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Abstract—In this paper we present an energy efficient méitwh-
(ML) sensing scheme for high-speed ternary corgeldiressable
memory (TCAM). The proposed scheme isolates thsisgrunit of
the sense amplifier from the large and variable d#épacitance. It
employs feedback in the sense amplifier to sucalgsfletect a
match while keeping the ML voltage swing low. Tresluced voltage
swing results in large energy saving. Simulatiomfqrened 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, dynaneocggnpeak power
consumption and transistor count our scheme alswshbetter
performance than mismatch-dependant (MD) power cafion
technique which also employs feedback in the semsglifier.
Additionally, the implementation of our scheme iimpler than CR
or MD scheme because of absence of analog contitdge and
programmable delay circuit as have been used setbohemes.

Keywor ds—content-addressable memory, energy consumption,

feedback, peak power, sensing scheme, sense angkfinary.

|. INTRODUCTION

N last two decades ternary content-addressable nyem

! O_BE—‘ H
(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 actionetdalen on
the packet. Routers extract the packet heademiaon (such
as destination address) and search the routing talfind the
most suitable match. Software based search teckmiane also
available. But these techniques are slow becaugkeoheed
for multiple instructions execution and multiple mury
accesses to external RAM to find a match [1]. Tercantent-
addressable memory (TCAM) offers a high speed harew
based solution to this problem. TCAM can comparanpiuit
search word against a table of stored words andetam the
address of the matching word in a single cyclecaih store
don't care values which may result in multiple nhate with
the search word. The most suitable match is selebie 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 fowoek
applications.
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Conventionally a TCAM cell contains two SRAM ce#lad
a comparison logic circuit as shown in Fig. 1(a)ttBNAND
and NOR versions of comparison logic are in uset Be
NOR type comparison logic as shown in the figuremisre
prevalent due to higher speed and absence of clskayéng
problem [2]. The stored data (DatalData2) is coded
represent three states such as ‘0’ (01), ‘1’ (1@ don't care
or ‘X' (00). Search data (SL1SL2) is provided thgh search
line (SL) pair. In case of a mismatch the matcle [{iWL) is
pulled down to ground by one of the paths throughivM or
through M3M4. In case of a match (DatalDa&2tSL 2)
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Fig. 1 (a) A conventional TCAM cell consisting of two SRAb&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. Ididtcells
having a common ML form a TCAM word and multiple nds
form a TCAM array as shown in Fig. 1(b). One pdiSas is
shared by all TCAM cells in a column. A major digsadtage
of TCAM is the high energy consumption resultingnfr
frequent switching of highly capacitive MLs and SLSo,
reduction of dynamic energy consumption remains gom
challenge for TCAM designers.

II. PREVIOUSWORK

In conventional TCAM the MLs are precharged to hégta
the SLs are precharged to ground [3]. Then seamtu Ws
supplied through search data register. If therea isnatch
between the search word and a stored word thereois
conduction path from corresponding ML to ground ahd
voltage remains high. But if there is even a singlsmatch,
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 Mbse
matched in a search, a large amount of energy sedan

2517-9438
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Charge sharing techniques use either a separaseit@ap[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 segt{grin
the next phase. Techniques in [9], [10] are alskeddow
swing schemes as they reduce the ML power by radutie
ML swing voltage. These techniques suffer from pheblem
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 phasestioeed charge
is shared with the remaining two segments and éselting
ML voltage is sensed using a match sensor blocke Th
implementation of the match sensor block is comm@ed 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&)ntgue
[13]. Fig. 2 shows the MLSA of CR scheme in mixddck
and circuit diagram form.

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

eventually discharged to ground during match evalna

MLEN signal initiates the search operation. Durihg search

Different techniques have been proposed for reguciMLS are charged towards high. SLs need not to ke pr
TCAM energy consumption. Some popular schemes aféscharged to ground in this technique. This redut

selective precharge scheme [4], pipelining scheBje dre-
computation based scheme [6], bank selection sche&ine
block encoding scheme [8], charge sharing techsidag —
[12], current race technique [13], and mismatch edelent
technique [14]. Selective precharge scheme [4]déiwi ML
into two segments and performs initial comparisomhie first
segment. Only if the first segment fully matcheghwihe
search word fragment then the second segmentiigtert and
compared. The pipelining scheme [5] divides ML anntore
than two segments and performs the comparison segoye
segment starting from the first one. Only if thereat segment
being compared matches fully then the next segnient
compared. Otherwise the later segment remainsiveacthe

effectiveness of these two techniques depends an t

distribution of the data and in the worst casedliemo energy
saving at all. Pre-computation based scheme [6fopas
some initial comparison to determine which MLs neede
activated for comparison. For example, in the ahiti
comparison total number of ones present in thesdtovords
and the search word may be compared. This techméguéres
additional circuits and evaluation time to perfotihe initial
comparison. Bank selection scheme [7] divideghal words
into groups called banks. During the search ongy ridlevant
bank in activated and compared. The problem witls th
technique is bank overflow which happens when tivabver of
input combinations exceeds the storage capacity bank.
Block encoding scheme [8] uses some special engodi
technique to compress IP addresses and thus redungser
of words needed to be stored in the routing taBleergy
reduction is achieved by reduction of TCAM arrayesi

switching activity compared to the conventional este [3]
saves around 50% SL energy. For fully matched wadhes
correspondingMLs get quickly chargedto a thresholdwhich
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Fig. 2 Current-race sensing scheme - (a) one TCAdMdwwith
MLSA consisting of charging unit and sensing umitl gb) 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 torgtand 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 reddarg 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 tHéLOFF In this paper we propose a ML sensing scheme which
signal. During the ML charging phase CR scheme lisp employs a simple but effective feedback mechansspeed
similar currents to both matched and mismatched .Mis, UP the match detection process and reduce energy
here also large amount of energy is wasted in latgeber of consumption. We have used CR-type MLSA with some
mismatched MLs. Feedback in MLSA have been usdd4h modification in the charging unit to incorporates treedback
to reduce the current to the mismatched MLs. Themratch action while keeping the implementation complexiyd
dependant (MD) MLSA proposed in [14] uses the sanjgansistor count low. The match detection has lformed
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 lehiétes and a €oncept as in CR has been used to control the icigarg
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 stirés The rest of the paper is organized as follows. iSedtl
charging of all MLs. Initially, both ML voltage () and presents the circuit diagram and operation of tlopgsed ML
voltage at Var node increase by currentsy | and hias sensing scheme. Section IV presents simulationltsesund
respectively. As Var voltage increases currenf |decreases. comparison of the proposed scheme with the CR abdwWi
But with increases of ) the level shifter output also Se€nsing scheme. In this section we also presentlaion
increases. For a matched ML the level shifter aucomes results considering process variations in our seh&ection V
sufficiently high to turn on N1 and henceaé node starts to includes conclusion.
discharge again. With reduced,4 voltage |, for matched
ML increases. For mismatched MLs the ML voltageseri Il 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 dep)eg on
number of mismatches resulting in small or no réduacin Charging Unit Sensing Unit
Vyar Voltage. So, matched MLs get higher currents than Vad
misma’;cf:hed ML? and in terms ofdML energy this tg‘qhes MLRST
can offer significant energy reduction compared G&R MLEN
scheme. But, the level shifter and the feedbackuitiralso WOITF:‘:)_‘:I Pl L
consume some energy and in terms of total enemygaiing IsN gN,

is not significant. Moreover, for proper operatidhe hqll 1
Match Line 1
I ML

transistorshaveto belargespeciallyin the level shifterwhich N2 j v
TCAM TCAM MLRST

cell01 || celin
(@
Vdd
Vg¢  MLRST
‘ MLEN DMLSO
MLOFF WOFF:D_""
L |_| | Invl
ML Dummy Match Line I:Il
]' MLOFF
TCAM TCAM MLRST
Level Shifter Feedback Circuit cello1 || Celln
Fig. 3 Charging unit with level shifter and feedkacircuit in (b)
mismatch-dependent sensing scheme. SignaDFF comes from Fig. 4 The proposed ML sensing scheme - (a) onégib-dord
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.
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in the proposed scheme. It should be noted thatTakM
digit is actually coded two bits as mentioned irctes .
Before the search operation begins the MLRST sigeséts

of ML charging to ensure proper match detection.fiv that
in the proposed scheme the delay introduced bys#res
inverter and the NAND gate (Invl and NAND1) is suiéfint

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 appl@the
SLs (Fig. 1).

MLEN initiates the search. It starts charging Mlls and

variation. That is why, no programmable delay eleirteas
been used in our scheme. CR and MD schemes usathioy
control voltage Vs 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.sédice of

action of nMOS N1 starts. With increasing ML vokayjs,

programmable delay and additional control voltadpth{

V4 0f N1 decrease andspincreases causing threshold voltaggeneration and routing) make implementation ofgiheposed

to rise. So, the channel resistance increases. Farent is
diverted to the sensing node capacitancg, So, voltage at
SN (Ven) increases. Increase ofycauses increase ofy/Vgs
of N1 causing more current to ML and increase jn Vhus a
positive feedback action goes on betwegp ®nd Vsy. Since
Csn is small it can be charged very quickly by thissitige
feedback action. Matched MLs are disconnected fgoound
and hence they charge much faster than the misetateths.

scheme much simpler than the other two schemes.

IV. SIMULATION RESULTS ANDCOMPARISON

In internet protocol version 4 (IPv4) IP addresgth is 32
bit. The new internet protocol version 6 (IPv6) exlides are
128 bit long and the corresponding forwarding tablguires a
large TCAM array. In this paper we considered fadirg
table containing smaller IPv4 addresses in ordeketep the

This makes gy of a matched ML charge much quicker thaimylation time within reasonable limit. But of ¢ea the same

Csy Of @ mismatched ML. As soon as thgy\f 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 chargingent
to the ML (and DML) by turning off P1. The SN vaiies of
mismatched MLs do not charge up to the sensingtiotd of
the corresponding sensing units. So, outputs of AH $f

mismatched MLs remain low.

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

In this paper we have performed all simulations\g64
wordsx32 digits TCAM array using 130nm 1.2V CMOSito
Predictive technology model (PTM) [15] has beenduse
HSPICE for the simulation. Since our array sizelifferent
from [13] and [14], we have performed comprehensive
simulations of proposed, CR [13] and MD [14] schente

The match line capacitanceyCdepends on many factors gnalyse and compare various aspects of the schemes.
such as TCAM word size, bit values in the suppsedrch line  ynfortunately [13] does not provide any information the
word and MLSA input capacitancewCis generally large and sjzes of the transistors used in the CR MLSA. Wmibthat it

varies from one search to another. Unlike CR and $éBsing
scheme the proposed scheme isolatgs ftom the sensing
unit input and uses an intermediate node capaet&hg to
make the match decision. The value @f & determined by
gate and drain capacitances of N1, drain capa@tafid\N2

is possible to design CR scheme with wide rangeseafrch
speed, voltage margin, dynamic search energy aakl pawver
consumption. But improvement in one parameter geliyer
comes at the cost of deterioration of others ergreasing
search speed cause decrease in voltage margimem@se in

and gate capacitance of N3. Sey@ small and does not vary peak power consumption. We choose transistor §imes \fas
between searches. Unlike MD scheme where the fekdba,ame) to get two configurations of CR scheme — wihich

action is sensed in the ML charging current, in pheposed

has search speed comparable to the speed in cemecand

scheme the charging current tgyGenses 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 asfixence

small capacitance make it possible to detect a hmaiith

much lower ML voltage than CR or MD scheme. Singergy

consumption is directly proportional to ML voltageing [2]

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

If the initial charging current (before feedbackarsd)
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 imposstte.the
gate dimensions of the transistors P1 and N1 habe thosen
carefully so that the feedback action can becoriee@fe.

In both CR and MD schemes a programmable defain (
Fig. 2(b)) was used after DML output to delay teartination

design. We call this two configurations referenée &d high-
speed CR, respectively. The sizes of the transisStoMLSA,
the value of control voltage (¥9 and the amount of
programmable delay were not specified in [14]. Withthis
information it was not possible for us to reprodtice exact
ML currents reported in [14]. We found that the diback
action in MD scheme works only within a very lindteange
of transistor sizes andpy; values. After extensive simulations
we could achieve excellent feedback action in th& $¢heme
as will be shown in the following subsection. Fbe tsake of
fair comparison no programmable delay has been afied
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 chargingecus in
reference CR and MD schemes wheggo,! Iy, and o

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

mismatch), 1-bit mismatch and 2-bit mismatch, respely. 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 HEN is
initiated at 68ns). The feedback action causes mmaxi
current to be sent to ML with full match and graljua
decreasing currents to MLs with increasing numbér
mismatches.

Fig. 6 shows the variations of total charging cuoirér
(=lmtlsy) and SN charging currentgy for matched and
mismatched MLs in our scheme where the numbersin

40
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Fig. 5 ML charging currents for match and differemtsmatch

conditions in (a) reference CR sensing scheme dmdin( MD
scheme.
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Fig. 6 (a) 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 tot&larging
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 andsmmatched
MLs, lsy charging currents are same. After ~155ps the
feedback action begins which is much earlier theninitiation
of feedback in MD scheme. Earlier initiation of déack in
the proposed scheme indicates that our schemedetiéict 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 intusation
mode. That is why, SN current becomes negativer alfie
match decision has been made. The resulting reducfi SN
voltage may turn off N3 (Fig. 4(a)) in case of d foatch. The
inverter of sensing unit can maintain a high outpoit
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sufficiently long time (up to the commencement loé next
search) even at this condition. The magnitudeg€tulrrents
are small signifying that
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 My. In CR and MD schemes the

charging of ¢ consumes corresponding values are 1066mV and 1138mV, reisppdct

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 8MOjgywer than that in other schemes for same number of

transistors as discussed in section I. If there rardtiple
mismatches, multiple ML to ground pull-down pathgsein
parallel and hence the equivalent resistance oftdground
path is lower. Among all types of mismatches, lrhigsmatch

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

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

match evaluation. Hence ML with 1-bit mismatch ¢jesr
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. Socovapare
voltage variations of MLs and SNs with full matahdawith 1-
bit mismatch.

Fig. 7 shows the variations of voltages of ML arid f8r a
fully matched ML and for a 1-bit mismatched ML diet
proposedscheme The maximumvoltageto which a matched

1.2
1.0/ |MLRST MLEN MLSO_Match
80.8-
0.6
8
So4
2 I Y R R Vi Match
0.2 _
V,,. Mismatch
0.0
67.5 68.0 68.5 69.0 69.5
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D 0.6 “e.__ SN
g 0.4 . Voltage Margir
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VSN Mismatc
0.0 {
67.5 68.0 68.5 69.0 69.5
Time (ns)

(b)
Fig. 7 Variations of (a) ML and (b) SN voltages witlatch and 1-bit
mismatch of the proposed scheme.

Fig. 7b that from initiation of charging up to ~1&5 Gy of

both matched and mismatched MLs charge at the satae
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 mismatchéd
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 sedirols
of different schemes. Reference [14] did not repot speed
comparison with the CR scheme. According to oumtion
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 comptwainle
scheme. The high-speed CR scheme can achieve lsigheth
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 netd words
consumes more energy than mismatched words as Mis a
charged to higher voltages and MLSA outputs havebeéo
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
tsirf]ae“’h 534ps 536ps 214ps 784ps
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consumption per word varies with number of mismesch calculate the energy saving. But the combined energ

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

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 datarpais
number. Smaller M, means smaller gate voltage at N3, les& critical CAM performance parameter [2]. Most loé Energy

subthreshold conduction through N3 and hence lesemt
through P3 to keep the internal node (input ofgéesing unit
inverter) at high. This reduction in P3 currentrisre than the
increase of P1 current. So, the total current seppby Viq
decreases with increasing number of mismatchesa®ong

all types of mismatches in our scheme maximum gnerd’

consumption per word per search occurs for 1-tstmaitch. In
MD MLSA the dominant currents argyl and s (Fig. 3).

With increasing number of mismatches both currdetsease.
Hence, energy consumption per word also decreasis
increasing number of mismatches. In CR scheme Mirgihg

current determines the dynamic energy consumpftidrs

current increases with number of mismatches (Fig))5So,

the energy consumption per word per search is noimirfor 1-

bit mismatch.

saving techniques concentrates on reducing avepagesr
consumption but ignores the
consumption. Increased peak power consumption mesgjui
more power to be allocated for the TCAM chip whighuseful
only for a short duration. But during rest of theach cycle
ost of that allocated power remains unutilised, Baver
peak power consumption means cheaper supply casduktor
the extra power can be allocated for other compisnérhe
worst case routing table used in the last subsedtas been

wHsed to obtain peak power consumption of varioleses.

Table Il shows the comparison where positive petage
change means increase and negative means decidase.
proposed scheme requires the lowest peak poweucyat®on.
This is logical since the peak charging current mitage in
our scheme is lower than that in other scheme @-@nd Fig.

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

an average ML energy reduction of 40%
fJ/bit/search compared to CR scheme. IP addregsbdison
is never completely random and finding probabite 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 ithemam
(worst case) energy saving in our scheme compar€&iRt So,

in terms d:?eak 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 Vg in MD scheme (not shown in Fig. 3) are

also counted. Large level shifter transistors, &igtnansistor
count and complex circuit design increase the #iea and
make routing of different signals more difficulthdD 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 vgorhd 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.€fsegy
reduction in our scheme is much greater than thamD

scheme. This is due to the fact that lower chargingent is
supplied for smaller charging duration (becausehigher

speed) in our scheme. Also the reported average e@8tgy
saving in [14] is questionable as it seems thauthors
consideredonly the ML chargingcurrent Iy, to

TABLE Il

COMPARISON OFENERGY CONSUMPTIONS ANDMINIMUM ENERGY SAVINGS
CoMPARED TOCR SCHEME

High-
Proposed Reference speed CR | MD scheme
scheme CR scheme
scheme
Energy 17741) 254013 2517f] 239713
consumption | (maximum) [ (minimum) (maximum)
Energy 30% ) 0.9% 5.6%
saving (minimum) =7 (minimum)

G.Worst case process variations

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

TABLE IlI
COMPARISON OFPEAK POWER CONSUMPTIONS BY64 WORD x 32DIGIT
TCAM ARRAYS IN DIFFERENT SCHEMES

Proposed Reference | High-speed MD

scheme CR scheme | CR scheme | scheme
Peak power| ;g9 3556 6975 4839
(nW)
Percentage
change -19.9% - +96.1% +36%
w.r.t. CR

TABLE IV
COMPARISON OFTRANSISTORCOUNT PERMLSA
Proposed CR scheme MD scheme
scheme

Number of 13 12 18
transistors

increase of peak power
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The first scenario is SN and ML voltages in 1-bit
mismatched ML may rise faster than regular valuas may
trigger the sensing units to produce wrong matchisien 1.0 MLEN
before the charging pMOS transistors are turned byffa
regular DML. In order to identify the factors whicten 0.8+
increase the voltages we reproduce the circuit $ithand ML
charging and discharging paths in case of a 1-ismatch.
Fig. 8 shows the circuit diagram.

The SN voltage will rise faster than the regular if

Olarger charging current is supplied by P1. This can (o]
happen if the width of P1 (¥y) increases due to
process variation, 0.0+

Ctransistor N1 offers greater channel resistance tdue 638.0 68.5
reduction in gate width (W) causing greater portion

of total charging current to be diverted to SN ahd Fig. 9 Variations of SN voltages in case of reguteatch, regular 1-
"I Gy charges faster than the regular case causiRdoC it mismatch and process varied (PV) 1-bit mismatch
be charged faster also. This can happen due to

reduction in gate widths (M, Wus) and increase in
threshold voltages (Ms, Viva) of M3 and M4 causing
less charge leakage fromyCto ground.

All of the above scenarios can be implemented by

[lincreasing W; by 20%, decreasing W, Wys and
W4 by 20% and increasing both and iy, by 15%
in only one word having 1-bit mismatch.

[1keeping all other 63 words and the dummy word & th 121
TCAM array regular (no process variation).

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

The second problem scenario is when only dummy word
goes through process variations such that its Md &N

1.24

Regular_MLSO_Match

Regular \ Match

Voltage (V)
o
@

©
B

PV Vq Mismatch

Regular \é Mismatct

69.0 69.5
Time (ns)

unit by that time causing wrong match decision.c8ira
dummy word is always matched (M3 and M4 remain, dffis
scenario is simulated by assuming 20% increase dp afd
20% reduction in W; in MLSA of DML only.

Fig. 10 showsthe SN voltagesand MLSA outputsof the

1.04 MLEN

o
®

Vg, Of PV DML

Voltage (V)
o
il

o
&

V., of Regular Matched ML

0.04
charge faster than a regular fully matched worde #dbhmmy 68.0 68.5 69.0 69.5
word will turn off the charging pMOS transistorsrles. A ' ’ Time (ns) ’ ’
regularmatchedword may not be able to trigger its sensing @
a,
Vg 1.2
1.04

MLEN PV_DMLSO. [Regular_Match_MLSQ

o
®

l-CSN

Voltage (V)
o
id

©
v

i M3 |fst

(VIS IN 0.2+
é Discharging
M4 |— Data 0.0 : . .
68.0 68.5 69.0
Time (ns)

Fig. 8 Circuit diagram of ML and MLSA with 1-bit sinatch. M3 (b)

ar_1d M4 form Fhe ML pull-down path in the comparisogic in the Fig. 10 Variations of (a) SN voltages and (b) ML8#tput voltages
mismatched bit.

with regular matched ML and process varied (PV) DML
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process varied DML and regular matched ML. As eiguc
Csn of DML charges faster and to a higher voltage ttteat of
a regular Gy. So, DMLSO becomes high before a regular
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 (NAN in

Fig. 4(a)).

V.CONCLUSIONS

positive feedback in the MLSA. Here we have implated

TCAM cells in all schemes using popular 6T SRAMIgel

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

voltage margin,

discussed in this paper. The main objective of gheposed
scheme was to achieve low energy consumption. &iroual 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 implementatammplexity
low by eliminating the need for any analog controltage and
by using small number of transistors. It was shtivat a trade-
off has to be maintained between voltage margimrcke
speed, energy consumption, peak power consumpatiosyit

area and implementation complexity. Our scheme roffe

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

voltage margin to get higher search speed. By 6hQos proceedings and refereed journattis research interests are semiconductor
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