-i %ent r%}?wi |1 thereafter |evel-off and continue during the

Mat ch- DESEL i1 Pl G et et Ik i BN @l G fmtha iMLGredptr e Heatertiaed
by the supply voltage divided by the total resistance of the I M. current
pat h. T@ateotward esierethcian of Qe amirc ure dnterpaitdalnite  (ihce udemdthehes)
ON-resi stance of transistor Tl and the ON-resistance of the Match Line
Pass- Gattthe econpardme €ibreasiint atee afngdraamdndiftd:ne 28, 11Ke add Le 12803
parall el -resistor | egs of the XNOR-gates of the CAMcells coupled to the

Mat ch Ligifipudtl afhd gsadd s GRS Shefn Nass daansd St U StAcks)a ddedil 1S
turned OFF as soon as the Match Line voltage of a MATCH ing entry has

certai nlysiad & ivPerenosthgsy ri se and discharge FLOAT (i . a . V,,,1)
equal to ar greater than VI of NFET T10), causing HIT to rise to True

(i.e., logic,H vol t.age). ndbtx)elat d...th t totgl amunt (i.e.,
char ge) of tf]AI‘OngF'I %uarlf%htls(al%ﬁr, Orénéaﬁis:%er?g&rﬁe%@ﬁ @%—qcﬁb%’ieﬁt]ﬁrﬁeﬂ?@mﬂ'
m nimzed. Thus .ener consunption during each search can be mnimzed by
i ni i 21 REGH R R e Weklh HSEHER, MIF TPt oA orth iy Mithe
width and length of transistor T10 may be chosen to nminimze the

ON- ~r esilgiRiic Dt 014G &l sy oL @R -t 0 I8i sehasgemed Kilgt rkefore Hus
enabling a shorter Match-Detection Period, which in turn further reduces

t he powerelci@isiengii®reasf be output during the Match Detection 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 comparand shall have been stored in the

comparand buffer 228 such that the 2X differential search lines

(e.g., SLO, SLO_, SL1, 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 (searéh—enabling) voltage (i.e., logic Low voltage)
back to the initial (pre-search) High voltage. The optimization

of the length of time (t,) between the beginning and end of the
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* each search operation of the CAM Transistor T10 nmay al so be ch&thJpL‘ggﬂa
w der and | onger than the m ni num device all owed by the technol ogy
groundrules to mnimze the effects of normal variations due to photo
effects, doping m smatches etc.) A voltage divider network (conprised of T1
and of at Least .one of the pluralify of s-transistor-stacks led to
the 24 ParchPes bl Mg LihatateBiag SorRsos Sniny Wi (1 (e g
Vdd) and ground. Thus, the voltage on the Match Line of a MSS-ing entry
can risdigslpst@esome maxi num asynptotic level regulated by the ratio of

t he~resi stance of the |ower portion of the voltage divider (i.e., the ON
resi stance ofRedmemimgrargs padse tuten sindtodli rendek © fediy edhveattiesn Mate-hvat ch
Line and ground (e. g., an NFET stack in XNOR1l)) divided by the resistance
of the wpper eeitidal &f ddieiomdd age /o der, the gnithie lONpwsisdaney of
T1l). ldeally, the maxi num asynptotic level of a MSS-ing entry wll be

bel ow the gy t}ﬁ@ﬂ"%&l@ﬁ@%ﬁ ol hage (VRe reNEREsTHO 1Qfgitdesdi Gbitage
Detection™Crcuit 210. wever, such™a condition is not necessary to fhe
effectiv erati.aon, of: al l, ,enbodj nents, of [ ntJ ec JCH- i ng
entries ai%n(r%glreer%altyesvwcﬁ a}?céﬁhse hsetalﬁg{e&%lﬁa&%q\%:%%ggtgﬁ % )aa}}%zz\{ﬁ(\aéﬁﬂ, %nd
therefore cause VM, to reach the swtching threshold.volt T10 faster)
than M €89 3F &G iR FIE YRSl ’aﬁ%@fg | &5 rlr%gﬁ%e?%t ithdf p and
the rise-time of V,,", in MATCHing and M SS-ing entries in _enbodi nents of
the i nvémtiitgmilas Qfdpi Et e’ i P EALUGHET ) he@PFacan st MHEh Teticode

begi ns, the Match Line voltage V~, of MATCHing and MSS-ing entries both
initial |iy11rtii§d_ly[-|&/bév(9#.,e{he:m}c}uc,tig'fg)a 2md causing pull-up transistor

T3 to be initially ON, while T10 is initially OFF (due to the Low
pre-charge voltage of the Match Line due to T8 being ON).
Inverter I1 may be formed by a stacked NFET-PFET pair, 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 implementing T3 as a NFET, which will
operate reliably if the supply voltage (V) is high enough to
compensate for the larger effective switching threshold voltage
(V;) of NFET T3 as a function of the source-substrate voltage.)
The circuit of FIG. 2a including PFET T3 has operated reliably in

simulation with a supply voltage (V.) as low as 1.0 volts).
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1 0J UL 2003 MATCHing entry rises faster and will general I1y0r\§w\%@03

before the V,,,l, of a MSS-ing entry reaches its asynptotic |evel. ,
reliable H gh H T-output may be asserted by the ML.C, and | atched H gh by
the ACC or another circuit, before the V,,~ of a MSS-ing entry reaches

its asynptotithd @a@ctﬂwquwrc%nddcﬁl% Mt atirfe 0¥ ed@yeatafert M SS-ing
entry happens to exceed VT, the Match-Detection Period nmay be term nated

before t;hs quﬁ& SE h

asynpt ot'i ce%rﬁntlléeeq o:‘\g ?%\q%%t%mcré/rg"fy |sslaS sca rgenc%‘?%gn eésésc%h%% t}t‘f t he
Mat ch Detec i on Period can be xtende wi t hout. -t he 055| bilit f a

M SS i NG B SERUrR Mg e Hrr out B (B S At eL 3

expl ai ned, energy is conserved by ninimzing_the l\/atch Det ecti on Perl od )
FIG 3b thlﬁﬁ%tt&aw%%ﬁqadrry Mdhitey the Rliverdaity It videh keas -t put
and the rise of VML in MATCHing and M SS-ing entries, in an enbodi nent of
the i nveitstor bwterdipasshaavs i Ddteedtatam Rémieod 6.9 .ni madgddanmistidat t he
Mat ch Detection Period ends virtually imediately after a Hi gh H T out put
is reli adarkaserntedmhcdsi-ahecthdH ghor -Bradhtmah 1egt.ectiten Mardiod.iieed only
be | ong enough such that a Match stored in a CAMentry coupled to the Mat ch
nine wildsdke dald atlnetdrifstad aartfb iRRAr hRR 2Rte AU ind) thl Wt A5

logically True H T signal (e.g., ogl c Hi vol tage on the HT out put of
M.C), JB% P ' 'E@FH Si N

assert\(,av‘gI (Ii;lrégh when étlﬂlec;cli]ﬁt‘s'thedr]ﬂ!rne late gé‘lc E"fﬁ Pgl bel ow t%d%
Inverte%l\y inEE\kﬂ ﬂ;“ndrdi IS)the Match Line (the effective NOR-

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
conducting (ON), such as when the word stored in the CAM entry is
a mis-match with the comparand. Each leg of each XNOR-gate
{(e.g., XNOR1l) (e.g., TO0-T2 and T4-T6 of the exemplary CAM cell
201), and of each CAM cell in a CAM entry, functions as one leg
of the Match Line Pass-Gate (i.e, NOR-gate).

As gfeviously mentioned, prior to a search (i.e., before the
Match—Detéction Period wherein MEN_ is Low) the MATCH LINE is
pre-charged to (i.e., pulled down to) a Low voltage level (e.g.,
ground) through NFET T8, while PFET Tl is OFF. (The Match Line

of a MISS-ing entry may also be pulled down to logic Low voltage
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" the CMOS Inverter |2. Because FLOAT node voltage will begin to1d]qﬂj£p@0@3
soon as VML of a MATCHing entry rises to VT of transistor T10 (I

before VML of a MATCHing entry rises to V~~/2, and before V,, ~, of a

M SS-ing entry rises to VI) , a High H T output can be reliably asserted

and | atphedr HHgha( asdrthebibbab Det meireobefer bodthanvheckndedy begere V,, ~

of any entry reaches V~~/2. The Supply Voltage {V~) of the circuit

enbodyi @ge & hepboygpti 98 aaahoerﬁeeegga&pethae1eﬂessgaﬁeﬁ ginEéGbe3Brés 1.0
volts, which is a "worst-case” of a nonm nal 1.2 volt Supply Voltage.

i |l ustr ti S i i I odi pent s
of the ?%%g%%go%gaéan e¥§%?g t§§¢%§§8H ﬂiﬁ pggeggﬁb??g E% gg?cﬁnglnggE

Vol t ag rises.to F of .the.S Vol t ag n detect a
NmTCH.%ﬁﬁﬁﬁn?¥§nah§ﬁorh§¥§aHAheLPﬁétva%tﬁg@ VoLER9¢ oL €KL CBRALEE| HATCH
Threshol d Voltage of a Field Effect Transistor é . g. NFET T10); can out put
a H T shHRBI Camenst ReOMaPcheLPAB-voneugeipyMEOFF) sPFbeE ERahhehseadalduct i ng
27 1 0J UL 2003 Threshold Voltage of the Field Effect Transistor (e. g,
NFET T1ld¢anwhilessprihan ONEthlLFeafchhetBapphypWol ofgenveaneoul pudsaettd
signal when the Match Line Voltage (VM) is between about 100 percent

(e.g-.,a0LSwveblsagantieabbubtxbhepgacendf (BFED. T3 0. SRuyotaasing Theto be
conducting Threshold Vol tage of the FET (e. g. NFET T10); can performa CAM

sear ch ybhsidtendbligheDet eryi onTRer i Ade L Hat cbsibl 8861idMavEt b CB=1hg dipher ent
period of time it takes for the Match Line Voltage of a MATCHing entry to

rise fromghe égﬁaﬁek&?gﬁlgﬁaeblboﬁgﬁﬁ%kwﬁf of éhedﬁyﬁpédna@éﬁ é ?ﬁ%ﬁ the

perform a CAM search n a Matc ection Peri hat I's ~

'nherenéhgféégdtﬁf %LBRT ho&gkeﬁlé liyetghéCfoéi@?Hf@%tgngageEﬁevel

which in turn brings the output of the inverter I2 (which has its
input 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 voltage level on the HIT line prior
to the Match Detection Period. It is worthy of note that the
FLOAT line has a finite capacitance such that if subsequent to
establishing the initial High voltage pre-charge condition, T3 is
turned OFF (while T10 remains OFF), the HIGH pre-charge voltage
on the FLOAT line will continue and the output of inverter I2

coupled thereto will continue to indicate the absence of a
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MATCH-ing entry to rise fromthe Low voltage level to a High $d) tHdé EIEE]

equal to about 90 percent of the Supply voltage (i.e., which nmay be proved
by extrapolating the forward-sloped |line of the rising V,~, of the

MATCH ing entry within the Match Detection Period to a point where it would

i nt er seqloga cRQr iHEANtEhud iddhden®n,nhy0 a3 oeditting b the %rlttragle Siegial JMEN
had ri ot been raised H gh, thus ending the Match Detection Period, before
VM. reached Ql.ts); can performa CAM search within a Match Detection
Peri od t%El%t I'flilslgll\eigse't han four tines the ~. nherent period of time it takes

for the Mateh Li,ne Volta f .a Lng .entry 2 J U L 0 to.rise
fromthe Low olltsagjaegﬁ%“\?gqe t?’c?ta %}%éﬁ%&&glﬂ“ﬁvé’% & afiutr&ngbigte &@tc -
percent of the Supply Voltage (which is _obvious fromthe preceding

ext r apoPgtiesH o & &% orthiea MEAN e &5 Swi @non  §EMATCRPBe CELECon PEF od
that is not greater than the inherent period of tine it takes for the Match
Li ne Volthgg&esfrch WATESE i (gg Sont S, o0 SLTde offr diret BatkywokolthggdateheLine a
vol tage | evel equal to about 166 percent of the conducting Threshold

Vol t age agfe phepekly eowgred kavdexenplsany iMateh chebeet koreReniboed depirehed in
FIG 3b ends before V,,~ of a MATCHing entry has tine to reach 0.5 volts

whi ch | sRPPresit R 30dHe 1RGPICeMe Pas¥lghiecqn . per,f eh@ &NGAM search
within a Match-Detection Period that is not greater than the inherent

per i 00 Qoo ddy (kRSO 1e QRN 2 HRLIRRON ofy MBECHSHDY entry. to

rise fromthe Low voltage |eve vol tage | evel "equal to about 120

porSert g8 88 LD G0 86 95t SEEL (Ulneait bt <,

VATCH | BB,SIL I cqches; VT, and By Lhe coxnectatl onthal 3 YRigh bl B8 cne
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. XNOR1 NFET stacks) in the CAM cells connected in parallel
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 (V,,) up. Eventually, the Match
Line Voltage (V,,) will exceed NFET T10's thresﬁold voltage (V,),
and NFET T10 will begin to conduct. FLOAT will be discharged Low

through NFET T10, and the HIT output of the MLC will rise to True

(i.e., High logic voltage) as the dropping voltage of FLOAT is
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entries will have a small enough capacitance to all ow FLOAT to1dgdAUL-2003
rapidly); can end energy consunption in MSS-ing entries at the end of a
Mat ch- Det ection Period that is not greater than the 29 10 J U L 2003

i nherent period of tinme it takes for the HI T output to be | atched H gh; can

perfor CAM.geBi,C Rl MVat ¢l- egh g0 i i n the
inhereg%ﬁgerlog g? ?Pﬁ%k?%gtgﬁés ?grgﬁﬁeéﬁgtgﬁgf?ngg ggibggg %?égakpgs-ing
entry to rise fromthe, L volta l.evel ,to _the conducti,ng Threshol

Vol t ageSBfbaRedragetBst (PHe 8ot RlE oRKEL (80e5n cORBSKAREN . CEPER: FON  PRFF od
ends before VML of a MSS-ing entry r~.ses to an Asyngtote | ess_than VT,

whi ch wBRedobcehie BeFsrerapeishprestpakei - g ghlPRt HFPT) spacks) uskrbhed in
FIG 3b, the end of a mininal Match Detection Period may coincide

appr oxi Gaetglhst tonhectatll inf pahalyelt hgetba Mhbchnl.éneewidl ebmod¥, FLOAT,
to Low. Therefore the duration of the Match-Detection Period can be reduced
by incréasgng TheTsperdTofTthe dhdghthe-Mawchr abaet vobtaget el FLEOAThaDde.
The voltage on the internedi ate node FLOAT transit~.ons fromH gh to Low

rel ati vgby shewhynberause l@§s§iSﬂéfbEaﬂheC?QégiEﬁ&ﬁ@i@ﬁo%hﬁté@k§h Li ne of
a MATCH~ing entry is being charged through the ON resistance of T1.

Ther ef or e, tﬂgegg%cgegghﬁgﬁggggfgggOﬂagéﬂrBgtéﬁgHSEdPEPEBHertOgngﬂégﬁg%Ch

frequency of hes~i ncre y reduci ng the capacitante

Line, apdlot, byoieduct gyt he, O eabatenges e Th ffSudbssrsset 5Lov o2
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 Tl and T8 are pulled Low, thereby turning PFET T1 ON
(i.e., conducting) and turning NFET T8 OFF (i.e., non-conducting)
such that the MATCH LINE is electrically connected &o the Supply
Voltage, and electric current will flow through Tl into the MATCH
LINE which had been pre-charged to a lower voltage level. At
approximately the same time that current begins to flow into the
MATCH LINE through T1, 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_ line, and the
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* reduction of the capacitance of the Match Line, and a reductidLU%#thezous
Mat ch Detection Period, nay be acconplished by providing a circuit for
detecting a match in a limted nunber of Pre-Select CAMcells in~ an entry
coupled to a PRE-MATCHLI NE and only then searching the renmai nder of the CAM

cells o ; ed ¢t LCHL eduCi r asi.st ance
of T1 M%W%b?eﬁgb?§l?%&%%e%Ehgh%aggﬁgtzg}ggnk%E%%gganhgﬂ%sgﬁgfgﬁﬁcaﬁgéeI on
a MSS ing Match _Li ne, and of .transi.stor. T10. er re, the ON

est otahed BFOf:EncRBIC ok o b BT inbeRt $3 (B Gookierey . che
balancing of a need f%r a safety margin versus a desired higher speed of
the CAM RBAFCROFBePALiloROYASs tdapedetdr NFELGT18p Widhengby kpESt PV Vv, | ~,

| evel may be fixed at a safe margin bel ow the m ni nrum VT of transistor T10,
such t hammeddapneypptidt-€ .vohnogget! dhel begiandngTofi the Matchf Begeptignn. "
The actual asynptotic |evel of the Match Line Voltage (V,,,l,) in a given

M SS-i ngeehbdy wivielh ddr yhdeperidi ngMATON Hawthengnbirysmakingabid caspaeed
agai nst the conparand. The nore bits that ms-match in a given M SS-ing

entry, bhechewpatkhe 1ageMPhek-eatevelrrof tekaliskhtel bhpacscyaktkage W | be
during that search period. Thus the "worst-case" for differentiating a

Mat ch ffiﬂg‘ogg%ﬁs Lifey (i%ﬁf\ﬁ‘.@%ri%iEQ%t Fald  entEy cfal éﬁ%r&h%l\/ﬁt ﬁ?ﬁéi,”e 31

10 J U Vol t age ) to an asynptotic | evel nearest”to e reshol d

vol tage (V) gl NEETITA0, cThbs Luprs! sGasep pecls Wb ausi nglasbil oo

m s- mat _ e entry= Theretore assumng t “the resis _

e DR ekt Yokl CRIEL BB L oAl Sl tnd

t he maxi num asynptotic_Match Line voltage level for MSS-ing entries i s set

by seIeEFVﬁé (at or below an asymptotic level). Therefore, for a finite
period of time at the beginning of every Match-Detection Period,
both transistors T3 and T10 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., a logic Low voltage). The preliminary 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 T10 with a Match-Detection Voltage less

than ONE-HALF of the Supply Voltage, and eliminating the
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"the resistance of the upper portion of the voltage divider (e.‘lg[].,“JLM‘reZQRF3
resi stance of PFET pull-up-T1). The size of the weak pull-up T1 may be

sel ected such that, in the worst case of a single-bit msmatch, the
asynptotic value of the MATCH |line is near or below the threshold voltage

_ ( Lhe ! (
(VI) o @E’é{lelﬁ%qes%mp%ﬂrzge%w Relfd ﬁk@a@cpﬁﬂ; 5@{?502@1@3@ ng T1

O\Ivm'thea ce stack of a si'ngle-bit msmatch (e.qg.,

hol di n 0 t-h i t hroygh t.he netal ,resistan of the MATCH I|i ne.
A obj BECVeRe Tl NSRS AR oo e Ateeh At ng FLOAT i n a
M SS-ing entry by keeping the |level of the MATCH |line bel ow the

Mat ch- Det ecBSGRUES LadB T -1§9 aHe X aRIURS (Siﬁtﬂ@rt@%dlad@/(ﬂutt@g’é @¥TR of
NFET T10 m nus sone safety margin) during the Match Detection Period.

Pul | - upr Il adyi $her iTvendivse dasiwitedrd dritgerresngd twicfere tramstitd om @ifnum 32
1 0J UL 2003 device allowed by the technol ogy groundrules to mnimze the
ef f ect ondfy morenalrarariisatdonsl .due INFRIhAI® )efffreat OFFdap 0y, Mttt oheseeftc.
When size of transistor Tl is properly selected, the Match Line voltage of

a M SSThieseMol celgd | 8%) abevVehAEEInél0ranshseshold vRbkt 8gfer aPSumd OAT
cannot di scharge, during the Match Detection Period, and therefore, HT

wi 'l stgy t'h%WMaQ:.cIlﬁ%ei%%Q:iQﬂcn a«d&ﬂé@-céhnﬁ@gtavﬁéﬁﬂaéggﬁe%en@vme q}rz]snt he

maxi num asynptotic val ue of the Mat exceeds the threshold

vol tage ( of. NFET .T1 nbqdi.nent f. the . invention can il L_reliably
di sti ngﬁﬁ S elw&fa&uﬁ}gs é% rtﬁlgsoﬁ‘erlcr%&nﬁ\ﬂsggrﬁ r?él%é:ntrrelﬁé’s uﬁ@@a@s%ﬁe&%’fegﬁeﬁ ne

of a TCHing.entry will rise faster than a M SS-ing _entry, .and the timng
cont r ol \CORFAEERERD) NEHT &f Vet EF DS Mt an%iEga 8¢ FEeERob8R ti me

has el apsed for a MSS-ing entry to raise the Match Line Voltage up to the
Mat ch- TCEeyent . the lower bound of the Match-Detection Voltage

therein is approximately the mid-voltage point between Supply
Voltage and ground, which may be many times higher than the
conducting threshold voltage V, of an NFET. Thus, the present
invention can detect a MATCH-ing entry and turn 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 (E,e) consumed by the through-
current of each MISS-ing entry during each CAM search operation.

The timing, polarity and relative magnitude of the Match
Line Current (I,) in MATCH-ing and MISS-ing entries in an

embodiment of the invention is illustrated in FIGs. 3ci and 3cii
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" Voltage (e. g., VT of NFET T10). Thus, the circuit wll perfoﬂnﬂnéUia@ﬂﬂaf
circuit elenent paraneters and timng signals are designed such that the
Mat ch Line Voltage of a MSS-ing entry does not rise to the Match Detection
Voltage (e. g., VI) within the Match-Detection Period. The rise tinme of the
Mat ch Lirespdctal WARCH iRy Eltugtrsted fimcFios. ofci hendbdehi Litige Capaci t ance
(Cw) 33 I1nl . n1 Il IL and the Match Line Current (l~,z), which in
turn is afdioldPpvides QN E&st S RNELG0A1 Peht UPs @St &d WMo RRb 1 ne

Thus, the performance of the inventive CTircuit can be optim zed by reducing

t he Mat ' ' iy zing. t he esi of .t.he
pu||-up%?F§H2h¥§%$ ﬁ%?qgﬁFcﬁﬁng%égm%og%%%ﬁg%+gt%e $?§¥é¥§ﬁuﬁ%ﬁf$&ﬁ%§1
Line Controller, including the turn-off timng of pull-up transistor T1
Fhng. Gt ahas ghiarant iTRbedi 18 faty, bol Maehrbiisddan-
optimally limt the duration of the Match-Detection Period. A plurality of
enbodi nEHECSTE | ueht ineat VA RENGT gRErY gehekhei 8RAcPE ctire sMaseha Dummy CAM
entry circuit that emulates a MATCH ing - entry, on a Dunmy Match Line

whi ch mBetstciouplBeriad a Durmy Match Line Controller that generates a
Dummy-H T signal to define the end of the Match-Detection Period. Timna
Cont rol Si anatheCamet @t i imeS Cettrdrst TR, ) | phagesothrohglsi weak N 4w | nput
to the plurality Y (where Y is a positive integer nunber) of Match-Line
Cont r ol |&fsn Mot or MGy _Hoth heSECiVBE € - Ahdevont 194 | &itsr Wd ladang] nafd er

be described as a Match-Line Controller MC because they are identical in

oper at i Qi e M LB &I . 226 BRILEPMA Ay 3ortion of the Match-

Detection Period, the Match Line Current (I, ) of MATCH-ing and

MISS-ing entries will be approximately the same. The Match Line
Current TI,, of a MATCH-ing entry will thereafter decrease during
the Match-Detection Period as a function of the increasing Match
Line Voltage (V,), because the Match Line is charging as a
capacitor. The Match Line Current I,; of a MISS-ing entry will
thereafter level-off and continue during the Match-Detection
Period at approximately an asymptotic magnitude determined by the
supply voltage divided by the total resistance of the I, current '
path. The total resistance of the I, current path will include
the ON-resistance of transistor Tl and the ON-resistance of the

Match Line Pass-Gate (e.g., the ON-resistance of the conducting
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1 0J UL 2003 circuitry (e. g. 226) that generates the searc | i
control signal Matchline Enable-Not ( MEN ) and outputs the s?gﬂﬁg@m%
each of Y Match-Line Controllers M.C. The tim ng control signal generation
circuits (e.g. 401 of FIG 4a, 411 in FIG 4b, and 226 in FIGS. 4d and 4e),
gener at @ardsd ledr-efed sty neep < ol rile SINGRAgaEes wiifi cthe RN adel tshecoupled
operation of the Match Line Controller (MC). The timng control signal MEN

nmay be geneirat ehfdomine, systEn e kakd Gdfndavdd b2 sHEs- cycl e | arger
than MEN ) by the circuitry 411 or 226 depicted in FIGS. 4b and 4d
S

respecti . hWwely, the timng control signal MEN nmay be generated
froma B:u rgsdls%lg{éﬁéa ws?h'avi ng a duty cycle shorter than MEN ) by the '

circuit 4D1 i.cted in FI The signal .gen ti.on circuitry (e.. q.,
depi cted i n~§le%ﬁ4affs fbu’g}e%zlcéaq A sgoec?‘fgraa% s’ ﬁiaqicfl?ﬁr}ffd‘eca’rﬁlrt&ygesiogfn%l MVEN
may be separated fromthe CAM Control |l er_ 224, and/or may be replijicated and
di st ri bdPEFIEIh SN B giek Al iy dnd  tige ($heovEhtbRITyF Gy &ter at ed MEN

signal may be buffered and fanned out, to provide a |ocally-generated,
strong ahdidrangs-EIQAWT MEN &i ghal eaeakaleh @etgvdatenbtledn lYnefCHHETol | ers
anong a very large nunber (e. g., Ynultiplied by L equals N, where L is
an' i nt ed@¥r0)35 cadsihg HIT 20031 ge dat efrudhafi .ane) lodgivatiilgH ived tGoget)r alnlder s
inalarge CAMarray circuit. The control signal generation circuit 411

shown i b l1GtHed s diherently ddeas i Ocke i gt rdd)OG¢€ athridugH-nput ,
and a NAND-gate NAND1 outputs the timng control signal Match-Line

Enabl e- Nofr Vi {1, )TNEoRPEREd | 98 M1SHE11kds 'k &h Ofidd G s ARidSniA4d her
€

illustrated in the timng diagranms of Fl 4c. As illustrated in FIG 4c

t he conbff\,g*sf Zg,xtg%agg :\%ﬁ&%ﬁ \%J;’;ﬁ*‘lé% OB 81 AR P YnitdiRiGlC it Of

FIG 4b a | [lowng (time period tl after) “the
H gh'to'ijt%"Xr&j;zai”nsg'i Q0 Ol télf & 95k ncﬁ’i[-DCLte i Qpd, 8Ly ns to a High
vol tage at "a finitie pertodo |mee(jt ) arter al'l's"to 'Low, independent
of the SHPcsceo%Jc?inrgglC}lf,oct eS Ivginc?i'!h tarl?cp S.'Lletrlzgot% o-lz-é rEEra{Dneserfs%%J;[ IT:LIOs m%y be
chosen to minimize the ON-resistance of T10 to allow FLOAT to
discharge 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 T10 may also be
chosen to be wider and longer than the minimum device allowed by
the technology groundrules to minimize the effects of normal
variations due to photo effects, doping mismatches etc.)

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

one of the plurality of pass-transistor-stacks coupled to the
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propagation del ay through the inverter 111. Time period tz is| (hd lu 8
the propagation delay tinmes of the plurality i (where i is an odd iInteger
greater than one) of inverters connected in series (e.g., inverters
12-113-114). The tinme period . represented by tz is effectively the

Mat ch- Det.egt i.on _Rerj I i t i 5. perfaor wi th the
Mat ch ﬁantecq}:ol’gltq}ég)l I%%d%%%#f%%#}}q%%?\l %&%ﬁ%ﬁ%ﬂ%%r gef 'of'e’, OYCE%)dparl% agati on
delay tinmes of inverters (e..g., I12-I13-I14g and/ or 36 - 10 J UL 2003
Lhe quRGE of TS FaR aTolA%E OhVeht MAtCh e Bh & JITRE ethgyertey
circuit designer to insure an optinmal duration of the Match Detection

Peri od:carong s oty fop $@Ne dndxinien e3Pt ofia MVROH Tegrlatied kndther
outputting a latchable H T signal, and short enough to reduce unnecessary

t hr ougheaniirs et sScher MSStagentst igse 1lower quoxtkaime off tthenbsldtaeant s of the
present invention. An inverter (e.g., 111) may be optionally included in

the cirguifaehdl(dfe F] Ghdhbot orddt & 0ahice Gf RErPasiatrde G8d Y- dfdns bt 0
provi de an inverted CLOCK signal to the next stages of the signal

gener atdan6l it 4d Ipedh ﬁ%&%tﬁ&ﬁgﬁl S ARl gk QP ULe | Pmérp"x@fl‘éﬂ

I 11) is branchedinto two |ines, one e being connected directly to the

[ f ' ' 112, . 1 d b
connectti o BheoletLh FhERNSR df g 6 4 osi d B HE b of

the last_invert %e. ,,,%14) of the serjies of inverters (e. d. ?ééﬁ% 13,
114) | PEIHRABETHR (PEVHIFEr (D19 ¢ Hehe Y | TRRASTEIGH i <11 ¢ HE9eN gat o
NAND1. The signal generation circuit 411 outputs a Low (search-enabling)
tim ng EemtmaFinin s YNERe e i el vk ch MY ek id iy ottt thdie jkelow
approxi nately equal in duration to the Eropagation time delay t2 of the
seri es Wie | switcling (threghold voltumye | (W) witt NFETeddR efctbeoMathi-CLOCK
signal, thereby enabling 37 10 J U L 2003

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 (V,) faster, (and therefore cause V,, to reach

the switching threshold voltage of T10 faster) than MISS-ing

entries.

FIG. 3a depicts an exemplary timing relationship and the
rise-time of V,, in MATCH-ing and MISS-ing entries in embodiments
of the invention. As depicted in FIG 3a, when the Match-
Detection Period beginsg, the Match Line wvoltage V,, of MATCH-ing

and MISS-ing entries both initially rise. However, the V, of a
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" the CAM searches to be perforned synchronously at the systemilmczru
frequency. Thus, the timng control signal MENis at a H gh | I LJZBUBO
each search until the propagation delay time tl of inverter.lll (in FIG
4b) el apses after the transition of the |level of the clock signal CLOCK

from Hi _ A e a,,l n N9y, ley, and
t her eafltq%?élgt g@% fggvggﬁ?ﬁsga@ﬁ/gggg Eggeg#?gngggrg?%g1?2§§%S303€T nbg %}@e equal
to propagatjon tine of the series of inverters (T12-113-114). FIG_4c also
iIIustrgﬁ%sb&nogxgnyﬁgﬁylPﬁnFﬁﬁrVéFgﬁF%ﬁfhﬁgSb@%%@@ﬁ°%ﬁ§ i&%ﬁ}ol IhyRal
MEN , and the output at the H T line of a Match Line Controller in the
cases of WMehmebhg HaghMATEROMRBUEeBRYhPRedEPEEteAsPYephEt MHC n2RRG 4c, the
High (i.e., True) H T signal output in the case of a MATCH ing search
resul t latohedndighybyi tbe A6Seprednduhengctheulkt cheberecthenvierifod and
may continue to be asserted after the end of the Match Detection Period if
it is |arsbetiingThatiht ebabatecttenakPgmpedtiaylbeekxt emHedeforensiurechsat
the HHT (True) output of the MLCis asserted | ong enough to be | atched. The

H T out pyimstepak vgy;@@ehabqh%dmwb@hiwgl@nQ%yOBQFFEﬁseeg akcthg Yat chhe

Detection Period by circuits known to pérsons skilled in the art. 58 10

S L. 0B CLECKOA! 8R2kolnaly e thencaabLal psbgpal cgenerantog cf rouits

descri be € may of course be gated &F

Hi gh) t event [C [, gons tion. during .idl e periods' en no CAM
segrz:helglg%élg%qﬁﬁrgg .pﬁg‘%ﬁgr,ﬁ tttgs?o%?udrsbee’ ot ed' ﬁﬁ“}ﬂ‘ﬁﬂ%ﬁgm gvel
circuits_and circuit operation of EIGS. 4b, 4c, 4dBand 4eﬁ§{e depi?}ed as
bei ng d?Fv%nME§Séﬁ8959ﬁEﬁVoﬁ5u§ FRER PALILYsEERTcFBRR Yigridle oMBEeR-any

other transitioning signal of suitable dutg cycle can be used as a
Detection Period can be extended without the possibility of a

MISS-ing entry generating a (false) HIT 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 V,, 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 after a High HIT output is
reliably asserted and latched High. The Match Deteétion 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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' search-triggering input to-these circuits, whether synchronou r
asynchronous relative to the systemcl ock, provided that valizlzé£Uéh2903

data is present in the CAMarray and a conparand is being asserted via the
search lines. As depicted in FIG 4d and 4e, the control signal MEN nay

al so be_gepe Y $rbreim i | hy .al | ND- gat e
based c3at fol DT gaal e AT o S 1955 1t AafCRiG) ok Yol S B ive
DUMWY h Line ( he ci,rcuit of FILG 4d.is.simlar to_that of

ci rcui {vﬁﬁloli*:pléf:(i%gl’glw 1 ﬁ‘af“aé'h SdPET6H %flgk‘he @FCHI%PBEPP n
Period (i.e., delay period t2 as depicted in FIG 4c) is characterized

i nst eadSbyneheviidefirms det Reseapas Hiohy #henmheVanERrmeddape FERALged
Low (by T8D) and then pulled up by pull-up transistor T1D, wherein each
transi shode3f9alls heloWw LhR2OCBOS Iaverted &wdtTBDhgi Yoditagd t(Ng.saneobr
simlar to corresponding transistors (i.e., Tl and T8) of the real WMatch
Li ne CosheotMes (NGk)tethe2Dunmechiiseh ALoRE n®deouphedgtowalpl Beghnt ¥oof
Dunmy CAM cel | s 203D, each of which is adapted to contribute to the Dummy

Mat ch Lipept hewsase seapagist fC i hatvdr EAMeLldntidy 2ikedl MAICHENg CAM
entry (i.e., conprised of real CAM cells 20T) would contributé to a real

Mat ch Lj . n,.at h dg, t ralit f .CAM S upl ed
to the @%‘}ﬁ%ﬁ?‘gﬁﬁ?‘ﬁ@ "e%%lfg#% ?“‘recéfl %w%%%cg%?a' nf§%£§at%g’ wor d

t hat es _a ranq, assert t he Mentry via Seaj.ch, Ljnes.
In an%i’n@ﬁdcgﬁr‘gﬁ%ee i Py Tt i D erdth The bm* 558 cté’ué{lZd ?oﬁkgﬁhﬂg'CAM
cells, the internak} XN%—, tle of each Du CANkceII s tied in such a
manner SYtPYLGFFR PReT Ilgg ¥a@§serted aﬁ%ﬁéﬂj pesEighefardphbert MeEChoad
of a CAM array having a data pattern that matches. The DML wi |l therefore

ri se atPategatacrqigrird cRe SeorBseddodsiere Vat O Bhie eHtINMATERCHRS

entries,
Vee/2. The Supply Voltage (Vo) of the circuit embodying the

invention that produced the timing signals of FIG. 3b is 1.0
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 Match Line Voltage never rises to ONE-HALF of
the Supply Voltage; can detect a MATCH-ing entry when the Match
Line Voltage rises to the conducting Threshold Voltage of a Field
Effect Transistor (e.g. NFET T10); can output a HIT signal when

the Match Line Voltage (V,,) is more than the conducting
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" thus insuring that the Mateh Detection Period is | ong enough fqr0qé‘$_2gpa
MATCHing entry on a real Match Line to be reliably detected and™r y t

as a HT output fromthe real M.C. Because the real and dunmy Match Line
circuits may be nade on the sanme sem conductor chip, they are presunmably

subj ectof 0. LRE) §2 elégﬂ%VGREFQﬁLfkefﬁoéf?EEEf%?BHEEEEo?”?e?QZL&?E?EQE6

condi tions, and t I'ne may therefore be expec 0 haveBthe

same capacitance_and p rm.ip a yirtual [dentical mapner as._a Match
e oroad, LapSviheh bRENLR) Ok g, Subbyd V165521 Ean SRRREE, Renfri ng
control signal MEN_ wll go to a Low | evel when the system clock signal
CLOCK f@igBadnwhennkhe) MﬁggheLapgeHlegfae (Vi) i 45t Retpespagheibnl@liay tine
through inverter 111. The Low voltage | evel state of MEN continues until
the ti mpepeenbd(e2gel aps@dsvoVWheh &hd abavtpéfbodetrZentapseg. af 0ebot he
timng control signal MEN has gone to a logic Low level, MEN- will return
to a | ogbTekh gbfl eMel coltinet payi DHré2hasdcupltagkedr byhé heeti (eugt REEEl G
4d is characterized by the tinme it inherently takes for the capacitative

DUMW Mai 61, LERR ﬁE&%%rﬁoartﬁﬁ Eeqprht §iPhenchamgedn Loyt yot i qepkpeysh 1o a

pr edet er m ned Duntry tch-Detection voltage. The Match-Detection Period

cont 10l Lge DYt hegBl EAUR! c326ObE] e ddnanlofeotmy s bes 0t 0 LoRaL Yo

modi fie ortened yr Teng _ ernative enbodi ments t he
Vet | PR Na BRSS! 05t kaLndh L) GRREAL et Ui egpes e ol ey
Tib, angéféagg nggyaggig EEHSLErngQﬁéggugély Voltage; can pe;form a
CAM search within a Match-Detection Period that 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
voltage level equal to about 90 percent of the Supply Voltage
(i.e., which may be proved by extrapolating the forward-sloped
line of the rising V, of the MATCH-ing entry within the Match
Detection Period to a point where it would intersect a horizontal
line denoting 0.9 volts if the control signal MEN_ had not been
raised High, thus ending the Match Detection Period, before V,,
reached 0.9 volts); can perform a CAM search within a Match-

Detection Period that is less than four times the inherent period

of time it takes for the Match Line Voltage of a MATCH-ing entry
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"~ 0 ~ ~ ~ 2003 (pre-search)- voltage of the Dumry Match Line;j{ﬂ§”§k Zaoay
changing the effective Match Detection Voltage that switches t T mp o]
the NAND-gate NANDI that is coupled to the Dummy Match Line, and/or by

ot her nethods that would be within the ability of persons skilled in the

t. Th i t i : i-f.i.ed i i
ar €OC§9@@'$§9ﬁgt%%n%§% DBE%&g%hl%th'@% aaﬁlggr%ggkﬁggiggyﬁgvg'g&hng

the structure o Match Cine itself, and

structure of any_.aqne or reof .the Du M.cel | s.coupl.ed to.the

Vet on LERe Sgll 63" By Salitng o iEneLBY IF8 ar et iy ERvicle) STOR
and/or adding or omtting one pass-transistor stack é&.e., one Leg,of t he
Mat ch- LERE PAssegits) exsipPedatdomie BRMPERERER B £8M ASaxGheditBdai & onal
time (delay) may be added to the Match Detection Period (i.e., t2) by

addi ng uaw;-mrvee:@lipg Perigd thadi ig aowmgreavegelthax+thet dnhkeebDtmmy

Mat ch Line thereby increasing the capacitance (and rise-tine) of the Dumy
Mat ch Lipeeiocdndforiagdiing thitkkefsr( ¢hg. Maadti Ddgnanveleageupliea MATCH-ing
inverters) in aeries with the inverter forned by transistors Tl and T8.

Si”i|arbﬁtrgh€oNEE%E Pebacthen1Bar vedthigeeleve?) toay helehbbectivehyefaduced
(or tuned) by omtting or nodifying one or nore of the X dummy CAM cel s

fromth h Ll apg/ b ot r e,2X
paralIeFOnggﬁgrakﬁep%E%%nga?gs9%5 EO@EEE%E§QUQEQ§%%§T§088?28§EOO$hghEUHny

LEL o LR (o B Bt SR eSSBS 28 AR L™
Dot ot 9 Ebofefks, byt 1 Mo M Lhen Lk o, peagny gk e
volts which is approximately about 166 percent of V,.); can
perform a CAM search 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 discharge as soon as
V. ©of a MATCH-ing entry reaches V,, and by the expectation that a
Match Line coupled to only a small number (e.g., four) of CAM
entries will have a small enough capacitance to allow FLOAT to
drop rapidly); 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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TID in the circuit 226 of FIG 4d, etc.. As previously noted,
Mat ch- Det ection Period of the control signal MEN generated by 3ﬂi~éUie&QD3
226 of FIG 4d may al so be nodified by altering the Dumy Match-Detection
vol tage. The Dummy Mat ch-Detection voltage nay be set equal to the rea

Mat ch- Dateelieit Y 1iaee dfe tdme i¥ 1t’aResV-E)orblth'e”‘HQF1‘p%h%Eﬂqu t®e latched

functionality of 'the real Match-Detection G rcuit (210 including equivalents

of T3 a 8 f the e NL ) CIrCUIt into
t he NANgﬂggt %%%Ng%&fj “brné?ﬁ@gﬁfrc &Hﬁﬁ%§§%w§%§ﬁ50@t &G4 glf&&? may
be set higher, than the real Mtch-Detectiqn voltage ai‘iand set at

appr oxi | v Sed®hS F@aﬁhéhﬁaPPhéFePﬁeP§ﬁﬂﬁﬂy°¢oFﬂQ&eltt6 efp Loy th
NAND-gate circuitry and to allow for a larger margin of tinme (delay) to

i nsure Maltichb L nvh Vsh-tBatee otfi @n MISSd ivige endryhiteg raBet Kaom gheHLTwsi gnal .
FIG 4a depicts a timng control signal generation circuit 441, that may be
adapt ed viod thhgeudedretlo tupper icotldack-iagy Mtirechols ¥d3ltage HEUthe2@BI CAM
searches. The signal generation circuit 401 has an input termnal to which
the pul seddH,ghs’ @Hovwsi dalriics i3mQUEheThRtRH Pedebi-dbnCPeyigdalknds | at ched
H gh, at output Iine/node EN by the operation of the conbi nation of the

del ay | '13'%%04:%2\)(4 C%‘Prat hF¥E B RPTdrtS Pl i3 L4 By £ I AR Shaly

13, 14, il the tnree- |nput Cross- mnre ansi st or Iatahlné
circuit rys tr I tor stack
T11-T22- gﬁﬂgg) %gﬁgiref% %k% V§&1%%8§% Fgégdhg%ﬁe ﬁ%T%I acked upon

an VEET) THG A 52 WA s et uncl e Lonse chan i :ﬁ;ﬁ' e

time de'%%Jggygézgé¥f§&“%§§)SEIEE1E%|Lb%%oxlﬁgﬁeagtﬁgﬁﬂ Eh%h g&pof t
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 Low relatively slowly because the significant capacitance
of the Match Line of a MATCH-ing entry is being charged through
the ON resistance of Tl. 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 resistance of Tl1. (As discussed below, an effective
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the three-input cross-wired-transistor latching circuit 403 'S1t®Q¢ULr2003
inverted by inverter 19 to produce the search-enabling Low MEN cont
signal that is distributed to the pIurallty of Match Line Controllers (MCQ

and to a Dunny Mat ch-Li ne Controller In an enbodi ment of the
inventio of th el enent, and t e r ure_aqf the nny tch, Line
CbntroFFBP ? FglsﬁﬁgFﬁﬂt &%@iﬁEE Lidere @ TFBLéHt s and

structure of a real Mat ch Line Cpntroller fabricated on the sanme

sem corduEher Mattich Deteabuary Peiod Ly Een@csomed ighed 4y priyvigdimg 2003
generate a H gh Dummy-H T signal (DHIT) that wll pull control signal MEN
H gh (checehy dodi gt ivig chnBatcdctinor Paxiidedbyutibsabldfin@rehédelect

Mat ch-Detection GCircuit 210 of the real M.Cs) through operation of inverter

112 andamMheeldlscin Rirelemtity Rpupladsicst or PREFMATTEIANGE MHET ofA3, WHH n the
cross-wired transistor latching circuit 403. The three inputs of the

Cr 0SS- Wahedyl! rr@‘%'h%t YerAffiNS £ ithelichmt 031868 3C knkaked SL AR | yo

first, the pul Sed-H gh GO signal |s i nput at the gate of transistor

t urni n% -E%)% M#&J&%%@ I %leg& %l%y Oﬁs?’%rgafs@%n%geloaye d HI g'h tﬁal_ilds t%nal

at | at ch-outpu scond an Inver

i nput at the e of tranS|stor T16 turning OFF T16 and tyrning OFF the
T16- 718 ek Ehe SATA T MRy T RoLieer i Ben A IRE O e CE8 IS Bedt 951 ched
H gh at |atch-output node EN; and |ast, a STOP signal (derlved fromthe

Dunmy- K Maich LiingnAnch MepBf FFenFiseonuFhY- waf{-‘leqartf%e@hb?ower DMVLC)
is input at the gates of latch-interrupting transistors PFET T9 and NFET
T22 wi trdeisd sttieeras s -Tii risd-aglaediest daskesgt vpong ther €aM c4gZuither eby
returning the | atch-output node EN to Low, which in turn brings control
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 V,, level may be fixed at a safe margin
below the minimum V, of transistor T10, such that the Asymptote
voltage level equals V, minus a “safety margin.”
The actual asymptotic level of the Match Line Voltage (V)
in a given MISS-ing entry will vary depending upon how many bits
mig-match compared against the comparand. The more bits that
migs-match in a given MISS-ing entry, the lower the asymptotic
level of that Match Line‘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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signal MEN Hi gh (thereby endlng t he Mat ch-Detection Period by d qggnTgﬂgﬁr
Mat ch-Detection Grcuit 210 of the real M.Cs) 45 10JUL 20 h

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 pul sed

hi gh, avglﬁﬂ?ﬁh( y RS a3V ARG Q&&d“ﬂé@éﬁhﬁeﬁx%%%”ke'Qﬁ% EH?%#NHﬁH'O” of
the Match Defection Period o e MEN control signal generated by the

Dol veen EREeBEmivh 1 F AR ERIE L PRS0 RS e i

node EN i s returned to Low, Because this tine interval of t he Hi gh- state of
node ENSLBILBAPEEI Meg-BetrhelBt Fﬁ@r PRETY: neTH'éF§§°RFtﬁFﬁuF‘H€9DEHﬁ!} KRECh
Line Controller, (i.e., the delay between the assertion of the

sear ch- éﬁabsthCEOWfNENesﬂgwar peytike oft pbe wpltageDdaMdRKTiSI gnal), and
because the capacitance (and rise tine) of the Dummy-Match Line is supposed
to be veohwakbhynedqubl thet hegdéapackhdnperfandancsertguerenénthefdht eheli ne
of a real MATCHing entry, the circuit 401 is adapted to provide a

sear ch- gaabhi nenkowaNENGeeat rel, gsi grAbri getasMat el ek esbinoAsPepte€dithat
will be not-less-than the tine needed to allow the Match Line of a real

N“TCH"ﬂgtéﬁtLXnéovBiESgéolébélN?EQ“mE@EQEEQOQn ﬁiéégﬁa(éetgby éélgétﬁﬂg

T8D) at can~be ndt unnecessarily | onger than t rise tine
4% BRSSP PR P ke e Pl
the ON resistance of PFET pull-up-T1).

The size of the weak pull-up Tl may be selected such that,
in the worst case of a single-bit mismatch, the asymptotic value
of the MATCH line is near or below the threshold voltage (V;) of
NFET T10. T1 may be sized by perfoming DC simulations modeling
Tl ON with a cell stack of a single-bit mismatch (e.g., T0-T2 or
T4+T6) holding down the MATCH line through the metal resistance
of the MATCH line. BAn objective is to prevent,K Ti0 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 (V;) of NFET T10 minus
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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" alternative embodi ments of -the invention by nethods including1tgaj£ﬂm£003
nmet hods that were descri bed above as nethods for nodifying the

Mat ch- Det ection Period controlled by the circuit 226 of FIG 4~. The

Mat ch- Det ection Period controlled by the circuit 401 of FIG 4a may

add' ti OB%b%Xebgli‘H@&t g; g)‘;Ft 'E%cﬁﬂBg‘Bb%agggggErh’fgﬁ' h?e %ﬁEFn}{'z@g fignal MEN

, ropa ati o e S|gna BHI T back

to and t verter .19. FI her odi nent ,of the

| vent i GALCHR: DR TRRLCHAELACEDR: FOFI EP BUREPOFSIRALS: aCORISE: of t he
CAM cel I's of the CAM entry, while another Match Line Controller controls

t he~r enBi GHBECHESt BECCAM cel | s of the CAM entry. For exanple, given a
64-bit word wide (X=64) CAMentry, a set of 4 Pre-Select bits (i.e., 4 CAM
cells) are cbhbphedire afstpanatetPreTVhtiehpkioperlwhsktdethedot hbe Batbht s
(i.e., 60 CAMcells) are coupled to a Post-Match Line. In this enbodi nent,

the 4 Prg¢nbelettabet 8foh Mitsenhyi eatayecannpar edstoabbeeCRFERSRROdNg 4
bits of the conparand, and only those entries having MATCH.i ng Pre-Sel ect

bits “‘khr@%h%@@l%BEtE%efUBBBG?L@Q@pééhﬁeﬂ &h&éh&b@e 083P&h§NEhe Match
Statistically, using 4 Pre-Select bits, it may onl be necessary to perform

further %@@%ﬁoﬁe&?g Ne: ﬁxhﬂﬁ%?&?l g I,Caﬁfry%%} ﬁZw in ?ﬂ ?E?ZQ‘E?’

aver age searc -SI xXteen

orer 9y LORkaodbd, et Z§°§?¥$ﬁ26§??§§ %5598%0%%%2%»‘5&%?%5?%'@3{ e

lifetime of th M arrag R& éﬁelon MEN _st ts out H| g MDI S
starts § “Eow ther ¥ps bREe PEERPRECXAGCPBS ﬁ%ﬁ?%ﬁ? r 8oL BRAISFLOAT
is pre charged h; and output HIT is Low At the begi nni ng of the CAM
Search HK¥r) oeff NE‘PQ\Tf'BWs empedifent ohdhe el ot 80 STAcd) reliably

distinguish MATCH-ing entries from MISS-ing entries because the
Match Line of a MATCH-ing entry will rise faster than a MISS-ing
entry, and the 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., Vy of NFET T10). Thus, the circuit will perform
reliably if circuit element parameters and timing signals are
designed such tﬁat the Match Line Voltage of a MISS-ing entry
does not rise to the Match Detection Voltage (e.g., V;) within
the Match-Detection Period. The rise time of the Match Line of a

MATCH-ing entry is a function of the Match Line Capacitance (Cy)
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"(e.g., conprising T13+T55+T48) begins to pull PRE-MATCHLI NE up-ppmands,Mﬁ?
|f the four Pre-Select bits of an entry mismatch against the' U <UL Z
correspondi ng bits of the conparand, PRE-MATCHLINE rises no higher than a
maxi mum asynptotic voltage |level which is (by careful sizing of the PFET

stack STA , 1 sbel.ow the NFET .,y and .nq f.urther conparjisons, are
perfor n@d‘%il%)nteh%t%ié‘ﬂer ﬁ‘rﬁe‘} e(\ﬂ‘k}w ‘g}lec%sérbctturﬂ} s’ ot FHE Y Hat ch
with the corresponding bits of the conparand, PRE-MATCHLINE rises quickly
(becausé&hsr Othgesigtencep &di Parde Wt RO PRECHAPERT &) due WS héhmal |
nunber of CAM cells | oading the PRE-MATCHLI NE), and the voltage on node
MATCHN fainformamtet o€ kdepanverdrisiestadircTds lcavk beONptimiaashibye redue ing
Pre-Sel ect portion of the Dummy CAM array coupl ed 48 10J UL 2003 to a
Dunmy - PREeMNEEHH NE nea € agerdiainee t keds &ye oped whi ;i ngh € hbu om- M TSN nsiegnal
falls and is buffered into MEN,, which shuts OFF T82 and stops the

t hr oughoFuRHRNH AN -ulpe tHaSrsTRiteePFARE YATCHLI NEs, _savi ng power . )
Meanwhi | e, MATCHN, having fallen in the MATCHing entries, turns on weak

PFET pU||-upﬁé§C&%%Fiﬁ% QgEﬁQohiQ%epQﬂHﬁ3%|§%8¥h%A¥%EEP§ QEEOb%nEQ%ller

POST- MATCHLI attenpts to pull , I n exactly tHe
sanme manner. descri bed w th respect to_t Mat ch_Li ne . of e ci.rcuit
dop ot ed HrRRES 3He Trtn it RIRGY e bkl U FfapsiReRy o° ErbARd 1)
di scharge Low.and HT will rise Hgh. \Wile the invention has .heen
parti cul 95Q§h5ﬂﬁ”§ﬁd9&§$5%9&9T\ﬁ FitFerlén8e 246X EHEI BEPVENEEditRent s
thereof, it w_ll| be understood by those skilled in the art that the
f or egoi @PLamRldhddmidr ithe ewgatdooof ther ¥aseheRetasdion: Zerdofay Be nade
therein without departing fromthe spirit and scope of the
plurality 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
MLC, to MLC,, (these Match-Line Controllers will hereinafter be
described as a Match-Line Controller MLC because they are

identical in operation). The CAM Controller 224 may contain
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“invention disclosed herein. 49 1 0 J UL 2003 CLAIMs Ve claini (.JWL 2003
content addressable nenory (CAM device conprising: an entry, including: a
plurality of CAMcells each coupled to a Match Line Pass Gate having a
plurality of legs; a Match Line having a Match Line Voltage and bei ng

coupl ed to t, ch Li s-CGate, such that when an of the Match
Li ne Paf‘s"srC'C‘E’sf‘tmeT ¥s %&déf?ﬁa&?we IR he q? }bdg/riatpe]g“?_%vx?%?’t’% be
| evel ; a Match-Detection Circuit including a Fi eI d Effect Transistor

coupl edinalhdiajiithine nanakbe Nebt ed1E )dernrd tout MAECH s kgnal; MBRier ei n
the MATCH ing entry is characterized by the rise of the Match Line Voltage

from a Hoowadi tegeY | Mateth + bime Mewmirdiel excd iNIC vol tage within a
Mat ch- Det ection Period; and wherein a MSS-ing entry is characterized by

one or nore ﬂw&mm@ec&mml Lé NgnPasseriant £ el o andust (g o NGt he
Mat ch- Det ecti on Period. 50 ~0J UL 2003 2. The device of claim1,

wher ei nridie JMat %P@@Cﬁi@n Abrcaihd 35 adaniRe t aflelfrty & MYGtE NG entry
even i f the Match Line Voltage never rises to ONE-HALF o the Suppl y

vol tagey 3 ca-g%efﬁeiv}} Ctelrﬁ)éd Cé:&llt'[@gl S\'Wgenael rMEN]e wl\ébitc(flh c%er;[terccglls N nd @ar Cu' tis

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 in FIG. 4a. 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 énd/or low-skew MEN _
signal to each set of Y Match Line Controllers among a very large

number (e.g., Y multiplied by L equals N, where L is an’ integer
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adapted to detect a MATCHing entry when the Match Line Voltag éLi E4?BQ§
the conducting Threshold Voltage of a Field Effect Transistor T Fﬂj £ e
device of claim1l, wherein the Match-Detection Circuit is adapted to out put
a HTT signal when the Match Line Voltage (V,,,l,) is equal to or nore than
t he conductin% Threshol d Vol tage of the Field_Effect Transistor (FET) arid
| ess t haRCBNEIHAPPLONEe O3y MRt/ G1ingg £OTS Tl gevdiic @ R T%aiGAY axfayY ei n
the Field Effect Transistor is an NFET. 6. The device of claim1, wherein
the Mat chrbetiéction Circuit is adapted to detect a MATCHing entry when the
Mat ch Line Vol tage 51 ~0J UL 2003 ,) is equal to the conducting
Threshol d Volrhageoeft ridie shiglad HedneatatToansiiscod t( BET) shaneh wheraion tdwe FET
is an NFET. 7. The device, of claim3, wherein the Match-Detection Crecuit

i s adaptgdqgigveut Pyt theHsl stiegnall Juren ighe 1Met ekl ibpe 1Yol tidge e VMng i
bet ween about 100 percent and about 166 "percent of the conducting Threshol d

Vol tageNR&Dt-g;%t'éEﬁqu%l Dg %ec‘él] ¢l i il Mebn WG %‘iransﬁem'é{%tc hylelection
Circuit 1's coupled to a Cont o Ssignal generation circuit that generates a
control _si_gnal erein.the control si.gnal .is,adapted.to enahle the,

VAt ch DEDEREEGNO8 reBLr  PKE BEGrAing OF THE RAECH BoPlceitn B idt, and
is further adapted to turn off a through current in a MSSINGentry at the
end pf ERECRREcH-lBMSSAEteN PaY ithe tdMitge ddegrarsoPicFalPm ¢S -whéfein t he
Mat ch-Detection Period is less than twice the inherent period of tinme it

t akes fdrlusgrRizech in FdCGv/oldcadgdcofcontmaICaiongleMENy generadety dmomhdhew

clock signal by the circuit of FIG. 4b falls to a logic Low level
following ( time period t, after) the High-to-Low transition of
the clock signal CLOCK, but returns to a High voltage at a finite
period of time (t,) after MEN_ falls to Low, independent of the
subsequent clock signal transition. Time period t, is a
propagation delay through the inverter Il11l. Time period t, is
the sum of the propagation delay times of the plurality i (where
i is an odd integer greater than one) of inverters connected in
series (e.g., inverters I12-I13-114). The time period .
represented by t, is effectively the Match-Detection Period
during which the CAM search is performed with the Match Line
Controller enabled by MEN_ being Low. Therefore, the

propagation delay times of inverters (e.g., I12-I13-I14) and/or
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voltage | evel to ONE-HALF eof the Supply Voltage. 52 1 E)l Q»thaﬂBUBO.
The device of claim8, wherein the Match-Detection Period is |l ess than the
i nherent period of tinme it takes for the Match Line Voltage of a MATCH i ng
entry to rise fromthe Low voltage level to a High voltage |evel equal to

about géﬁﬁgg‘ eqngl Vi ¢ ai rein
t he Nh?gﬁ? tect%%gléget%%PPéy?gggit aﬁff%ﬁyg¥?%€§ t%ﬁoﬁ% e%gngégggﬁg

time it_takes for the Match Line Voltage of a entry i se fron1
the: Lo driS gt Taber Q6E SORFEEQoTPaRes) S0 erobtlar TErabbue @b phFcent o
t he Su%FIy Vol tage.  12. The device of claim8, wherein the Mtch-Detection
Peri od NatlytDer ek kN t Rakiefe 1ﬁﬁ%r%ﬂ?uﬁérl%ﬂrd¥e¥¥%ﬁl¢td?%ﬁ%%l?ﬁrofhé ,
Mat ch Line Voltage of a MATCHing entry to rise fromthe Low voltage |eve
to a vOARGE inyedneyyadnd of abooutpBot peg cantatthalpke ddhbuesigmgl Thardhol d
Vol tage of the FET. 13. The device of claim8, wherein the Match-Detection

Peri od sisorotegsesii efo t hadutbeuhnbes esirpethosugh - dhreent s t bkas1 §or ihge
Mat ch Line Voltage of a MATCHing entry to rise fromthe Low 53 10 J UL

2003 voliggeed eveh 40c8rdfhta0RiLRVELLESANES SPOe Jgﬁe@@ﬁ@emv@ﬁtiaﬁ
conducting Threshold Voltage of the FET. , 14. The device of claim8

wherei n the At gheDet ot jong Per f o 'rﬁap%e%ﬁ&sdawnlwm@@emn&h@e“Od

of time it t outpu
circuit 411 of FIG. 4b to introduce a propagation delay (t,) and

to provide an inverted CLOCK signal to the next stages of the
signal generation circuit 411. The inverted clock signal
(output from inverter I11l) is branched into two lines, one line
being connected directly to the input of a series of inverters
(e.g., 112, I13, Il1l4) and the other being connected to one of two
input terminals of a NAND-gate NANDl1l. The output of the last
inverter (e.g., I14) of the series of inverters (e.g., I12, I13,
I14) is connected to the other of the two input terminals of the
NAND-gate NAND1. The signal generation circuit 411 outputs a Low
(search-enabling) timing control signal MEN_ during a Match
Detection Period that is approximately equal in duration to the
propagation time delay t, of the series of inverters (e.g., I1l2,

I13, I14) within each cycle of the CLOCK signal, thereby enabling
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15. The device of claim8, -wherein the Match-Detection Period ﬂsOId&kLtZﬂﬂB
the inherent period of tinme it takes for the Match Line Voltage of a

M SS-ing entry to rise fromthe Low voltage | evel to the conducting
Threshol d Voltage of the FET. 16. The device of claim9, wherein the end of

the Mat chPetgRmt | 'oggi Cﬁe Rz g e of % on a
y AGTEC R KRR g B HAFTBERE BlpPhga g1’ che dond
A Ae Ae. As, . AYUR. AuF, . Ah h &g Ak f A?. Au, . A A
. A@ AURCARBCKs RERAMERSY A ABDHT: AR eArqlﬂmﬂ csag;lero s it a ey T5pa A A
A LA DAY LA LA LA A{.Ah LA LA LA, 0L
ZTYBL_ " Yighnheve]l cRréarcaPcapeh] sapeahcunEal csheapeapaaptiprapedprakéalkcal
a] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] cRa] c&a! 8<K Ka
t, of inverter I1ll (in FIG. 4b) elapses after the transition of
the level of the clock signal CLOCK from High to Low, and MEN_
then goes to a Low (search-enabling) level and thereafter stays
Low during a Match-Detection Period t, approximately equal to
propagation time of the series of inverters (I12-I13-I114).
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 latched. The Match-Detection Period may be
, extended to insure that the HIT (True) output of the MLC is
aggerted long enough to be latched. The HIT output signal wmay be

latched High well beyond the end of the Match Detection Period by

circuits known to persons skilled in the art.
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83100448 () - $10%H& () - y#10%4& () - " 10%4& ()-$10%4 ()- 10 a dYNC 10 10H 10H

10H2s 1090 (), - S % Pty "1 s VIR I EUEE Y w8hhitar to corresponding
transistors (i.e., T1 and T8) of the real Match Line Controller
(MCL) . The Dummy Match Line is coupled to a plurality of Dummy
CAM cells 201D, each of which is adapted to contribute to the
Dummy 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 cells 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.

In an embodiment of the invention wherein the DML is coupled
to X Dummy CAM cells, the internal XNOR-gate of each Dummy 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 that matches. The DML will therefore rise at a rate
equal to the slowest possible Match Line of MATCH-ing entries,
thus insuring that the Match Detection Period is long enough for
a MATCH-ing entry on a real Match Line to be réliably 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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f,YlO%S“&P(l?eé%% TOBR: ?)Vk%%%@é%@ﬁ N%:ﬂllomanner as a Match Line of a

real MATCH-ing 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, has elapsed, where t, is the propagation delay
time through inverter Ill. The Low voltage level state of MEN_
continues until the time period t, elapses. When the time period
t, 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, 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 controlled by the circuit
226 of FIGs. 4d and 4e wmay be intentionally modified (i.e.,
shortened or lengthened) in alternative embodiments 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 T1D; and/or 3) by changing the pre-charge
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109% & ( EOGARSC ORD OPHEdUNg (Onez opp'more Dummy CAM cells, and/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,) by adding dummy CAM cells (e.g.,
adding dummy CAM cell X+1) 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 T8. Similarly, the Match Detection Period (i.e., t,) may be
effectively 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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the Dummy Match-Detection voltage. The Dummy Match-Detection
voltage may be set equal to the real Match-Detection Voltage
(e.g., Vip =Vy;) by incorporating the functionality of the real
Match-Detection Circuit (210 including equivalents of T3 and T8
and I2) of the real Match Line Controller (MLC) circuit into the
NAND-gate NAND1l. Alternatively, the Dummy Match-Detection
Voltage may be set higher than the real Match-Detection Voltage
(Vyp) 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 reliable 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 support clock-asynchronous
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input is active for longer than the total propagation delay of
the delay line (inverters 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 I9 to produce the search-enabling 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 embodiment of the invention, all of the elements and the
structure of the Dummy Match Line Controller (DMLC) are
substantially identical to corresponding elements and structure

of a real Match Line Controller fabricated on the same

semiconductor chip.- The Dummy-Match Line Controller will
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while T16 is ON, thereby asserting a latched-High GO signal at
latch-output node EN ; second, an inverted time-delayed GO signal
is input at the gate of transistor T16, turning 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-Match Line Controller, DMLC) is input at the gates
of latch-interrupting transistors PFET T9 and NFET T22 within the
cross-wired-transistor latching circuit 403, thereby returning
the latch-output node EN to Low, which in turn brings control

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

disabling the Match-Detection Circuit 210 of the real MLCs)
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time interval of the High-state of node EN is controlled by the
effective time-delay within the Dummy-Match Line Controller,
(i.e., the delay between 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 rise time)
of the Match Line of a real MATCH-ing entry, the circuit 401 is
adapted to provide a search-enabling Low MEN_ 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 T8 and T8D), and that
can be not unnecesgsarily longer than that rise time. The Match-

Detection Period controlled by the circuit 401 of FIG. 4a may be
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line carrying signal MEN , and by the propagation delay of the

feedback path of the signal DHIT back to and through inverter I9.
FIG. 5 depicts another embodiment of the invention, wherein
a Match Line Controller controls only a subse£ of the CAM cells
of the CAM entry, while another Match 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 other 60 bits (i.e., 60 CAM cells) are coupled to
a Pogt-Match Line. 1In this embodiment, the 4 Pre-Select bits of
all entries are compared to the corresponding 4 bits of the
comparand, and only those entries having MATCH-ing Pre-Select
bite will be subject to further comparison with the comparand.
Statistically, using 4 Pre-Select bits, it may only be necessary

to perform further comparison on one-sixteenth of entries in the
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(e.g.’, comprising T13+T55%+T48 beglns o pull PRE MATCHLINE up

towards V.

If the four Pre-Select bits of an entry mismatch against the
corresponding bits of the comparand, PRE-MATCHLINE rises no
higher than a maximum asymptotic voltage level which is (by
careful sizing of the PFET stack STACK1l), well below the NFET VT,
and no further comparisons are performed 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 small
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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10@6&T(&ﬁzggYQ¥E%%fgslgg %gillotf§88T 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,
FLOAT 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 wvariations in form, arrangement and details may be made
therein without departing from the spirit and scope of the

invention disclosed herein.
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a Match Line having a Match Line Voltage, and being coupled

to the Match Line Pass-Gate, such that when any leg of the Match
Line Pass-Gate is conducting the Match Line is coupled to a Low
voltage level;

a Match-Detection Circuit including a Field Effect
Transistor 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 voltage level to a Match-
Detection voltage within a Match-Detection Period;

and wherein a MISS-ing entry is characterized by one or more
legs of the Match Line Pass-Gate being conducting during the

Match-Detection Period.
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4, The device of claim 1, wherein the Match-Detection Circuit is
adapted to output a HIT signal when the Match Line Voltage (V)
ig equal to or more than the conducting Threshold Voltage of the
Field Effect Transistor (FET) and less than ONE-HALF of the

Supply Voltage.

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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8. The device of claim 1, wherein 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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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 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 150 percent of

the conducting Threshold Voltage of the FET.

13. The device of claim 8, wherein the Match-Detection 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 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

Dummy Match Line to the Match Detection Voltage.
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