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A High-Speed and Lovienergy Ternary Content
Addressable Memory Design Using Feedback in
Match-Line Sense Amplifier
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Abstract—In this paper we present an energy efficient méiteh-
(ML) sensing scheme for high-speed ternary coraeressable
memory (TCAM). The proposed scheme isolates thsisgrunit of
the sense amplifier from the large and variable &éipacitance. It
employs feedback in the sense amplifier to sucabgstietect a
match while keeping the ML voltage swing low. Thesluced voltage
swing results in large energy saving. Simulatiomfqyened using
130nm 1.2V CMOS logic shows at least 30% total gneaving in
our scheme compared to popular current race (CRgnse for
similar search speed. In terms of speed, dynamgoggnpeak power
consumption and transistor count our scheme alswshoetter
performance than mismatch-dependant (MD) power cafion
technique which also employs feedback in the semsglifier.
Additionally, the implementation of our scheme im@er than CR
or MD scheme because of absence of analog contitdge and
programmable delay circuit as have been used sethohemes.

Keywords—content-addressable memory, energy consumption,

feedback, peak power, sensing scheme, sense anpkfinary.

|. INTRODUCTION

N last two decades ternary content-addressable nyem

O_B;‘—' HL
(TCAM) has become popular in internet protocol (IP)

packet forwarding and classification applicatioesfprmed in
network routers and switches. These applicatiogsire high
speed search capability to decide which actionetdalken on
the packet. Routers extract the packet heademiaon (such
as destination address) and search the routing taldind the
most suitable match. Software based search teckmiape also
available. But these techniques are slow becauskeoheed
for multiple instructions execution and multiple meary
accesses to external RAM to find a match [1]. Tercantent-
addressable memory (TCAM) offers a high speed harelw
based solution to this problem. TCAM can comparengmuit
search word against a table of stored words andetam the
address of the matching word in a single cyclecal store
don’t care values which may result in multiple nhats with
the search word. The most suitable match is selebte a
priority encoder. This capability of finding thenigest prefix
match i.e. match with the word having least numdfedon’t
care values makes TCAM even more attractive forork
applications.
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Conventionally a TCAM cell contains two SRAM ce#lad
a comparison logic circuit as shown in Fig. 1(aptiBNAND
and NOR versions of comparison logic are in uset tAa
NOR type comparison logic as shown in the figuremisre
prevalent due to higher speed and absence of clshaying
problem [2]. The stored data (DatalData2?) is coded
represent three states such as ‘0’ (01), ‘1’ (@) don't care
or ‘X’ (00). Search data (SL1SL2) is provided thgh search
line (SL) pair. In case of a mismatch the matcle I{ML) is
pulled down to ground by one of the paths throughM or
through M3M4. In case of a match (DatalDa&2ESL2)
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Fig. 1 (a) A conventional TCAM cell consisting of two SRA8&IIs

and NOR-type comparison logic. (b) Block diagranaaimplified k-

word x n-digit TCAM array. Bit lines (BLs) have nbeen shown for
clarity.
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there is no connection between ML and ground. Midtcells
having a common ML form a TCAM word and multiple nde
form a TCAM array as shown in Fig. 1(b). One pdiSas is
shared by all TCAM cells in a column. A major digadtage
of TCAM is the high energy consumption resultingnfr
frequent switching of highly capacitive MLs and SlSo,
reduction of dynamic energy consumption remains egom
challenge for TCAM designers.

Il. PREVIOUSWORK

In conventional TCAM the MLs are precharged to hagid
the SLs are precharged to ground [3]. Then searafu s
supplied through search data register. If therea isnatch
between the search word and a stored word therrois
conduction path from corresponding ML to ground dhd
voltage remains high. But if there is even a singlematch,
the ML voltage discharges to 0 through the comparisgic
in the mismatched TCAM cell. The match line senspldier
(MLSA) outputs (at MLSO) low for all mismatched Mlasd
outputs high for all matched MLs. As only a few Mhse
matched in a search, a large amount of energy &edan

Charge sharing techniques use either a separaéeit@p[9],
[10] or segment(s) of the ML [11], [12] to storeache in the
precharge or partial comparison phase, respectivEhis
charge is shared with the ML or remaining ML segtf®nin
the next phase. Techniques in [9], [10] are alsikeddow
swing schemes as they reduce the ML power by raduitie
ML swing voltage. These techniques suffer from pineblem
of low noise margin and area penalty arising frdra éextra
capacitor. The technique in [11] divides ML intoufo
segments and precharges two segments to ful{iiv case of a
match) in the initial phase. In the next phasestioged charge
is shared with the remaining two segments and disalting
ML voltage is sensed using a match sensor blocke Th
implementation of the match sensor block is com@es it
requires additional control signals for its opeyati The
enhancement of search time and the reduction ofggne
consumption in charge shared scheme in [12] cordpar¢he
conventional scheme are small. So far, the mostulpop
energy reduction scheme is the current race (C&)ntque
[13]. Fig. 2 shows the MLSA of CR scheme in mixddchk
and circuit diagram form.

charging large number of mismatched MLs which are In CR scheme the MLs are pre-discharged to ground.

eventually discharged to ground during match eveloa

MLEN signal initiates the search operation. Durihg search

Different techniques have been proposed for regucifMLS are charged towards high. SLs need not to ke pr

selective precharge scheme [4], pipelining scheBje dre-
computation based scheme [6], bank selection scH&ine
block encoding scheme [8], charge sharing techsid@ —
[12], current race technique [13], and mismatch etelent
technique [14]. Selective precharge scheme [4]déiML
into two segments and performs initial comparisorthie first
segment. Only if the first segment fully matcheghwihe
search word fragment then the second segmentivaezt and
compared. The pipelining scheme [5] divides ML anntore
than two segments and performs the comparison segnye
segment starting from the first one. Only if thereant segment
being compared matches fully then the next segment
compared. Otherwise the later segment remainsiweacthe
effectiveness of these two techniques depends an
distribution of the data and in the worst casedhigmno energy
saving at all. Pre-computation based scheme [6fopas
some initial comparison to determine which MLs n¢ede
activated for comparison. For example, in the ahiti
comparison total number of ones present in theedtovords
and the search word may be compared. This techmégueres
additional circuits and evaluation time to perfotine initial
comparison. Bank selection scheme [7] dividedhalwords
into groups called banks. During the search ondy riflevant
bank in activated and compared. The problem witls th
technique is bank overflow which happens when tivalrer of
input combinations exceeds the storage capacitg bfank.
Block encoding scheme [8] uses some special engodi
technique to compress IP addresses and thus reduodzer
of words needed to be stored in the routing taBleergy
reduction is achieved by reduction of TCAM arraygesi
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switching activity compared to the conventional esoe [3]
saves around 50% SL energy. For fully matched wadngs
correspondingViLs get quickly chargedto a thresholdwhich
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(b)
Fig. 2 Current-race sensing scheme - (a) one TCAddwwith
MLSA consisting of charging unit and sensing umid §b) a dummy
word resembling an always-matched ML.
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causes the sensing unit to output high at MLSO. Fonakes match detection process significantly slovhe T
mismatched words, MLs have discharging paths tamgtacand transistor count in the MLSA is also high compatedCR
hence cannot be charged up to that threshold. @puts of MLSA. And finally, the feedback action is extremalgnsitive
the associated MLSAs remain low. A dummy word rdglerg  to Vs and MLSA transistor sizing. So, small process
a fully matched word is used to control the chaggiluration variation may completely destroy the feedback meisina

of MLs. As soon as the dummy word output becomeh hi nullifying the effectiveness of this scheme.

further charging of all MLs is discontinued by thLOFF In this paper we propose a ML sensing scheme which
signal. During the ML charging phase CR scheme lsp employs a simple but effective feedback mechansrepeed
similar currents to both matched and mismatched .M3s, UP the match detection process and reduce energy
here also large amount of energy is wasted in lageber of Cconsumption. We have used CR-type MLSA with some
mismatched MLs. Feedback in MLSA have been usdd4h modification in the charging unit to incorporate tfeedback
to reduce the current to the mismatched MLs. Thenmatch action while keeping the implementation complexiyd
dependant (MD) MLSA proposed in [14] uses the sanfgansistor count low. The match detection has lpesformed
sensing unit and the dummy word concept of CR seh&@ut with low ML voltage to save energy. Same dummy word
the charging unit in this scheme contains a lebiites and a concept as in CR has been used to control the idgarg
feedback circuit to implement feedback as showFign 3. durations of MLs. We have also eliminated the néed

In speed-optimized setting of MD scheme the MLs an@dditional control signals such agV/
Vyar Nodes are precharged to ground first. MLEN sttirés The rest of the paper is organized as follows. iSedtl
charging of all MLs. Initially, both ML voltage (W) and presents the circuit diagram and operation of tlepgsed ML
voltage at \jar node increase by currentsy | and bis sensing scheme. Section IV presents simulationltsesund
respectively. As Vi voltage increases curreny, |decreases. comparison of the proposed scheme with the CR abdiL
But with increases of ) the level shifter output also sensing scheme. In this section we also presentlaion
increases. For a matched ML the level shifter cubcomes results considering process variations in our sehé&ection V
sufficiently high to turn on N1 and hence,¥ node starts to includes conclusion.
discharge again. With reduced 4 voltage |, for matched
ML increases. For mismatched MLs the ML voltageseri !l PROPOSEDML SENSING SCHEME WITH FEEDBACK IN
slowly and to lower values depending on number of MLSA
mismatches present in the word. So, for mismatdfied N1 Fig. 4 shows one n-digit TCAM word and the dummydvo
may get weakly turned on or it may remain off dejieg on
number of mismatches resulting in small or no rédacin
Vyar Voltage. So, matched MLs get higher currents than
mismatched MLs and in terms of ML energy this teghas
can offer significant energy reduction compared G&®R MLEN__NANDI
scheme. But, the level shifter and the feedbackuitiralso WOFF:E)’_4 Pl L
consume some energy and in terms of total enemggdling
is not significant. Moreover, for proper operatidhe N
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transistorshaveto belargespeciallyin thelevel shifter which
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Fig. 3 Charging unit with level shifter and feedbacircuit in (b)
mismatch-dependent sensing scheme. SignaOFF comes from Fig. 4 The proposed ML sensing scheme - (&) onégin-tord
the output of dummy word after a programmable delay containing MLSA consisting of charging and sengimits and (b) a

dummy word which is always matched.

International Scholarly and Scientific Research & Innovation 5(3) 2011 415 1SN1:0000000091950263



Open Science Index, Electrical and Computer Engineering VVol:5, No:3, 2011 publications.waset.org/10704/pdf

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering
Voal:5, No:3, 2011

in the proposed scheme. It should be noted thatTarwM
digit is actually coded two bits as mentioned irctiem .
Before the search operation begins the MLRST sigesdts

of ML charging to ensure proper match detection. fitve that
in the proposed scheme the delay introduced bystres
inverter and the NAND gate (Invl and NAND1) is suifnt

the ML voltages, sensing nodes (SNs) and MLSA dstputo serve that purpose even under the worst caseegso

(MLSO, DMLSO) to ground. The search data is applethe
SLs (Fig. 1).

MLEN initiates the search. It starts chargingMlls and

variation. That is why, no programmable delay eletreas
been used in our scheme. CR and MD schemes usstbiog
control voltage VY.s to control the charging current or nullify

the dummy ML (DML) by turning on P1. Initially both the effects of process variations. We have avoidadh
matched and mismatched MLs and SNs get the samentur voltages as our scheme is immune to worst caseegsoc
through P1. As the ML voltage (¥) goes up the feedback variations as will be shown in the next section.sédce of

action of nMOS N1 starts. With increasing ML vokayys

programmable delay and additional control voltadethf

V¢s of N1 decrease andgdincreases causing threshold voltaggeneration and routing) make implementation ofggheposed

to rise. So, the channel resistance increases. Elamrent is
diverted to the sensing node capacitancg, So, voltage at
SN (Vsy) increases. Increase ofy/causes increase ofyVys
of N1 causing more current to ML and increase jjp.Vhus a
positive feedback action goes on betwegn ®nd Vsy. Since
Csny is small it can be charged very quickly by thisitige
feedback action. Matched MLs are disconnected fgoound
and hence they charge much faster than the misettehs.

scheme much simpler than the other two schemes.

IV. SIMULATION RESULTS ANDCOMPARISON

In internet protocol version 4 (IPv4) IP addresmth is 32
bit. The new internet protocol version 6 (IPv6) sxi$es are
128 bit long and the corresponding forwarding taklguires a
large TCAM array. In this paper we considered fodizg
table containing smaller IPv4 addresses in ordeketep the

This makes gy of a matched ML charge much quicker tharsjmylation time within reasonable limit. But of asa the same

Cgy Of a mismatched ML. As soon as they\wf a matched
ML exceeds the sensing threshold voltage ¢¥/N3) of the
sensing unit, MLSO is pulled to high. DML works eX# like

a matched ML. A high DMLSO stops flow of chargingrient

to the ML (and DML) by turning off P1. The SN vdjes of
mismatched MLs do not charge up to the sensinghiotd of
the corresponding sensing units. So, outputs of AHBf

mismatched MLs remain low.

The match line capacitance,Cdepends on many factors gnalyse and compare various aspects of the schemes.

concept can be applied to IPv6 forwarding tablet jog
increasing the TCAM word size

In this paper we have performed all simulationsgst4
wordsx32 digits TCAM array using 130nm 1.2V CMOS§ito
Predictive technology model (PTM) [15] has beenduse
HSPICE for the simulation. Since our array sizaifferent
from [13] and [14], we have performed comprehensive
simulations of proposed, CR [13] and MD [14] schene

such as TCAM WPFd size, bit.values ir_‘ the suppsiedrch line  ynfortunately [13] does not provide any information the
word and MLSA input capacitancewCis generally large and gjzes of the transistors used in the CR MLSA. Wenébthat it

varies from one search to another. Unlike CR and 9éBsing
scheme the proposed scheme isolatgs ftom the sensing
unit input and uses an intermediate node capa&t&hg to
make the match decision. The value @f @& determined by
gate and drain capacitances of N1, drain capa@tafidN2

is possible to design CR scheme with wide rangseafrch
speed, voltage margin, dynamic search energy aakl paver
consumption. But improvement in one parameter gdliyer
comes at the cost of deterioration of others ergreasing
search speed cause decrease in voltage margimenagése in

and gate capacitance of N3. Sgy® small and does not vary peak power consumption. We choose transistor e Vas
between searches. Unlike MD scheme where the fekdbggiue) to get two configurations of CR scheme — waihéch

action is sensed in the ML charging current, in pheposed

has search speed comparable to the speed in cemecand

scheme the charging current teyGenses the feedback actiongne with the highest achievable search speed. Tise f
Small value of Gy and positive feedback action to charge thigonfiguration of the CR scheme has been used asfience

small capacitance make it possible to detect a hmaiith

much lower ML voltage than CR or MD scheme. Sincergy

consumption is directly proportional to ML voltagwing [2]

the proposed scheme can significantly reduce therggn
consumption in a search.

If the initial charging current (before feedbackarts)
through P1 is too high and the channel resistarfc¢h®
feedback nMOS N1 is too large thegy@harges so quickly
that correct mismatch detection becomes impossthte.the
gate dimensions of the transistors P1 and N1 labe thosen
carefully so that the feedback action can becorfeiife.

In both CR and MD schemes a programmable defain (
Fig. 2(b)) was used after DML output to delay teertination
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design. We call this two configurations referenée &d high-
speed CR, respectively. The sizes of the transiStoMLSA,
the value of control voltage (49 and the amount of
programmable delay were not specified in [14]. Withthis
information it was not possible for us to reproddice exact
ML currents reported in [14]. We found that the dieack
action in MD scheme works only within a very lindteange
of transistor sizes andp\; values. After extensive simulations
we could achieve excellent feedback action in th2 $¢heme
as will be shown in the following subsection. Fbe tsake of
fair comparison no programmable delay has been afted
DML in CR and MD MLSA A=0 in Fig. 2(b)) as that would
increase the energy consumption of these scheniRsard
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MD schemes function correctly with this setting whao
process variations are considered.

A. Charging Currents

We have simulated the variations of all chargingents in
all three schemes. Fig. 5 shows the ML chargingerts in
reference CR and MD schemes whejgg,l 1, and |uz

mean currents for TCAM words with full match (0-bit

mismatch), 1-bit mismatch and 2-bit mismatch, retipely. In
CR scheme the charging current increases with nurobe
mismatches as ML to ground path has lower resistdoc
higher number of mismatches. In MD scheme initialme
currents flow to all the MLs. The feedback actiterts around
633ps after the initiation of MLEN (in all cases HN is
initiated at 68ns). The feedback action causes mmaxi
current to be sent to ML with full match and gralua
decreasing currents to MLs with
mismatches.

Fig. 6 shows the variations of total charging cuoirré;
(=lutlsy) and SN charging currentsy for matched and
mismatched MLs in our scheme where the numbers in

40
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Fig. 5 ML charging currents for match and differemismatch

conditions in (a) reference CR sensing scheme &mdin( MD
scheme.

68.4

International Scholarly and Scientific Research & Innovation 5(3) 2011

increasing numbdér o g

417

L=l sy (HA)

68.5

68.0 69.0
Time (ns)
(@
ISNO
e+ /- | sna
ISNZ
< H Feedback
3'2 Starts
_5 2. /
-2 T T
68.0 68.5 69.0
Time (ns)

(b)
Fig. 6 (@) Total ML and SN charging current and ()ly SN
charging current for match and different mismatohditions in the
proposed scheme.

subscripts 0, 1, and 2 mean full match, 1-bit mismand 2-
bit mismatch, respectively. The variations in totdlarging
current look similar to that inyl in CR scheme and lack any
indication of feedback. The magnitudes of currearts much
smaller in our scheme signifying substantial enesgyings.
The feedback action is effective igylas explained in the
previous section. Initially, for both matched andsmatched
MLs, Igy charging currents are same. After ~155ps the
feedback action begins which is much earlier tieninitiation
of feedback in MD scheme. Earlier initiation of déack in
the proposed scheme indicates that our schemedetéict a
match earlier than MD scheme. Matched ML causesemor
current to be channelled to SN while for mismatchdds SN
currents decrease with increasing number of migmeatcAfter
shutting off the ML charging current at the endtlod search
cycle the charge stored ing passes to ML through the
feedback transistor N1 as N1 is still working irtusation
mode. That is why, SN current becomes negativer dlfte
match decision has been made. The resulting rexuofi SN
voltage may turn off N3 (Fig. 4(a)) in case of  foatch. The
inverter of sensing unit can maintain a high outpoit
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sufficiently long time (up to the commencement loé thext
search) even at this condition. The magnitudesgp€lirrents
are small signifying
insignificant energy.

B. Voltage Margin
ML with 1-bit mismatch has the maximum resistanathfo

ML needs to be charged for correct match detedsoonly
308mV (25.7% of ¥y. In CR and MD schemes the

that charging of s& consumes corresponding values are 1066mV and 1138mV, reispdct

For 1-bit mismatch the maximum ML voltages are 68mV
212mV and 171mV in the proposed, CR and MD schemes,
respectively. Y. (and also V) decreases with number of
mismatches but the magnitude of;Vin our scheme remains

ground since there is only one path through two MMOj\er than that in other schemes for same number of

transistors as discussed in section I. If there rargtiple
mismatches, multiple ML to ground pull-down pathdgstin
parallel and hence the equivalent resistance oftivground
path is lower. Among all types of mismatches, lrhismatch

mismatches. Since most of the MLs are mismatchea in
search, the reduced ML voltage of the proposedmsehsill
definitely result in large energy savings compawedther two
schemes. Though some energy is consumed in cha€ing

causes minimum charge leakage from ML to groundndur pt this energy is small asylis small. Also it is clear from

match evaluation. Hence ML with 1-bit mismatch ¢jes
faster than MLs with more than one mismatch. Thathy, 1-
bit mismatch is the hardest to detect and it hashighest
probability to be detected as a false match. Socewpare
voltage variations of MLs and SNs with full mataidawith 1-
bit mismatch.

Fig. 7 shows the variations of voltages of ML arid f6r a
fully matched ML and for a 1-bit mismatched ML diet
proposedschemeThe maximumvoltageto which a matched

1.2
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8
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T Viy Match |
0.2 _
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(b)
Fig. 7 Variations of (a) ML and (b) SN voltages wittatch and 1-bit
mismatch of the proposed scheme.

International Scholarly and Scientific Research & Innovation 5(3) 2011

418

Fig. 7b that from initiation of charging up to ~&5 Gy of

both matched and mismatched MLs charge at the satme
due to same initial current supplied by the chaygiMOS P1.
After that the feedback action begins causirg & matched

ML to charge at higher rate than that of mismatciid
though Gy values are same in both matched and mismatched

Voltage margin is defined as the difference betwden
sensing threshold of the sensing unit and the maxiwvoltage
to which a 1-bit mismatched ML (in CR and MD) or $iN
proposed) is charged. Higher is the voltage magg@ater is
the circuit’'s ability to handle process variatioasd noise.
Table | shows the comparison of voltage margindifferent
techniques. Like all low swing schemes our schenféers
from the problem of low voltage margin. But we wshow
later that this reduced voltage margin is stillfisignt to take
care of the worst process variations.

C.Search Time

Search time is defined as the time from 50% of ML®N
50% of MLSO. Table | shows the comparison of sediralas
of different schemes. Reference [14] did not rejport speed
comparison with the CR scheme. According to ourgation
results, MD scheme is significantly slower (46.3#an the
reference CR scheme. As mentioned earlier we dedigme
reference CR scheme to have search speed compé&rainle
scheme. The high-speed CR scheme can achieve lsigéeh
speed at the cost of reduced voltage margin.

D.Energy Consumption

Energy consumption per word per search in any sehem
varies with match or mismatch condition. Fully negd words
consumes more energy than mismatched words as Mis a
charged to higher voltages and MLSA outputs havebdo
pulled to high. If the word is mismatchedthen energy

TABLE |
VOLTAGE MARGIN AND SEARCH SPEEDCOMPARISON OF THEPROPOSED CR
AND MD SCHEMES

Proposed Reference | High-speed MD
scheme CR scheme | CR scheme | scheme
Voltage 150mV 513mv 150mV 419mv
margin
tSirflaerCh 534ps 536ps 214ps 784ps

1SN1:0000000091950263



Open Science Index, Electrical and Computer Engineering VVol:5, No:3, 2011 publications.waset.org/10704/pdf

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering
Voal:5, No:3, 2011

consumption per word varies with number of mismesch calculate the energy saving. But the combined gnerg

present in the word. In our scheme the dominanteats
which flow in the MLSA of a mismatched words areading
unit current through P1 and sensing unit currembubh P3
(Fig. 4(a)). As shown in Fig. 6(a), with increadenamber of
mismatches current through P1 increases by a samaunt.

consumption in the feedback circuit (by currgppland level
shifter is not negligible and inclusion of this ege would
result in reduced total energy saving.

E. Peak Dynamic Power

But at the same time ) decreases with increasing mismatch P€ak power consumption with the worst case datarpait

number. Smaller ¥, means smaller gate voltage at N3, le
subthreshold conduction through N3 and hence lesemt
through P3 to keep the internal node (input ofshiesing unit
inverter) at high. This reduction in P3 currentrisre than the
increase of P1 current. So, the total current segpby Vy
decreases with increasing number of mismatchesa®ong
all types of mismatches in our scheme maximum gne
consumption per word per search occurs for 1-bsrmaitch. In
MD MLSA the dominant currents are,l and |, (Fig. 3).
With increasing number of mismatches both currdetsease.
Hence, energy consumption per word also decreasés
increasing number of mismatches. In CR scheme Mirgihg
current determines the dynamic energy consumptidrs
current increases with number of mismatches (Fg))5So,
the energy consumption per word per search is noimirfor 1-
bit mismatch.

sa critical CAM performance parameter [2]. Most loé energy
saving techniques concentrates on reducing avepageer
consumption but ignores the increase of peak power
consumption. Increased peak power consumption nmesgjui
more power to be allocated for the TCAM chip whistuseful
only for a short duration. But during rest of theach cycle
rgg'nost of that allocated power remains unutilised, Baver
peak power consumption means cheaper supply caadektor
the extra power can be allocated for other comptsnérhe
worst case routing table used in the last subgsedtas been
wpsed to obtain peak power consumption of variolreses.
Table Il shows the comparison where positive petage
change means increase and negative means decidase.
proposed scheme requires the lowest peak powetcgati®n.
This is logical since the peak charging current mitage in
our scheme is lower than that in other scheme G-@nd Fig.

Reference [14] used 130nm CMOS simulation and tegor 6)- The high-speed CR configuration requires exélgriarge

an average ML energy reduction of 40% in terms
fl/bit/search compared to CR scheme. IP addressbdison
is never completely random and finding probab#ite# match
or different types of mismatches is difficult. Aage energy
saving calculation is based on probabilities of ahaand
mismatches and hence is less accurate. We prafdfesent
approach for energy comparison. We have found fhérmam
(worst case) energy saving in our scheme comparé&iRt So,

dreak power to speed-up the match detection.

F. Transistor Count

Table IV shows the number of transistors per MLSA
required by different schemes. In the table thesistors used
to reset ML and Var in MD scheme (not shown in Fig. 3) are
also counted. Large level shifter transistors, éigtiansistor
count and complex circuit design increase the tilmnea and
make routing of different signals more difficulthD scheme.

we have constructed a routing table which will @us

maximum energy consumption in our scheme (and &IBo
scheme). Since only a few words are fully matcimea $earch,
in our routing table there are 4 fully matched wsorhd the
remaining 60 words are with 1-bit mismatch. We dated all
three schemes using this routing table and cakdltte total
energy consumption by the TCAM arrays from the dyica
power consumption curves. Table Il shows the catedl
energy consumption and minimum energy savings.€fgegy
reduction in our scheme is much greater than thambD

G.Worst case process variations

Since the voltage margin in our scheme is lowen ttie
same in other schemes, we perform simulations termiéne
the robustness of our scheme to worst case proegsdions.
Process variations can give rise to two problemages.

TABLE Il
COMPARISON OFPEAK POWER CONSUMPTIONS BY64 WORD % 32 DIGIT
TCAM ARRAYS IN DIFFERENTSCHEMES

scheme. This is due to the fact that lower chargimgent is Proposed | Reference | High-speed | MD
supplied for smaller charging duration (becausehigher scheme | CRscheme| CRscheme| scheme
speed) in our scheme. Also the reported average ef@Sfgy ?‘;a/')‘ POWET| 5849 3556 6975 4839
saving in [14] is questionable as it seems trauthors Fflercemage
consideredonly the ML chargingcurrent Iy, to change -19.9% ) +96.1% +36%
TABLE Il w.rt. CR
COMPARISON OFENERGY CONSUMPTIONS ANDMINIMUM ENERGY SAVINGS
COMPARED TOCR SCHEME TABLE IV
Proposed Reference High- COMPARISON OFTRANSISTORCOUNT PERMLSA
scheme CR scheme speed CR | MD scheme Proposed
scheme scheme CR scheme MD scheme
Energy . 17.74f‘] 2.5.40fJ 251713 23.97f‘] Number of
consumption | (maximum) [ (minimum) (maximum) transistors 13 12 18
Energy 30% 5.6%
i e - 0.9% e

saving (minimum) (minimum)
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The first scenario is SN and ML voltages in 1-bit

mismatched ML may rise faster than regular values may
trigger the sensing units to produce wrong matchisiten
before the charging pMOS transistors are turned bgffa
regular DML. In order to identify the factors whiotan
increase the voltages we reproduce the circuit $ithand ML
charging and discharging paths in case of a 1-istmaitch.
Fig. 8 shows the circuit diagram.
The SN voltage will rise faster than the regular if

Ularger charging current is supplied by P1. This can g o]

happen if the width of P1 (WY increases due to
process variation,

Otransistor N1 offers greater channel resistance tdue
reduction in gate width (W{) causing greater portion
of total charging current to be diverted to SN and

[ CuL charges faster than the regular case causingoC
be charged faster also. This can happen due
reduction in gate widths (W, Wus4) and increase in
threshold voltages (Ms, Viva) of M3 and M4 causing
less charge leakage fronyCto ground.

All of the above scenarios can be implemented by

[Jincreasing V¥, by 20%, decreasing \, Wus; and
Wwua by 20% and increasing bothy and V. by 15%
in only one word having 1-bit mismatch.

[Jkeeping all other 63 words and the dummy word @ th

TCAM array regular (no process variation).

Fig. 9 shows the SN transient voltages in bothptleeess
varied (PV) and regular words. MLSA of the proceasied
mismatched ML can detect the mismatch correctlyghei
initial current to Gy causes higher & voltage resulting in
reduction of voltage margin to 69mV. This margin sill
sufficient to take care of significant thresholdtage rise of
the sensing nMOS (N3 in Fig. 4) due to processatianis.

The second problem scenario is when only dummy word

goes through process variations such that its Md &N
charge faster than a regular fully matched worde ihmmy
word will turn off the charging pMOS transistorsrlesa. A
regularmatchedword may not be able to trigger its sensing

EN | Pl Chargmg
:::‘::\ Csn
ML i3
CwL »= :‘::: M3 I_ SL
: Discharging
; }
M4 |— Data

Fig. 8 Circuit diagram of ML and MLSA with 1-bit sinatch. M3
and M4 form the ML pull-down path in the comparidogic in the
mismatched bit.
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Fig. 9 Variations of SN voltages in case of regufeatch, regular 1-

l:t)it mismatch and process varied (PV) 1-bit mismatch
(o]
unit by that time causing wrong match decision.c8ima
dummy word is always matched (M3 and M4 remain, dffis
scenario is simulated by assuming 20% increase dp aid
20% reduction in W; in MLSA of DML only.

Fig. 10 showsthe SN voltagesand MLSA outputsof the
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Fig. 10 Variations of (a) SN voltages and (b) MLS#&put voltages
with regular matched ML and process varied (PV) DML

1SN1:0000000091950263



Open Science Index, Electrical and Computer Engineering VVol:5, No:3, 2011 publications.waset.org/10704/pdf

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering
Voal:5, No:3, 2011

process varied DML and regular matched ML. As etgubc
Csy of DML charges faster and to a higher voltage theat of

MLSO. A regular MLSO can become high in spite ofliea
transition of DMLSO because the transition of DMLS®
sensed by P1 (Fig. 4) after a finite delay causethb series
inverter (Invl in Fig. 4(b)) and the NAND gate (NAM in

Fig. 4(a)).

V.CONCLUSIONS

positive feedback in the MLSA. Here we have implatad

TCAM cells in all schemes using popular 6T SRAMI<zel

though the original CR scheme [13] used 4T asymmedils.
But this does not affect the performance parameiers

discussed in this paper. The main objective of gheposed
scheme was to achieve low energy consumption. &tioal of

64-wordx32-digit TCAM array shows at least 30% eyer |

saving compared to CR scheme. In contrast to melngnses
available in literature we kept the implementatamplexity
low by eliminating the need for any analog controltage and
by using small number of transistors. It was shtivett a trade-
off has to be maintained between voltage margimmrcte
speed, energy consumption, peak power consumptiosyit

area and implementation complexity. Our scheme roffe

excellent enhancement to all performance parameterspt
the voltage margin. Here we have intentionally iaed

(1]

(2]

(3]

(4]

(5]

(6]
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(9]
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