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LOW POWER CAM MATCH LINE CIRCUIT

BACKGROUND OF THE INVENTION

- Technical Eield

The invention relates generally to content addressable
memory (CAM } devices, and more specifically, to the design and

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

Related aArt

A Content Addressable Memory (CAM) is a deﬁice adapted to
: perform fast (e.g., s1ngle clock cycle) searches of list based
data stored in a plurallty of locations called entrles.

As deplcted in FIG. 1, a CaM cell 101 dlffers from a Random
'Aecess Memo:y-(RAM) storage cell in that a CAM cell adds a
comparison l&gic circuit to every memory ée11; to pfovide the
coﬂtent-add;%Ssable functionality.: Unlike RAM arrays,-a}lﬂdata
ﬁoids in the word storage locations (i.e., ehtries) of a CAM
array wmay be simultaﬁeousiy compered:with a search word (i.e.,
comparand) stored in a comparand buffer. This added
functionality generaily raises the component count in eac¢h cell-
by the number of transis;ors or other compenents/cireuit elements

needed to perform the comparison function, but adds a' "parallel



processingﬁ characteristic to the CAM memory array. Many CAM
arrays generally include a plurality of pass-transistors (e.g.,
PT; in FI6. 1A, where j = 1, 2, ....X) connected in parallel and
connected between a Match Line and ground, to form a distributed
Match Line Pags-Gate. | |

The CAM Match Line Pass-Gate is a distributed pass-gate
comprised of the plﬁrélity of'parallei'Passzransistors or a

plurality of parallel Pass-Transistor-Stacks which are connected

to the Match Line. A CAM cell may comprise a pair of Pass-
‘Transistor-Stacks that together perform a logical XNOR comparison

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

comprised of 2 or more transistors connected in series between

thg Match Line and ground, forming a leg of the Match Line Pass-

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

NFETs or PFETs or a combination'of'these types of.Field Effect

Transistors (FET).
Tn most CAM circuits of the related art, as in FIG. 1, the
Match Line functions as a capacitor having cépacitancé (C) that

is pie-charged {e.g., through pre-charge transistor Tyc) to a

' logic High voltage (é.g.} Vdd)'priof to each search, and the

observable event on each Match Line will be a MISS (the logical
opposite of a MATCH which is also called a HIT), which will cause

the Match Line voltage to drop {(discharge towards ground.voltage)



L]

o\;

)

from the pre-charged High voltage to a Low voltage ﬁhrough the
Match Line Pass-Gate. |

In the case of é MATCH-ing entry, the Match-Line pass-gate
(i.e., comprised of all of the pass—trﬁnéistor stacks connected
in'parailel'tb the Match Line) of the MATCH-ing entry will remain
OFF (i.e., non-condutcting). Therefore, the pre-charged Match

Line of a MATCH-ing entry will remain High in-the MISS—détedting

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

the related art, the Match-sensing hardware designer is faced
with the problem of detecfing the lack of a Match Line voltage
change, which includes challenges in defining reliable strobing

protocols and sensing margins necessary to activate a reliable

' MATCH or HIT output signal.. .

In the Match Line systems of the related art, as the size

(i.e., width X) of the binary'word storable in each entry

' increases, the capacitance of each Match Line generally increases

proportionately. Because the energy consumed'(Eam) by the

complete discharge of a capacitor (e.g., a Match Line) is equal

'tojlfzcmgxf, where C is the capacitance and V., is the Voltage

across the capacitor, the energy consumed per search by each MISS
(e.9., Eyes=Eump) with this Match Line system can increase |
approximately p:oportionally with the'increased éize (X) of the
word storable in the CAM entry. - Additionally, the energy

consumed by most of the CAM circuits of the related art is
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‘directly proportional to the frequency of searches, and therefore

the Power consumed and heat generated.during operation of the
ﬁiss-detecting CAM circuits (e.g., 102 of FIG la) of the related
art geheral;y increases with increasing search frequency.

Althoﬁgh‘some attempt is made in the relatéd art - -to minimize
the energy lost upon each Miss‘evenﬁ in each search, e.g., by
minimizing the Match Line Capaciténce Cy: OY by preventing the
Match Line from completely discharging the entire pre-charged
voltége (e.g., Vgp), these methods still generally fail to
prevent the energy consumed in each MISS from increasing in
proportion with'incxéasing size (i.e., width X) of words in each
entry and wifh increasing frequency of searches.

A different approach, a Match event detectlon approach, is

disclosed in the 1999 Japanese Patent No. JP11073783, issued to

’Yoshlakl, wherein ‘each Match Line in the disclosed CAM is pre-

chaxggd Low (e.g., at or near:groﬁnd), and raises above a Match
Detection Voltage (V,,) only upon the'océﬁrrence of a MATCH of

all bits in the entire entry-assoéiated with that Match Line.

Th¢ YéShiaki patent teaches fhat a CMOS Inverter (19) (presumably
comprisihg a PFET fransistor étacked upon an NFET trahsistor)'
driven diréctly_and only by the Match Line vbltage‘(Vh) is to be
used to detect the.occurrencé of a MATCH-eventfon the Match Line
of a MATCH-ing entry, ana that a HIT signal will be output from

the CMOS Inverter 19 when the CMOS Inverter (19) switches in
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response to the Match Line voltage (Vy) rising to or above the
Match Detection Voltage (V,,). Consequently, the Match Detection

Voltage (V,,) of Yoshiaki can not be less than the CMOS Inverter

Switching Voltage (Vaesrs) Of the CMOS Inverter 19, which may

. eqﬁal.or exceed One-Half of the Supply Voltage (Vee/2) in order

to reliably register a HIT. The Match-event-detection circuit
and method of Yoshiaki consumes energy (e.g., by through-currents
through all MISS«ing entries) for an excessive period of time
after a MATCH-event. |

The explosive growth and increasing spéed of Intranets and
the Internet is fueliné-the demand for larger, faster, and moré
energy-efficient CAM circuits. The large-CAM'memory-arréys of
the related art can consume multiple watts of power during
performance of gearch operations. As the length N and entry-
width X 6f CAM arrays contihues.to increase -and searching becomes
more frequent, ﬁhe neéd to reduce tﬁe power consuhed.during CAaM

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. Acégrdingly, the present

invention provides, inter alia, an improved Match-Detection
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Circuit and Match—detection method, for searching a Content

Addressable Memory. An embodiment of the invention provides

Match Detection circuitry and a method of operation that can

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

Binary/Terﬁar&/Global Masking CAM cells; SRAM/DRAM CAM cells;

'NFET/PFET CAM cells) while providing reduced energy consumption

and other advantages over the related art. .

The inventive CAM system achieves its search performance by
simultaneously comparing all entries in the CAM membry with an
ex;ernally applied "comparand." Words stored in the entries of

the CAM array which "match" the comparand result in a Higher

'-voltagé-on the Match Line and conseqﬁéntlx the HIT line voltage

(Vy) rises to a logic Highﬂvpltage jevel, while all stored words
that contain even a.singlé bit that mis—matchés (i.e., does not

match)fthe comparand’s cérresponding bit result in a Match line

Low voltage (false) (and HIT Line Qoltage (Vy) stays Low). The

Match Detection Vblrage (V,p} of the present invention is the

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

the Match Llne: The Match Detectlon Voltage Cmm) of embodlments

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 1ng entry is turned off
completely by a carefully timed control 81gna1 at the end of the

Match Detection Period and relatively soon after a MATCH-ing. '
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entry is detected or is reliably detectable. Circuits for

generating the specially timed control signal to turn off the

~ through-currents of MISS-ing entries are disclosed.

Accordingly, a first aspect of the invention provides:a'
content addfeesable memory (CAM) device compfising: an entry that
-includes a plurality of CAM cells each ceupled to a leg of a
plurality of legs of a Match Line Pass-Gate and e Match Line
having a Match Line Voltage, end being coupled to the Match Line
Pass—Gafe, such that when any legs of the Match Line Pass-Gate is
conducting the Match Line is coupled to a Low voltage level; and
further comprising a Match- Detectlon Clrcult including a Field -
Effect Tramnsistor (FET) coupled,to the Match Line .and adapted to
detect a MATCH-ing entiy ) | o ‘ .
wherein the'hATCH-iﬁg entry is characterized by the rise of the
Match Line Voltage from a Low voltege level. to a Match-Detection
voltage within a Match-Detection Period.

A second aspect of the 1nvent10n prov1des an 1mproved Match-
detectlon circuit for a CAM entry comprlslng a Field Effect
$ransistor.(FET), the gate of the Field Effect'transietor being -
coupled to the Match Line and the FET being adapte& 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 cbnducting

Threshold Voltage of the FET.
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A third aspect of the invention pfovides a digital system,
such as for example, a computer, or a network router, comprising
a digital processor operatively coupled to a CAM array; the CAM

array having Match-detection circuits including a FET as in the

_forgoing asﬁect of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
Thé exemplary embodiments of the preseﬁt invention will
hEréinafter be described in conjunction with the appended
drawings, Qhere like designations denote like eleme?ts, and:

Al

FIG. 1 depicts a circuit diagram of a Content Addressable

| Memoxry (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 Matech 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 cqmbrised of_plurality_of
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entries and Match Lines coupled to a plurality of the inventive
Match Line Controllers in -accordance with embodiments of the

present invention;

FIG. 3a depicts a timing diagram of an embodiment of the
inventive Match Line Controller depicting an exemplary timing
relationship of the control signal and MATCH and MISS and HIT-

output ;

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

inventive Match Line controller depicting exemplary.control

signal and MATCH and MISS and HIT-output timing;

FIG. 3ci 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;
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FIG. 4a depicts a circuit diagram of an inventive timing
control signal generation circuit -including a Dummy Match Line
Controller and coupled to a plurality of inventive Match Line

Controllers.in accordance with embodiments of the invention;

FIG. 4b depicts a circuit diagram of an alternative timing
control signal generation circuit including a NAND-gate and a
puffer-delay line for controlling a plurality of inventive 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 plurélity_of inventive.

Match Line Contréllers in accordance with embodiments of the

“invention;

FIG. 4d depicts a eircuit 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
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FIG. 4e depicts a circuit diagram of the timing control
signal generation circuit of FIG. 4d coupled to a plurality of
inventive Match Line Controllers in accordance with embodiments

of the invention;

'FIG. 5 depicts a circuit diagram of an alternative
embodiment of the inventive Match Line Controller of FIG. 2a
wherein an inventive PRE-MATCH LINE circuit enables the CAM

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

FIG. 6 depicts a representative digital system including a
'CAM'array operated in accordance with an embodiment of the

‘present invention.

. DETATILED DESCRIP'I_‘ION_ OF INVENTION

The-invention provides, inter alia, a Match Line Controller _
including en improved Match-Detection Circuit, for detecting’

MATCH-ing_entries'in a Content Addresseble Memo;y.arfay; A CAM
‘array 221, as depicted in FIG 2b, stcriﬁg N data words (i.e.,

having N “entries").has N Metch Lines (e.g.,iwﬂg, ML, , MLZ,.. MLy

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

11



entries that are controlled per Match Line Controller circuit; L
is an integer represeﬁting the number of Match Line Cbntrolier
circuits per CAM array), one Match Line for each entry, each
entry having a unique n-bit (n#BASEZLogN) address within tﬁelCAM,.
In an embodiment of thé invention, each entry and Match Line
combination is coupled to a Match Line Controller MLC that
includes a'Match—Detectién Circuit 210, as depicted in FIG 2a.
FIG. 2a depicts an embodiment of the inventive Match Line
Contrpller (Mpc)-incluaing_an improved Match-Detection Circuit
(210) coupled to a Match Line that is coupled t6 an exemplary
{e.g., ternary) CAM cell 201.'The CAM cell is comprised of two

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

- CELLT) and ‘has an XNOR function realized in two NFET transistor

- stacks (T0-T2 and T4-T6). Prior to a CAM search operation,

control signal MATCHDETECTION-ENABLE-NOT (MEN ) is High, theréby

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

(i.e., initial) High state of control signal MEN_ also pre-

' chafges 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



N

Line Controller coupled to a'MATCH-ing entry will detect the

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

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

Line Controller way be generated by the inventive timing cantrol
signal generatioh circuit depicted in FIGs. 2b, 4a, 4b, 4d and
4e.

The function of the inventive Match-Deﬁecting Match Line
Controller (MLC) of FIG. 2a may be better understood in a broader
context, as an element of~the\1arger ciréuit of FIG. 2b. FIG. 2b
depicts an exeﬁplary arrangement of the inventive Match Line
Controllér (MLC) ip connection'wiﬁh a’'CAM array 221 having a CAM

controller 224 which may contain the timing control signal

_ggnération circuit (i.e. timing controller 224) for generating

and asserting the.MEN; control sidgnal to the inveﬁtive'Match Line
Cdntroller'MLé. The output'of-the timing'déntréller 2éé is
transmltted to each of Y Match-Line Controllers Nﬂ&; To MLCLl,
each of whlch contains Match-Detection Circuit 210 for detecting
a MATCH-ing word stored 4in the ¥ entries of the CAM array 221
according to methods of the present invention.- The Match ﬂine
Controllers MLC,-MLCy., aré.donnected to the ﬂatch'Lihes ML, TO

MLy, respectively, and are identical in construction with each

3



6ther, and. may be referred to collectively herein as MLC. To
each of the Match-Line Cohtrolléts MLC,-MLCy., there is input the
timing control signal MEN_that is generated by the Timing _
Controllér fe.g., 226)'when-the CAM search oberation.is to'ﬁe

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

~differential Search Lines inputs (e.g., SLO and its complement
- 8LO_) which are coupled to the comparand buffer 228. Each

- horizontal CAM entry is coupled to a Match Line (e.g., MLy} which

in turn is coupled to'a Match Line Controller, as depicted in
FIGs. 2a and 2b. A "Worxd Line" input may be coupled to all the
memory cells of each entry, and BIT LINES may be coupled to each

cell .of the entry, to sﬁpport'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

épnnected to an Address Output Circuit (AOC). The Address Output

Circuit (AOC) is comnected to the output of each MLC such that it

can latch a “HIT” High signal which maf be output from one or
more of the Match-Line Controllers MLC, to MLC,, where the CAM
search operation detects a MATCH-ing entxry. The HIT'signal can

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

14
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Set/Reset latch. The MLC will output a logic High “HIT” signal
.when the Match-Detection Circﬁit 210 of the MLC detects that the
data word stbred in a CAM entry is identical to (i.e., matches)
the comparanq.storéd in the comparand buffer 228. The.Aoé.then

oﬁtputs the address of the'MATCH-ing CAM cell entry as a match
address MATCH-ADDRESS.

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

The Match Detection Period bégins when the control signal MEN_
input to the MLC falls to Low. It is assumed_that before' a
reliable HIT can.be output during the Matqh betectién Period,
"data to be searched shall have been étored iﬁ-each.content
 addressable meﬁory (CAM)_cell_201 of a plurality of entries.of
;the CAM array 221, and.a-comp&r#ﬁd:shall_havé'béen stored in the
comparand buﬁfer 228 such thaﬁ the 2X differéntiél seéfch lines
{e.g., SLO, .SLO_, SL1, Asm,_, sLé, sL2_, SLx, Slx_; where (x =
X-1)) are asserﬁed wifhin the Match Detection Period. The Match
Detection Perioa ends when the control signai MEN_-transitions
from its Low-(searéh—enablihg) voltage (i.e., logic Low voltage)
- back to the initial (pre-search) High voltage. Thé qptimization

. of the length of time (t,) between the beginning and end of the

15



Match Detection Period is discussed in other sections of this
disclosure.

Referring again to the embodiments of the inventive Match

Line Controlier depicted in FIG. 2a, the initjal (pre—seareh)

logic HIGH voltage on the MEN_line presents a logic HIGH voltage
at the gates of both of étaeked_ transigtors PFET T1i and NFET T8
and at the input of inverter 11, thereby causing PFET Tl to be
initially OFF (i.e., non—conductipg), and causing NFET T8 to be
initially ON (i.e., condudting){ and causing pull-up traneistor
T3 to be initially ON, while T10 is initially OFF (due to the Low
pre-charge voltage of the Match Line due to T8 beiné ON) .
Inverter: Il may be formed by a stacked NFET-PFET palr, or by any
other equivalent 1nvert1ng 01rcu1t known to persons in the art.
Alternatively, inverter Il may -be eliminated in an altermative

embodiment, (e.g., by implementing T3 as a NFET, which will

'operate rellably if the supply voltage (V,c) is high enough to
_compensate for. the larger effectlve sw1tch1ng 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 -

simulatien with a supply voltage (V,) as low as 1.0 volts).

16
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The electrically conductive Match Line of each CAM entry
inherently has a capacitance Cq and is connected to eéch éf the
stacked control transistors, (i.e., pull-up transistor T1 and
pulldown‘tr@nsistor T8), and to the plurality of the legs 6f.the
distfibuted pass-gate on the Match Line (e.g., pass-transistor-
stack T0-T2 and pass-transistor-staék T4-T6). The Match Line
Pass-Gate functions as a logical Noﬁ—gate during the Match
'Detection'ﬁeriod such that the Match Line Pass-Gate (NOR-gate)
will cqnduct, thereby‘holdihg the Match Line (the effeciive NOR-
gate output) at a 1ogic Low voltage level (indiéaﬁing 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., XNOR1) {e.g., -'I'O—T2_and T4-T6 of the exempléry CAM ;:'eil
2011, an@ of each CAM cell in a CAM éntry, functiéns as one 1eg'.
of the Match Line Pass-Gate ‘(i.e, NOR-gate).

As g&evieﬁsly’mentioned, prior to.a search (ime.,,befbre thé
Match%Détéctién Period wherein MEN_ is Low) the MAICH LINE is.
pre-charged to (i.e., pﬁlled dowh fb) a Low voltage level (e.g;,
ground) through NFET T8, while PFET T1 is. OFF. kThe Match Line

. of a MISS-ing entry may also be pulled down to logic Low voltaéé

17
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;prior to a search by one or more legs of the Match Liné Pasg-
Gate;'because it is not necessary that the Search Lines be pre-
charged Low). Because the MAT&H LINE is coupled to the gate of
NFET transistor T10, the initial Low voltage level on the.MATCH
LINE causes flo"to be non-conducting (OFF) prior to the search.
Meanwhile, prior to tﬁe search, the output of inverter Il asserts
é-pqw voltage level at the gate of PFET T3, thus céusing T3 tb be
conducting (i.e., ON}. The initial combination of T3 being ON
{(i.e., conducting) and T10 being OFF (i.e., non-conducting)_pre-
'charges the FLOAT node initially to a loéic HIGH voliage level,
ﬁhich in'tﬁrn brings the output of the inverter I2 (whi¢h has its
input connected to the FLbAT node) to a logic Low voltage, which -
indicaﬁes the absence of a logical HIT True condition ki.e.,
- HIT;FALSE) By asserting Low voltage 1eve1 on the HIT line prior
to the Match Detection Period. It ié.w§rthy of note that-the
| FLOAT. line hés a finite cépaéitance such that if subsequent to
'establishihg the initial High_voltage pré—charge condition, T3 is
tﬁ;ned OFF (while T10 rewains OFF), thé HIGH pre-charge voltage
-On'the FLOAT iing will continu¢ and the output of inverter I2

coupled thereto will continue to indicate the absence of a

18



logical HIT True condition, by asserting a Low voltége level on
the HIT line. o

It is assumed that at the beginning of and during.the Mgtch-
Detection Pgr;od, ﬁhe memory cells (e.g. CELLf-and CELLC ) énd
the Search Lines (e.g., SLC, SLT) of the Entry of the Match Line
aie ﬁroperly powered aﬁd are static to enable a rgliable search
-sﬁch that each of the legs of the pasé-gate (e.g., the XNOR
transistor stacks) will be either conducting (ON) or non-'
conducting (OFF) depending only upon the loglcal values of the
data bits stored in the memory cells and the logical value of the
comparand bits represented. on the seaich lines.

If the entry_céntains a_match compared against fhe search
data  (i.e., comparand), then none of the pass-transis;or;stacks
ké.g. XNOR1 NFET stacks} in the CAM celis connected in'parallel.
to the Mgtch Line will be ON {i.e., conducting), and “current
rﬁnning'into_tﬁe Ma;ch Line during the Match Détection'éeriod
will pull the MATCH LINE voltage fmm) up. Evenfuaily, the Match
Line Voltage (V) Will exceed ﬁFET T10's th:esﬁold-voltage (vg;
‘and NFET T10 will begin_to conduct. FLOAT will be discharged Low i
_-through NFET'TlO,_and the'HII outpﬁt_of thé-MLC will rise to True

.(i.e., Highhlogic voltage) as the dropping voltage of FLOAT is
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inverted by Inverter 12.. If the CAM entry contains a mismatch
compared against the_searcﬁ data (i.e., comparand), then at least
one of the pass-transistor-stacks (e.g. XNOR NFET stacks) in the
CAM cells cqnnécted in parallel to the Match Line will be Oﬁ
(é.g., T0-T2 OR T4-T6), and the Match Line Voltage will be held
Low through the at least one of the pass-transistor stacks.

At thé beginning of the Match-Detection Period, the control

signal voltége MEN_ drops'from the initial HIGH voltage level to
a search-enabling Low'voltage level and remains Low'during the
Match Detection Period. When the voltage on the MEN; line falls
from High to Low at the bedinning of a search, the gates of |
.frapsis;ors T1 and T8 ére_pulled Low, thereby turning PFET Tl ON
{i.e., conductingj aﬁd ﬁurniné NFEf TB-OFF“(i;e;, non-conducting)
such that the MATCH LINE is‘eiectrically connected £o_the Supply
Vbltage, and electric current will flow through T1 into the MATCH-
LINE which had been pre-chargéd to a lower voltage level. At.
' approximately the same time that currént begins to flow info the’
MATCH LINE through T1, the FLOAT node pull-up transistor PFET T3
'ié turned OFF'(non-conducting).In the circuit of FIG. 2a this is
because the inveréer I1 has inverted the Low voltage search-

enablihg control signal now asserted on the MEN_line, and the
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small capacitance of the short line coupled to the gate T3 does’
not significantly delay the switching of T3 (OFF). However, the
.FLOAT node pull-down transistor NFET T10 will not turn ON
immediately:(i.e., not at_the beginning of the Match Detection-
'Periqd).eveﬁ.if there is a MATCH in the entry wmaking all the legs
of the Match Line Pass-Gate OFF, because the capacitance € of
the Match Line is significantly large. If the entry is a MISS,
at.least one leg of the Match Line Pass-Gate will be conducting,
and will thefefore hold the Match Line to the logic Low voltagé
level (at or below an asymptotic.level). Therefore, for a finite
period of time at the beginning of every Match-Detection Period,
both trénsistors T3 and T10 Wili be OFF (non-conducting) and the
. FLOAT node will be_floating'és a'émall capacitér at tﬁé_initial
1ogic High Pre-charge voltage, and the HIT output of inverter I2
coupled thereto will cohtinﬁe.td indicate the absence of a HIT‘
(i.e., a_logié_Low voltége}. fhe preliminary logic High voltage
floa;ing state of.the FLQAT'ﬁode within the Match;Deteétion
Period facilitates the‘detectiop of a.MATCH-event én the Match
Line by NFET transistor T10 with a Match;Deteqtion Vbltage.less

than ONE-HALF of the Supply Voltage, and eliminating the
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deficiencies of employing the stacked NFET-PFET type INVERTER
pro;ided for Match-event detection in the related art.:

Becaﬁge a MATCH-ing entry may be detected (and output'as a
HIT) by the inventive circuit as the result of a tranéitioﬁ'of
only one transisﬁor (i.e., NFET T10) from OFF to ON, the inhereﬁt.
Threshhold Voltage (V;) of that one transistor is the lower bound
of the Match-Detection Voltage (V,;) of the §resent invention.
in the circuits of the related art that rely upon a.CMOS.Invefter
(comprising an NFET stacked in series with a PFET) to detect the
MATCH-event, the lgwér bound of the Mageh;DetectionlYoltage
thereiﬁ is approximately the mid-voltage point betﬁeen Supply

Vbltage and ground, which way be many times higher than the

éonducting,thréshold'véltage Ve of an NFET. Thus, the preéent

- invention cari 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 regquired Match Detection

| Period, and reducing the enérgy (Eue) 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 (Imjfih MATCH-ing and MISS-ing entries in an

*

embodiment of the inVention is illustrated in FIGs. 3ci and 3cii
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respectively. As illustrated in FIGs. 3ci and 3cii, the
invention provides a contfol signal that is adapted to enable the
Match-Detection Circuit at the beginning of the Match-Detection
Péfiqd, and -is further adapted.to turn off a Match Line th?ough-
current (Im)‘in a MISSING-entry at the end of the Match-
Detection Period.

The Match Line Current (I,,) passes thfough weak pull-up
‘transistor T1 in both MATCH-ing and Miss-ing entries during the
‘Match Detection Period. At a-beginning'portion of the Match-
Dgtection Pe?iod, the Maﬁch Line Current (I,) of MATCH-ing énd
MISS—ing.entries wili be approximately the same. The Match Line
‘Current I, of a MATCH-ing entry will #hereafter decreaée duriﬁg
the_Matéh-Detec?iqn Periéd as a funqtion'qf the increasing Match
" Line Voltage (Emj,'beéause the Match Line is charging aé a
capacitor. The Match Line.CurrentlIm{of a MISS-ing entry Will.

ﬁheréafte;_level-off and contiﬁue during the Match—Detection
?eriod at approximatély an agymptotic magnitudé determined by the
sﬁpply vqltage:divided by the total resistance of the I, current '
,péth; The total resistance of the I, current pgth'will ipclude
' the ON-resistance of transistor T1 and'the ON—resistance of thé

Match Line Pass-Gate (e.g:, the ON-resistance of the conducting .
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" parallel-resistor legs of the XNOR-gates of the CAM cellé coupled
to the Match Line, which iegs,are comprised of pass-
transistor/stacks).

If Tllis;tu:ned OFF as soon as the Métch Line voltageféf a
MATCH-ing en££y has certainly had time enough to rise and
discharge FLOAT (i.e. V equal to or greater than V, of NFET
T10), pausing HIT to rise to True (i.e€., 1ogic'High voltage) and
‘be latched, ﬁhen the total amount (i.e., charge) of through-
curren£ {In). consumed per MISS-ing Match Line is minimized.'
‘Thus energy consumption dufing each seérch can be minimized S&
;minimizing_the-length-of the Match-Detection Period.
{Accordingly, the-width and length of transistor T10 may be
choseﬁ to minimize the 0N~résistance Qf T10 to allow FLOAT to
'diséharge at high rate, thus enabling a shorter Match-Detection ’
Period,_which in turn fﬁrther'reauces the power consumption of
eéach search operation of the CAM. Transistor T10 may also be
chésén to be wider and 1oﬁgér'§han the minimum device allowed by
‘the technology grﬁundrules t§ minimizg the-effects of normal -
variatidns dué_t; photo’effeéts,_doping mismatches gtc.)

A voltagé-divider network}kcoﬁprised of'Ti and 6f at least

one of the plurality of pass-trénsistor—stadks coupled to the
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) Match'Line) is formed between supply voltage (e.g., Vdd) and
ground.“ Thus, the voltage on the Match Line of a MISS-ing. entry
can rise only to some maximum asymptotic levellfegulated-by the

- ratio of the- resistance of the lower portion of the voltagé
divider (i.e., the ON resistancé of one or more pasé—transistof-
stacks coupled between the.Maﬁch Line and ground (e.g., an NFET-
stack in XNOR1))} divided by the resistance of tﬁe upper portion
of the voltage divider (e.g, the ON resgistance of Tl).. Ideally,
the maximum asymptoﬁic level of a MISS-ing entry will be below
the switching threshold voltage (V;) of NFET T10 of the Match-
Detection Circuit 210. However, such a condition is not
necessary to the éffective opératiqn of all embodiments of the
invention, because MA?CH-ing entries inhereﬁtly,will raise the
Match'Line'Vbitage (V,p) faster, (and tﬁérefore.cause Vm;to.reaéh
~the sWitchiﬁg threshdld.vdltage'of T10 faster) than MISS-ing
entiies.

FIG. 3a depicts an.exemplary timing relationship and the
fise;time of V in MAICH-ing and MiSS-ing entrieé_in embodiments
- of the invention. .As_depicted in FIG 3a, when the Match-
Déiection Pefiod begins, the Match Line voltage V,, of MATCH-ing

and MiSS-ing entries both initially rise. However, the. V, of a
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MATCH-ing entry rises faster and will generally reach V, before
the Vv, of a MISS-ing entry reaches its asymptoticllevel. Thus,
a reliable High HIT-output may be asserted by the MLC, and
'latched.High by the BROC or another circuit, before the Vﬁ,;f a

' MISS-ing entry reaches its asymptotic level. Therefore, if the
asymptotic V,, level of a MISS-ing entry happens to exceed V,, the
Match-Detection Period may be terminated before the V,, of a
MISS-ing entry reaches V,. Qf course, if the asymptotic V@,level
of a MISS-ing entry is a safe mérgin'léss_thah.va, the 'Matph-
Detection Period can be extended without the poésibility of a
MISS-ing enﬁry generating a (false) HIT ou;l_:put-:. {But as
previously explained,:energy is conserved by minimizing the

' Match-Detection Period.)

,'FIG. 3b illustrétés an exemplary Eiming reiationship between
;he ﬁIT-oﬁtpgt and the rise of ﬁh,in MATCH—ing'aﬁd MISS~ing
entries, in an eﬁbodiment éf the invention-wheréin the Match-

' Detection Period is‘minimized such that the Match_Detectioﬁ'
Period ends virtually.immediately after a High HIT output is
reliably asserted and latched High!: The ‘Match Deteétion Period *
need only be'lohg enough such:that a Match stored in.a CAM entry

_coupled to the Match Line will be reliably detected and reported
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as a logically True HIT signal (e.Q., a Logic HIGH voltage on the
HIT output of MLC), which may be latched High. The HIT-output |
signal will first be asserted Hiéh'when the intermediate FLOAT
node falls below the CMOS Inverter Switching Voltage (V@wm;) of
the CMOS Inverter I2. Because FLOAT node voltage will-begin to
drop Low as soon as V,, of a MATCH-ing entry rises to V, of
transistor T10 (i.e., before V., of a'MATCH-iﬁg eﬁtry rises to
Voo/2, and before Vh:of a MISS-ing entry rises to V), a Hiéh HIT-
output can be reliably asserfed and latched High (and the Match
Detecﬁion Period can be ended) 5efore Vh,éf'any entry -reaches
| Vec/2. The Supply Voltage (V) of the circuit embodying the
_invention that produced the timing éignals of FIé) 3b is 1.0
volts,-which is a-“worst-casek of a.nomin;l 1.2 volt Supply
| Vbltage.

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.
.ﬁhé Supply Vbltégé;'can detect a.MATCH-ing entry when the Matéh
Line Voltage rises to the conducting Threshold Voltage of a Field
Effecﬁ Transistor (e.g; NFET T10); can output a HIT signal when

the Match Line Voltage_(vm) is more than the conduéting

*
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Thrgshold Vbltage.of the Field Effect Transistor (e.g,INFET T10)
and less than ONE-HALF of the Supply Voltage; can output a HIT
signal when the Match Line Voltage (V,;) is between about 100
percent (e.g., 0.3 volts) and about 166 percent (e.g., 6.56
volts) of the conducting Threshold Voltage ofsthe FET (e.g. NFET
 T10); can perform a CAM search within a Match-Detection Period
that is less than twice the inherent period of time it takes for
the Matéh Line Voltage.of a MATCH-ing entry to rise.from the Low
voItagg_leyél té ONE-HALF of the Supply Voltage; can perform a
caM search within a Match-Detection Period tﬁat is less than the
inhexeht 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 petcent of the Suppif Vbltage
(i.e.;.which may be proved by ektrapolaﬁiﬁg the forward-sloped
line 6f the rising_mm of the MATCH-ing entry within the Match
Detection Periéa to a point where'it-would'intersect a‘boiiZontal
line denoting 0.8 volts_iflthe control signal MEN _ héd not been
.raised Highf thus ending the Match Detection Period, before V,
reached 0.9 volts); can perform a CAM search within a Match-
Detection Perioa'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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to rise from the Low voltage level to a High voltage levellequal
to about 90 pérceht of the Supply Voltage (whiéh is obvious from
the preceding-extrapolation); can perform a‘CAM-search w;thin a
Match—Deteé;iqn Period that is not g;eater than the inhereﬁ£
period of time it takes for the Match Line Voltage of a MATCH-ihg
entry to rise from the Low voltage level to a voltage level equal
to about 166 percent of the conducting Threshold Voltage of the

. FET (e.g., the exemplary Match Detectioanefiod depicted in FIG.
3b ends before V, of a MATCH-ing entxry has time to reaqh 0.5
volts which is aﬁproximately aﬁout 166 percent of V,.); can
perform a CAM search within a Match-Detection Period that is not
greatexr than the inherent,period of time it takes for the Match
Line Vbltaée-of.a MATCH-ing éntry.to_rise'ffom the Low voltage
level to a voltage'level eéua{ to éboﬁt 120 peréent of the
conducting Threshold Voltage of the FET (this ability.is
indicated by the fact that FLOAT begins to discharge as soon as
Vﬁ;of a MATCH-ing entry reaches V},.aﬁd by the exbectation that a
'ﬁétch Line coupled.to oniy'a small number (e.g., four) of cAM:
entries will have a smalllenough-qapacitance to allow FLOAT to
drop rapidly); can end enerQy consumption in MISS-ing entries at

the end of a Match-Detection Period that is not greater than the
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inherent period of time it-takeS'for the HIT output to be latched
High; can perform a.CAM search within a Match-Detection Period
that'is less than the inherent period of time it takes for the
Match Liné_Vbltage of a MISS-ing entry to rise from the L&w
voltage level to the conducting Threshold Voltage of the FET .
{e.g., as shown in FIG. 3b,.the Match Detection Period ends
before Vﬁ,of'a MISS-ing entry rises to an Asymptote less than V,,
~which would occur.before the VML could rise higher to V;)

‘As illustrated in FIG. 3b, the end of a minimal Match-
Deteétion Period may coincide approximately with the fall of the_'
voltage.on the intermediate_node, FLOAT, to Low. Therefore the
duration of the Match-ﬁetectiOn Périod.can be reduced by
increasing the speed of;the Highé£o~Low txansition of the FLOAT
node. | | | ,

The voltage on the intermediate node fLOA: transitions from
High to Low relatively,slowly.bepause the gignificant capacitance
of the Matgh Line of a MATCH-iﬁg entry is being Chafgedfthrough
the ON resistance of Ti. Therefore, the Match Detection fefiod
can be reduced further (and the frequénCy of Seérches increased)
by reducinglthe'capaéitance of the Match Line, and/or by reducing

the ON resistance of TI. (As discussed-below, an effective
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réductiqn of the capacitanée of the Match Line, and a reduction
of the Match Détéction'Period, may be accomplished by providing a
‘circuit for detecting a match in a limited number of Pre-Select
CAM cells in an entry coupled to a PRE-MAiCHLINE and only ﬁhen
searching the remainder of the CAM cells of the entry coupled to
a POST-MATCHLINE.) Reducing the'QN resistance of Tl will tend to
reduce the safety wargin between the Asymptotic levei on a MISS-
ing Matdh'Line_and V, of transistor le. Therefore, the ON
resistance of Tl is selected based upon the CAM circuit
designer‘s balancing of a need.for a saféty margin versus a
desired higher speed of the CAM search operation. 2As depicted in
FIG. 3b, the asymptotic V, level méy be'figed at a safe margiﬁ
below. the minimum ﬁ} of transistor T10, such that the Asymptote .
voltage level equais V, minus a “séfétf maxgin.” |

The_actuél asymptotic level of the Match Line Voltage (Vi)
in a given MISS-ing entry will var?'depending upon how many bité
mis-match compared against"the-éompérand. The more bits that
mis-match in a given MISS-%hg entry; the lower thé asymptétie
level of that Match Line’s vbltage wili be during that search
period. Thus the “worst-case” for differenﬁiating a Match from a

Miss, may be where the MISS-ing entry raises the Match Line
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, Vbltage (V,e) to an asymptotic level nearest to the threshold
voltage (V;) of NFET T10. This *worst-case” occurs with a
single-bit mis-watch in the entry. Therefore assuming that the
resistance of the lower portion of the voltage divider is |
constrained by the loéical and performance requirements for the
Match Line Pass-Gate (e.g., XNOR-gates) the maximum asymptotic
-Match Line voltage level for MISS-ing entries is set by selecting
the resiétance of the upper portion of the voltage divider (e.g.,
the ON resistance of PFET pull-up-T1). ' |

The gize of the weak pﬁll-up Tl wmay be selected such that,
in the worst case of a gingleubit mismatch, the asymptotic value
-of the MA?CH line is near or below the threshold voltage.(VQ) of
' NFET T10. T1 may be sized by perfOﬁing DC simulations-modeliné
Ti ON with a cell stack of a sing1e~bit;mismatch (e.g., TO-T2 or
.T4+T6) holding down the MATCH line through the wmetal resistance
of the MATCH line. 2an objective is to éreven;.TlO-ffom
conducting and diséharging FLOAT in a MISS-ing:éntry by keeping.
the level of the MATCH line below the Mafch-Deégction Voltage:
(e.g.,.the.cohduction Thfeshold Vpltage éﬁ}) of NFET T10 wminus
rsome safety margin) during the Match Detection Period. Pﬁll-up

transistor T1 may be designed longer and wider than the minimum

32



device alldwéd'by the technology groundrules to miniﬁize the
effects of normal variations due to photo effects, dopihg |
mismatches etc.

When size of transistor T1 is pfoperly selected, thé Match'
Line voltage of é MISS—ing ehtry cannot rise above NFET.TIO'S
threshold voltage, and FLOAT cannot discharge, duriAg the Métch
Detection Period, and thérefore, HIT will stay Low in the case.of
a MISS-ing entry. However, even when the maximum asymptotic
value of the ﬁatch Line voltage eﬁceeds the  threshold vbltége
(V,) of NFET T10, emwbodiments of the invention can &till reliably
dispinguish MATCH-ing entries from MISS-ing entries because the
Match Line of a MATCH-inQ entry will rise faster than a MISS-ing
entry, and the timingléontrol singal (MEN_) can end the Match-
'Détgction Period before enough ﬁimé has elapsed for a MISS-ing
entry to raise the Match Line Voltagé.up to the Match-Detection
anitage (e.g., Vp; of NFET T10). Thus,.the'éi;cuit will peifo£m
reliably if circuit-elemeﬁt;parameters and timingisignals are-
designed such tﬁat fhe Match Line Voltage of a.MISS-ing entry
does not rise to the.MaEch~Detectioh Voltage fe.é., Vy) within
the Match-Detectibn.Period. The rise time of fhe.Match Line of a

.MATCH-ing entry is a function of the Match Line Capacitance (Cg)
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and the Match Line Current (I}, which in turn is a fuﬁction of
the ON resistance of pull-up transistor PFET T1l). Thus, the
performance of the inventive circuit can be optimized by reducing
the Match Lige Capacitance, -and by optimizing the ON-resistance .
of the pull-up transistor PFET T1.

In order to control the timing of ﬁhe Match Line Controller,
inclnding the turn-off timing of pull-up tranéistor T1, timing
control signal generation circuits {e.g, 226) are provided to
optimally limit thelduratioh of the Match—Detection Period. A
plurality of embodiments 6f 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 inbut t§ the plurality Y
(where Y is a positive intéger number) of Match-Line Controllers
-MﬁCo to MLC,_, (these Métch-hine Controllers wiil hereinafter be
deséribed as a Match-Dine Controller MLC because they:are

identical in operation). The CAM Controller 224 may contain
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circuitry (e.g. 226) that generates-the search-enablihg control
signal Matchline Enable-Not ( MEN ) and outputs the signal MEN;
to each of Y Match-Line Controllers MLC.

The timing céntrol signal generation circuits (e.g. 40i of
FIG. 4a, 411 in FIG. 4b, and 226 in FIGs. 4d and 4e), generate
the carefully timed control signél MEN_ which controls the
operation of the Match Line Controller (MLC). The timing control
signal MEN may be generated from tﬁe system clock CLOCK (having
a duty cycle larger than MEN_} by tﬁe circuitry 411 or 226
depicted in FIGs..4b.and 4d'respé§tively. Alternatively, the
timing controi signal MEN _ may'ﬁe genérated from a pulsed GO
signal (haviﬁg,a.dnty cycle shorter ﬁhan MEN ) by lthe circuit.
401 depicted in FIG. 4a.l'The signal ggﬁeratién circuitry (e.qg.,
depicted in~FIG. 4a, 4b or 4d) that generates.the-timing control
signal MEN way bé_sepafated'from the CAM Controller 224, and/or
may be replica;ed and distribufed'on the CAM integrated circuit;
or the centraily generated3MEﬁh sigﬁal méy be buffered.and fanﬁed
out, to p_rovide a locally-generated, strong énd/ or low-gkew MEN_
'signal to each set of Y Maﬁch Liqe Controllers among a very’lérge

'number (e.g., Y multiplied by L equals N, where L is an’ integer
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greater than one) of Match Liné Conﬁrollers in a large CAM array
cifcuit.

The control signal generation circuit 411 shown in FIG. 4b
isldriven by the system c¢lock signél CLOCK at its input, ana a
NAND-gate NAND1 outputs the timing control signal Match-Line
Enable-Not (MEN_). The operation of the circuit of FIG. 4b is
-.further illustrated in the timing diagrams of FIG. 4c. As-
illuétrated in FIG..4C the control signal MEN_generated from the
clock signai by the circuit of FIG. 4b falls to a lbgic Low level
fdllowing ('time period fl after)_the Highfto—Low trxansition of
the clock signal CLOCK, but returns tp a High.volﬁage at a finite
_ éeriod of time (t,) after MEN_ falls to‘Low, independent of the
subsequent clock sigﬁalhtransition.' Time period t, is a
propagation delay through the inverter I11l. 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-(é.ég, inverters 112—I13—I;4). The time periéd ,
represerited by t, is effectively the Match-Detéétion Period
duriﬁg which the CAM search is performed with the Match Line
Controller enabled by MEN _being Low. Thergfore, the-

propagation delay times of inverters (e.g., I12-I13-114) and/or
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the quanti;y of that plurality of inverters, should be selected
by the.circuit designer to insure an optimal duration of the
Match Detection Period: long enoﬁgh for reliable detection of a
MATCH-~ing entry and for outpufting a latchable HIT signal, %nd
short enough to reduce unnecessary through-currents in MISS-ing
entries, in accordance with embodiments of the present invention.
An‘in#erter (e.g., I11) may be optionally included in ghe
.circuit 411 of FIG. 4b to introduce a propagation delay. (t,) and
to provide an inverted CLOCK signal to the next stages of't£e
signal generation circuit 411. The. inverted clock signél
(output from inverter I11) is branched into two lines, one line
being connected directly to the input of a series of inverters -
(e.g., I12, I13, I14) .and the other being connected to one of ﬁwo
input terminals.of a NAND-gate NANDI. Tﬁe output of the last
invertéf {e.g., 114) of the series of invertérs {e.g., 112, I13,
I14) is connected to the othér of the two input te?minals of the -
NAND-gate NANDI. The signal géneiation circuit 411 6utpﬁts a Low
. (search-enabling) timing control signal MEN_ during'a Match |
.Detection Period that is appfoximately equal in duration to the
propagation time delay t; of the series of inverters (é.g.; I12,

'I13, I14) within each'cycle of the CLOCK signal, thereby enabling
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the CAM searches to be performed synchron§usly at the system
clock frequeﬁcy. Thus, the timiﬁg control signal MEN is at a

. High level prior to each search until the propagation delay timé_
t;, of inverte;_ill (in FIG. 4b)- elapses after the.transitioﬂ 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
tow during a Match-Detection Period t, approximately equal to
propagation time of the series of inverters (I12-I13-I14).

FIG. 4c also illustrates an'exempléry timing relationship
bétween 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.sigﬁéi.output in the case of a MATCH-ing search result is
ordinarily. first asserted during the Match Detegtion.Period and
may continue to be asserted after the ena of the.Match'Deﬁection
Period if it is latched. Tﬁe'Match—Detectidn Périoé may be
L extgnded to iﬁsure that ;he ﬁIT (True) output_of the MLC is
asgerted long enough to be latched; The HiT output signal may be
latched High well beyond the end.of the Match Detecqion Perioﬁ:by

circuits known to persons skilled in the art.
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The CLOCK signal input to the control signal generation
circuits described in FIGs. 4b, 4c, 44 and 4e may of course be
gated OFF (e.g., High) to prevehﬁ search power consumption during
idle periods vhen no CAM searches are ¥equired. Fufther, it
should be noted that although the circuits and circuit operatioh
of FIGs. 4b, 4c, 4d and 4e are depicted as being driven by and
synchronous with the system clock signal CLOCK, any other
transitioning signal of suitable duty cycle can be ﬁsed #s a
search-triggering input to these circuits, whether synchronous or
asynchrdnoﬁs relative to the system clock, provided that wvalid
searchable data is present in the CAM array and a comparénd is
being asserted via the séarch lines.

As depicted in.FIG{ 44 and 4e, the control signai MEN_. may
also be genérated f;om’a system clock signai by an a;ﬁernative
NAND-gate based control signal generétion circuit 226 that
includes a-cap§citative.DUMMY Matéh Line (DMi}. The circuit of
FIG. 4d is similar to that of circuit 411 of FIG. 4b except that
the duration of the Match—Detéction Pegiod (i.e., delay period t,
‘as depicted in FIG. 4c) is characterized instead by the rise-ﬁime
of_thé capacitétive Dummy Match Line pie-charged Low (by T8D) and’

then pulled up by pull-up transistor T1D, wherein each transistor
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{i.e., TiD and T8D) is sized the same or similar 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 cellé 201p, 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 é rea1 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
cémparand asserted to the CAM entry via the Search Lines.

'in an embodiment of thé invention wherein the DML is coupled-
to X Dummy éAM cells,'the ingernal XNOR-gate of.each Dummy CAM
cell:is tied in such a manner aé:to give the worst case (i}e.,
highesﬁ possible) capacitive load of a CAM array having a data
péttern that matches. The DML will therefore rise at a rate
equal to the élqwest possible_Métch Line of MATCH-ing entries,
thus insuring:that the Match Detection Period is iong enough for
a MATCH-iﬁg éntry bh a real Match Line to be réliably detected
and :éported as a HiT'output_from the real MLC. "Because the real
and dummy Match Line c#rcuits may.be made on the séme

semicbnductpr chib; they are presumably subﬁect to the same
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manufacturing and environmental conditipns, and the Dummy Match
Line ﬁay therefore be expected to have the same capacitance and
to perform in a virtually identical manner as a Match Line'oﬁ a
real MATCH-ing entry. |

In the ci;cuit 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 elépsed, where t, is the propagation delay
time through inverter I1l1. The Low voltage level state of MEN
continues ﬁntil the time period t, elapses. .When the time period
£, 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 |
'charadterized by the time it iqherenﬁlf takes for the
'~ capacitative DUMMY Match Line (DML) to rise from'its_pre~charged
Low voltage lével to a_predetermined Dummy Match-Detection
voltage. The Match-Detection Period controlled by the circuit
'225 of FIGs. 4d and 4e may be intenti;mally modified (i.é.,‘
shortened ox lengtheﬂed) in alternative embodiments of the
'inventién by methods including: 1) changing the capacitance of
the ﬁummy Match Line; and/or by 2) changing the parameters of tﬁe

pull-up transistor TiD; and/or 3) hy changing the pre-charge
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{pre-search) voltage of the Dummy Match Line; and/or 4)-by
changing fhe effective Match Detection Voltage that switches the
input'to the NAND-gate NAND1 that is qoﬁpled to the Dummy Match
Line, and/briby other.methods that would be within the_abiiity of
persons skilled in the art. The capacitance of the Dummy Match
Line can be modified by modifying the structure of the Dummy
Match Line itself, and/or by modifying the structure of any one
or more of the Dummy CAM cells coupled to the Dummy Match Line,
and/or by adding or omitting one or more Dummy CAM cells, and/or
adding or omitting one pass-transistor stack (i.e.; oné leg of
the Match-Line pass-gate) coupled to the Dummy.Match Line.

As noted, additicnal time (delay) may be added to the Match
' Detection Period (i.e., t,) by adding dummy CAM cells (e.qg.,
adding dummy CAM cell X+1) to the Dummy Match Line.'thereby
incréasing the capacitance (and.rise—time) of the Dummy Match
Line, and/or adding buffers (e.g., adding an even number of
'invertérs) in series wiﬁh tﬁe inverter forméd by transistors T1
and T8. Similarly, the Match Detection Periqd'(i.é., t,) may be
éffectively reduced (or tuned) by omitting or modifying one or
more of the X dummy CAM cells from tbe Dummy Match Liﬁe {(and/ox

by omitting one or'more of the 2X parallel legs of the XNOR gétes
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coupled to the Dummy Match Line), thereby reducing the
capacitance (and rise-time) of the Dummy Match Line.

Other WaYB.tO control and refine thé:duration of the Match-
Detection Ee;iod (i.e., t,) will be within the ability of_éérsons
skilled in the art, such as by adjusting the size of transistor
T1D in the circuit 226 of FIG. 4d, etc.. As previously noted,
the Match-betecpion Period of the control signal MEN_  generated
by the cifcuit 226 of FIG. 4d may also be modified by altering
the Dummy Match-Detéction voltage. The Dummy Match—Detection
'ﬁoltage may be set equal to the real Match-Detection Voltage

(e.g., Vyp =V,) by incorporating the functionality of the real
MatchrDetection Ci#cﬁit(ZlO including equivalents of T3 and T8
and I2). of the real Match Line Controller (MLC) ¢ircuit into the
NAND-gate NANDI1. Alternatively,'the Dummy Match—Detectidn .
i Voltage may Be set higher than the real Match-Detection Vblﬁage ,
{Vip) and set at approximately egual to one half of the supply
vgltage; po simplify.ﬁhe NAND-gate circuitry and to allow for a .
.larger margin of time (delay) to insure reliable Match-Defectioq,
.ahd the latching of the High HIT signal.

FIG. 4a depicts a timing controllsignal generation circuit

401 that may be adapted to be used to support clock-asynchronous
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CAM searches. The signal generation circuit 401 has an input
terminal to which the pulsed-High “GO”-signal is input. The
pulsed-High GO signal is latched High, at outﬁut line/node EN by
the operation.of the combination of the delay line 402
kcomprising a series of aﬁ odd number of inverters, e.g., I3, I4,
15, 16, 1I7) and the three-input cross-wired—trénéistor latching
circuit 403 (comprised of transistor stack T9- T18- T16,
transistor stack'Tll—Tzz-sz and CMOS inverter I8 which is
comprised of a PFET_stackedlupon an NFET). (The pulsed-high GO
input is active for longer than the total propagation delay of
the delay line (inverters I13-I7) but shorter'phan.thé time delay
from GO rising to STOP fglling.) Thellatched—High output EN of - )
the three-input crosé—wifedﬁtradsistér-latching circuit 403 is
ﬁhen inverted by inverter I9 to produce the search-enabling Low

i MEN control signal that is distributed ﬁo the plurality of Match
Line Controllers (MLC) and to a Dummy-Match-Line Controlier DMEC .
.'Ih an embodiment of the invention, all of the elements ahd.the
‘structure of the Duwmy Match Line Controller (DMLC) are
:substantially identical to ébrreéponding elements aﬁd structure
of a real Match Line Controller fabricated on the same’

semiconductor chip.. The Dummy-Match Line Controller will
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generate a High Dummy-HIT -signal (DHIT) that will pull control
signal MEN_High (theréby.eﬁding the Match-Detection Period by
disabling the Match-Detection Circuit 210 of the real MLCs)
through operation of inverfer T12 and the_iatch-interrupting
transistors PFET T9 and NFET T22 within the cross-wired-
transistor latching circuit 403.

The three inputs of the cross-wired-transister latching
circuit 403 are activated.sequentially: first, the pulsed-High GO
-signal_is input at the gate of transistor T18 turning T18 ON
while T16 is ON, the:eby asserting a latched-High GO signal ;t-
latch-output node EN ; second, én inverted timé-deiaYed GO signal
'is input at the gate of tramsistor T16, turning OFF T16 and
turning OFF the T1i6-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,.sigﬁal putput
from the Dummy-Matﬁh Line Confrolle:,-DMLC) is input aﬁ the géteé
of latch-interrupting transistérs fFET T9 and NFET T22 within the.
cross-wired~transistor létcﬁing circuit 403, thereby returning
;he latch-output\nodé-EN-to iow, which in turn brings control
éignal MEN_ High (thereby ending thg Match-Detection Period by

disabling the Match-Detection Circuit 210 of the real MLCs)
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tﬁrough inverter IQ.. The circuit 401 of FIG. 4a is therefore
adapted to generate a search-enabling Low control signal MEN _
shortly after a GO signal is pulsed high, and which may.be _
asynchronous” with the system clock. The duration of the Match-
betection Period of the MEN control signal generéted by the
circuit 402 of FIG. 4a is approximately (not less than) the time
'interval between the time that_node.EN latchés High and the
Subsequen£ time that node EN is'retdrnéd to Low. Because this
time interval of the High-state of node EN'is control1ed by the
effective time-delay within the Dummy-Match Line Controller,
(i.e., the delay betwéen the éssgrtion of the search-énabling Low
MEN._ signél 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 reai.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 Métch Line of a real MATCH-ing.entry to rise
.to.the Match—Detection Voltage (é;gl,.at T8 and T8D), and that
‘can be not unnecessarily longer than-that risé time. The Match-

Detection Period controlled by the circuit 401 of FIG. 4a may bhe
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intentionally modified (i.e., shoftened or lengthened) in
alternative embodiments of the invenfion-by methods including the
same methods that were described above as methods for modifying
the Matcﬁ—bgtection Period controlled by the circuit 226 of FIG.
4c. The Match-Detection Period controlled by the circuit 401 of
FI1G. 4a may additidnally be'affected by the capacitance of the.
line carrying signal MEN , and by the propagation delay of the.
feedback path of the signal DHIT back to and through inverter IS.
- FIG. 5 depicts another embodiment of the invention, wherein
a Maééh Line Controller controls only a subsef of the CAM cells
of the CAM entry, while another Match Line Controller controls
: the'femainder 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
fﬁits (i;e., 4 CAM ceils) are coupled to a3separate Pre-Match
Line( while the other 60 bité;(i;e., 60 CAM cells) are coupléd to
a Post-Match Line. 1In this embodiment, the 4.Pre-Sé1ect Bits Qf
all entries are éompared to the corresponding 4 bits of the
compafand, and only those entfies having MATCH-ing Pfe-Select
- biﬁs will be subject to further comparison with'ﬁhe qomparand{
‘Statistically, using 4:Pre—Se1ec£'bits, it may only be nedessary

-to perform further comparison on one-sixteenth of entries in the
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average CAM search. BAnd, thus, statistically, fifteen-sixteenths
of the energy that would otherwise have been expended to search
the remaining 60 bits of all thé CAM entries of the.arfay, may be
conserved during the lifetime of the CAM array. ”
In operation, MEN_ starts out High and MDIS starts out Low.
Therefore PRE-MATCHLINE and PbST-MATCHLINE are Low; FLOAT is pre—.
" charged High; and output HIT is Low. At the beginping of the CAM
Search Period, MEN falls to Low, and the weak-PFET stack STACKl
(e.g., comprising T13+T55+T48) bégins to pull PRE-MATCHLINE up
towards V. o
If tﬁe four Pre-Select bits of an entry wmismatch against the

'correépénding bits of the comparand, PﬁE-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 domparisons are perfq;med in that CAM entry. If
the four Pre-Select bits of an-entry match with the corresponding f
bits of the comparand, PRE-MATéHLINE rises quickly (because of
the small capacitance‘pf the PRE-MATCHLINE due to the émall
- number of CAM cells loading the pRE-MAT_cﬁLm'E) , and the voltage
on node MATCHﬁ falls, and the keeper-traﬁéistor T25 locks QN;

{Meanwhile, the Pre-Select portion of the Dummy CAM array coupled
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to a Dummy-PRE-MATCHLINE has generated tﬁe same result; the
Dummy -MATCHN signal falls and is buffered into MEN_, which shuts
OFF T82 and stéps the through-current.on the mis-matched PRE-
MATCHLINES,;gaving power.) Meanwhile, MATCHN, having fallén in.
the MATCH-ing entries, turns on weak PFET. pull-up Tl (of the
_Match Line Controller MLC that controls the POST-MATCHLINE},
which attempts to pull up POST MATCHLINE, in exactly the same
manner as described with respect to the Matcﬁ Line of the_circuit
depicted in FIG. 2a. Thus, if the entire CAM entry is a mafch,

| FLOAT will discharge Low and_HIT-will rise High.

While_the invention has beén-particularly shown and
described with reference to exemplary embodiments theieof, it
will be_understdod by those skilled in the art that the fbregoing
and other Variations in form, arrangement and details may be made
thgreiﬁ without departing from the spirit and-scope of the

invention disclosed herein.
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IMS
Wé claim:
1. A content addressable memory {CAM) deviée comprising:

an en;;y_including:

a plurality of CaM cells each coupled.to a Match Line Pass-
Gate having a plurality of legs; | |

a Match Line having a Match Line Voltage, and being coupled
to the Match Line Pass-Gate, such that when any leg of ;he Match
Line Pass—éate is‘éonductinglthe Match Line is coupled to a Low
voltage level;

a Match-Detection Circuit including a Field Effect
Transistor céuplgd to the Match Line and adapted to detect a
MATCH-ing entry; |

.whefein the MATCH-ing entry is characterized by the rise of
the'Match Line Voltage from é Low voltage level.tq a Match-
Detection voltage within a Match-Detection Period;

‘and wherein a MISS-ing entry ié'characteiized by one or wmore

legs of the Match Line Pass-Gate being conducting during fhé

MatchQDétection Period. .
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2. The device of claim 1, wherein the Match-Detection Circuit is
adapted to detect a MATCH-ing entry even if the Match Line

Voltage never rises to ONE-HALF of the Supply Voltage.

3. The device.of.claim 1, wherein the Match-Detection Circuit is
adapted to detect a MATCH-ing entry when the Match Line Voltage
rises to the conducting Threéhéld Voltage of a Field Effect

Transistor (FET).

4. The.device of claim i, wherein the Match-Detection Circuit is
adapted to output a HIT signal when the Match Line Voltage (Vi)

is equal_td or more than the conducting fhreéhqld.Vbltage of the
Field Effect Tfaﬁsistor (fET).and less thén ONE-HALF of the

Supply Voltage.

5. The device of'claim 4, wherein the Field Effect Transistor is’

1)

an NFET.

6. The device of claim 1, wherein fhe Match-Detection Circuit is

adapted to detect a MATCH-ing entry when the Match Line Voltage '
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(Vi) is equal to the conducting Threshold Voltage of the Field

Effect Transistor (FET), and wherein the FET is an NFET.

7. The device of claim 3, wherein the Match-Detection Circuit is
adapted to output a HIT signal when the Match Line Voltage (V)
is between about 100 percent and about 166 percent of the

conducting Threshold Voltage of the FET.

8. The device of claim 1, wherein the Matcthétection_Circﬁit is
:céﬂpled to a contrbl signal generation circuit that generates a
.control signal, wherein the control signal is adapted to enable
the Match- Detectlon Circuit at the beglnning 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 de?ice of claim 8, wherein the Matcﬁ—Detection Period ié
less than twice the inherent period of time it takes for the
Match Line Voltage of a MATCH-ing entry to rise from the Low
voltage level to ONE-HALF of the Supply - |

‘Voltage.
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10. The device of claim 8, wherein'the Match-Detection Period is
léss than the inherent period of time it takes for the Match Line
Vbltage of a MATCH-ing entry to rise from the Low voltage level
to a High vqltage level équal to about 90 percent of the Suﬁply

Voltage.

11. Theldevice of claim 8, wherein the Match-Detection Period is
less than four times the inherent period of time it takes for the
Match Line Voltage of a MAICH-ipg entry to rise erm the Low
voltage.leVel to-a High voltage level equal to about 90-perceht

of the Supply Voltage.

©12...The device of c¢laim 8, Whefgin the Match-Detection Period is
not greater than the inherent périod'of.time it takes for the
.'Match Line_Vbitage of a MATCH-ing entfy to rise from the Low
'voitage level to a voltage level equal to about 150 percent of

the conducting Threshold Vbltage'cf'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 level to a voitage level equal to about 120 percent of

the conducting Threshold Voltage of the FET.

14. The device of claim 8, wherein the Match-Detection Period is
not greater than the inherent period of time it takes for the HIT

output to be latched High.

15. The device of claim 8, wherein the Match-Detection Period is
less than the inherent period of time it takes for the Match Line
Voltage of a MISS-ing entry to rise from the Low voltage level to

the conducting Threshold Voltage of the FET.

16. The device of claim 9, wherein the end of the Match-
- Detection Period is characterized by the rise of a voltage on a

Dummy Match Line to the Match Detection Voltage.
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17. A Métch—detéction-circuif for a CAM entry including a Match
-Line comprising:

a Field Effect Transistor (FET), the gate of the Field
Effect trangistor being coupled to the Ma&ch Line and the FET
being adépted.to pull-down a node FLOAT-ing at a High voltage
down towdrds a Low voltage when the voitage on the Match Line

rises to the conducting Threshold Vbitage of the FET.

18, The circuit of claim 17, further adapted to operate: such
that a voltage on an output line will change from a first ngic
level to a second-logic level only when both a Control Sigmal is

asserted and the Match Line Pass-Gate is nqnéconducting.

19. The deﬁection_circuit.oﬁ claim 17, further comprising a
first switch having an ON resistance.éreater than the ON
resistance of the Match Line ‘Pass-Gate, and being.coupied to.the
Match Line and adabted to connect the Match Line to a supply

voltage when a Control Signal is asserted.

A
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- 20. A digital system comprising:

a digital processor operatively coupled to a CAM array;
the CAM array having a Match-detection circuit including:
a Fielq-ﬁffect Transistor (FET), the gate of the Field

- Effect transi;tor being couplgd to a Match Line and the FET being
adapted to pﬁll—down a node FLOAT-ing at a High voltage down
towards the Low voltage when ;ﬁe voltage on the Maﬁch Line rises

to the conducting Threshold Voltage of the FET.

LD

56



