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A Design for High-Speed Low-Power CMOS Fully
Parallel Content-Addressable Memory Macros

Hisatada MiyatakeMember, IEEEMasahiro Tanaka, and Yotaro Mori

Abstract—Described is a design for high-speed low-power-con- and of its relatively high cost resulting from that. CAM’s
sumption fully parallel content-addressable memory (CAM) |ow memory density is mainly due to its area-consuming
macros for CMOS ASIC applications. The design supports config- memory cells and the difficulty of implementing the column

urations ranging from 64 words by 8 bits to 2048 words by 64 bits . -
and achieves around 7.5-ns search access times in CAM mau:rosaddr('}SS [11]. Another problem to be considered is that the

on a 0.35um 3.3-V standard CMOS ASIC technology. A new large surge current and large power consumption in the search
CAM cell with a pMOS match-line driver reduces search rush operation, which come from the inherent nature of parallel
current and power consumption, allowing aNoRr-type match-line  CAMs’ parallel search, make it difficult to densely integrate
structure suitable for high-speed search operations. It is also a large number of memory cells. For the fully parallel search

shown that the CAM cell has other advantages that lead to a . . S ;

simple high-speed current-saving architecture. A small signal on operation, the input reference dat":_l which is being searched for
the match line is detected by a single-ended sense amplifier which Must be sent to all memory locations, and all cell arrays are
has both high-speed and low-power characteristics and a latch activated for data comparisons at the same time. During the
function. The same type of sense amplifier is used for a fast read search operation, therefore, current flows in major data system
operation, realizing 5-ns access time under typical conditions. For .« jits including long heavy data lines and all bitlines in all
further current savings in search operations, the precharging of
the match line is controlled based on the valid bit status. Also, cell arrays that are also heavy be(_:ause a large number _Of c_ells
a dual bit switch with optimized size and control reduces the are connected. Current also flows in all match detection circuits

current. CAM macros of 256 x 54 configuration on test chips that include heavy word match lines and are implemented for

showed 7.3-ns search access time with a power-performanceeach data word, and in other search-related circuits such as

metric of 131 fJ/bit/search under typical conditions. encoders and hit/miss signal generation circuits. One of the

Index Terms—ASIC, associative memory, CAM, CAM cell, techniques to reduce the search current in the match circuits
CAM macro, content-addressable memory, low power, match js to use anAND-type match-line circuit to get a word match
line, memory macro, sense amplifier. signal [12], rather than theoRr-type circuit generally used for
speed-oriented CAMSs. In theaND-type match-line technique,

I. INTRODUCTION the match-line driver devices in the cells belonging to a word

., are connected in series. Not only is theND-type circuit
ONTENT-ADDRESSABLE memory (CAM), especially inherently slower than theor-type circuit, but also the former

. . : i
fully paralle! CAM, prow_des a unique exclusive fast an be much more strongly influenced in the circuit speed than
data-search function by accessing data by its content rather tfjan

its memory location indicated by an address. This CAM funcc Igtter by wafer process varlg'uons. . .
This paper describes a design applied to a series of fully

tion can support a wide range of applications such as IOOkuBrallel CAM macros for standard CMOS ASIC chips without
tables, databases, associative computing, data compression, . . : :
. . any’ special devices such as I devices. For high-speed

and others [1]-[9]. Recently in the network computing era, fas . .
. . “search, the design uses a wiragb (NOR-type when used

lookup tables are required for network address resolution in

network switches and routers such as LAN bridges/switc:hWlth NMOSFETS) match-line structure with pMOS match-line

[10], ATM switches, and layer-3 switches, and CAM’s fasﬁfcivers in the memory cells and a match sense amplifier. They

. . . . a*lso, together with some other techniques, reduce the search
search functions are especially useful in supporting the quall

of service (QoS) required for real-time applications I|ké:Mrrent fqr less moisy  circuit operat|o_ns and lower power
: ; . . consumption to support fast search. Typical macros constructed
multimedia data transmission. Even faster search operations . .
) . o .using 0.35xm 3.3-V technology based on this design show 6.3-

are desired for higher speed communications networks like . . . .
0 8.8-ns search access times including the address encoding

0OC-192 and OC-768 where address resolution within less th%p the matched memory location with priority given to the

10 ns 1S required. . smallest address. Some of the circuit techniques for the search
In spite of the powerful search function, the use of CAMs is o : . ; . )
. T . L gperation in this design are also effective for increasing the

limited to applications where high memory capacity is not th . . . .
speed and reducing the current in read and write operations,

deciding factor because of its relatively low memory densit hile some other architectural and circuit considerations are

compared with simpler memories like DRAMs and SRAIv'?)rovided specifically for these operations, too. Section Il

_ _ _ describes the logical and physical architectures commonly
Manuscript received August 22, 2000; revised January 10, 2001, used for various configurations of the macros. Section Il
The authors are with the Yasu Technology Application Laboratory, IBM d h I d the CAM d ..

Japan Ltd., Shiga-ken 520-2392, Japan (e-mail: hmiyatak@ijp.ibm.com). 'Ntroduces the memory cell and the word comprising
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Fig. 1. Logical functional block diagram of the CAM.

sense amplifiers with a latch function used for high-speed wocdmmand is provided to reset all valid bits to the invalid state in
match signal sensing and read data sensing with minimizede cycle. The data-in port, including the valid bit input port, is
current. Section V explains further power saving techniquesed for write operations as well. The ordinary write and read
applied to match-line precharging. Section VI presents a loiperations like those in standard RAMs are executed by sup-
switch structure and its adaptive control best fitted for reaglying a write and a read command respectively to the corre-
write, and search operations, and Section VIl briefly discussgsonding input port and an address to the address input port. An
the power savings in search operations. Section VIII giveperation, which is a search, write, read, or reset, is triggered by
a brief description of the technology in which the desiga clock signal’s falling edge at which time all input signals are
is implemented, some circuit simulation and hardware dasampled. The search results and the read-out data come out at
regarding performance, and physical design data includittteir output ports after their respective access times.
sizes. Fig. 2 shows the floor plan or physical architecture of a
common building block [Fig. 2(a)] and typical configurations
[Fig. 2(b) for64 x m CAM, (c) for 256 x m CAM, and (d) for
2K x m CAM] of the CAM macros. The memory cell array
The design approach was taken so as to allow the use ofi@slivided into subarrays, each of which comprises 64 words.
many common circuits and circuit blocks as possible in all sufphe match signal sense amplifiers and match latches, and a
ported configurations. 64-to-1 priority encoder are placed at the side of the subarray.
The logical functional block diagram of the developed CANT'he 64-to-1 priority encoder provides a hit/miss signal and the
macros is shown in Fig. 1. In search operations, the referermrrallest address in binary code of the matched words in the
data are driven to and compared at all locations in the memd#-word subarray. The local wordline drivers are placed at the
cell array at the same time. The memory cell array.of m  other side of the subarray. The bitline precharge devices and the
CAM macro logically consists of. words by(m + 1) bits in-  bit switches reside below the subarray. These circuit blocks and
cluding a valid bit, where may vary from 64 to 2048 with a steptheir local control circuits form a common building block for
of 64 andm from 8 to 64, both depending on the actual implevarious configurations with the same word length. To change
mentation of the design. For each data bit, a mask bit is providée word length, the necessary numbei6afx 1 cell blocks
to be used to mask or suppress the search and the write opwiigh bit switches and bitline precharge devices are added to or
tions for that bit. The mask data are acquired in the same cyogmoved from the subarray. In CAM macros containing more
as the search or write cycle, and thus no extra cycles are requitfeah 64 words, the outputs from the 64-to-1 encoder are further
for setting the mask data. Each word has the valid bit which indincoded among the neighboring common building blocks and
cates whether the data stored in the word is to be used in seageht to a central encoder. The bitlines in the subarrays are
operations. A match line, a match sense amplifier, and a matdmmonly used for read, write, and search operations, and are
latch are associated with each word. The match/nonmatch infoonnected to the global bidirectional data lines through the
mation in the match latches is fed to a priority encoder to retubit switches. The read sense amplifiers and the data drivers
the smallest address of all matched words. A hit/miss signalase centralized, located with the global control circuits and
also generated, its “high” state indicating a “hit” or “multipleinput/output circuits. Thus the read sense amplifiers are single
hits” and the “low” state indicating “no hits” or “miss”. A resetstage and shared among a maximum of 16 subarrays to save

Il. LOGICAL AND PHYSICAL ARCHITECTURES
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Fig. 2. Floor plans. (a§4 x m common building block forr x m CAMs. (b)64 x m CAM. (c) 256 x m CAM. (d) 2048 x m CAM.

silicon area and electric current. In write and search cycles, thatch-line driver device which may be called a bit-match de-
data line drivers drive the data lines to a maximum of eiglice. A major difference from a conventional nine-transistor
subarrays according to the input data and the mask data. GloBAM cell with active pull-down [13], shown in Fig. 3(b), is that
wordlines run over a maximum of four subarrays. A set dhe pull-down device to drive the match line to a low level is a
global wordline decoders and drivers support a maximum pMOSFET rather than an nMOSFET. The comparator devices’
four subarrays and only one set of them is activated at ogate nodes are connected to the storage nodes in such a way
time according to the input address. The local wordline drivetisat the match-line driver pMOSFET is off when a match is de-
receive select signals from the global wordlines and a subartagted in the cell, which is the same with the conventional NMOS
select circuit to drive a selected local wordline in a selectgulill-down device cell.
subarray for read and write operations. The CAM word is structured as shown in Fig. 4, comprising
The number of words per subarray, which is 64, was kefite cell presented above. The bit-match devices from the
rather conservative because a nine-transistor cell and themory cells in the word are connected in parallel to the word
common bitline scheme were adopted. This will be discussediratch line to form a dynamic wiredND, i.e., aNOR-type,
the latter half of Section IV-A concerning the sense amplifiersnatch-line structure for fast search access, similar to a con-
ventional CAM word using an nMOS pull-down driver cell.
The word match line stays at its precharge state when a word
. MEMORY CELL AND WORD STRUCTURE match is detected. With the intention to use a sense amplifier in
order to detect the small signal on the match line, the precharge
The CAM cell developed for this work is a nine-transistolevel was selected so as to be a level suitable for high-gain
cell as shown in Fig. 3(a). The cell incorporates an ordinapperation of the sense amplifier presented in the next section.
six-transistor SRAM cell to store a bit of datum, a compaiAs the sense amplifier has an nMOS gate input, the desirable
ison circuit containing two nMOSFETSs, and a pMOSFET wordrecharge level is a high level rather than a low level. However,
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BL BL match-line structure with the nMOS isolation device and sense
WL . amplifier was adopted to minimize the effect of this p MOSFET
T] disadvantage. The activation timing of the sense amplifier was
F‘ —‘{ determined with the case where only one bit in the word has
1 ) nonmatch state.
l_ _* Advantages brought by having a pMOSFET instead of an
E NMOSFET as the match-line pull-down device are as follows.

1) The match-line discharge level is a level elevated by

Bit-Match the threshold voltage of the deeply back-gate-biased
Node PMOSFET, not a full low level or the ground level,
— Word MatchLine leading to smaller rush current, smaller capacitive cou-
pling noise, and power savings through voltage swing
reduction.

2) The bit-line precharge level is compatible between the
BL L read/write and search operations, specifically a high level
for all operations.
WL ' 3) The match-line precharge or standby level is also compat-
l T]h _{T J' ible between the read/write and search operations, a high
level for all operations.
4) The bit mask signal level on the bitlines is compatible
B]— —{B? between the search and write operations, a high level on
both true and complement bitlines in both cases.
5) As a result of 2) and 4), the bit mask signal level on the
bitlines is always the same as the precharge level regard-
less of the requested operations.

Lﬂ; — Word MatchLine Advantage 1) reduces the match-line voltage swing toward
the lower state by about 0.7 to 1 V. Along with the reduced

precharge level of the match line as previously described,

I . 1

() the resultant voltage swing ®pp — Vin — |Vinp|, Where
Fig. 3. CAM cells. (a) This work. (b) Typical nine-transistor nMOS pull-downV;y,;, is the threshold voltage of the deeply back-gate-biased
device cell. PMOSFET. IfViy,, and|Viy,| are both denoted by, for the

sake of simplicity because they are close to each other, the
to reduce the voltage swing at the same time, the match limatch-line voltage swing iBpp — 2V;,. Since all nonmatching
is precharged through an isolation nMOS transistor. Thus theatch lines are discharged in a search operation in case of the
precharge level i¥};,,, below Vpp, whereVyy, is the threshold NOR-type match-line architecture, and since most words store
voltage of the deeply back-gate-biased nMOSFET Hpgd is nhonmatch data in typical cases, this reduction of the discharge
the power supply voltage. The match sense node is prechargadent is nearly proportional to the word count or the address
to the full Vpp to allow the use of the power supply voltage adepth. The discharged match lines must be charged up during
the reference voltage for the sense amplifier. As the match littee precharge period. Thus the total match-line charging and
is precharged to the high state, which is the same as the madcdtharging current is reduced roughly by a facto2@f, / Vbp
state, the search access time is determined by the detectiowbén compared with the case of the rail-to-rdib( to the
the word nonmatch state, the lower state. The stray capacitagoeund level) voltage swing. WheWipp is 3.3 V andV}y, is
of the sense node is much smaller than that of the match li@e7 V as a modest value for a deeply back-gate-bidsgd
and therefore the sense node discharging is accelerated befloie factor is 0.42, i.e., more than 40% of the match-line
being amplified by the sense amplifier [14]. Using a high-speexdirrent is saved. The noise level is reduced by the same factor
sense amplifier with the isolation nMOSFET, instead of # the first order approximation, contributing to more stable
primitive logic gate, for sensing the match-line signal makesdircuit operation. The match-line charging and discharging
possible to attain a fast search operation over the wide rangmver consumption is also proportional to the voltage swing,
of word lengths even with a reduced voltage swing, thustherefore more than 40% of the match-line power consumption
smaller current. In a typical conventional CAM word structures saved £y charge /discharge < f - CL - Vs - Vbp, wheref is
using an nMOS pull-down device like the cell in Fig. 3(bthe frequency of the operatiod;, is the capacitance of the
and with a primitive gate driven by the match line, the wordode to be charged and discharged, Bqds the voltage swing
match state is given by the power-supply voltage level. Tho$ the node, and onlys is reduced withVpp not changed).
usually the match line is precharged i, before or at the The match-line charging and discharging power consumption
start of a search operation and discharged to the ground lewetupies about 23% of a macro total power consumption when
for a nonmatch [4], [5], [13], [15]. The pMOSFET match-linemplemented in a 0.3p4n technology described in a later
pull-down driver is weak in driving down the word match linesection, therefore about 9.7% of the total power consumption
in nonmatch case compared with nMOSFET. The wised- is saved in this technology.
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TABLE |
PRECHARGELEVEL AND MASK LEVEL CONSISTENCY ATBITLINES AND WORD MATCH LINES

Precharge for Precharge for Write Mask | Search Mask
WRITE/READ SEARCH per Bit per Bit

Bit |Bit |Match|Bit |Bit |Match|Bit |Bit |Bit |Bit
Line | Line |Line | Line | Line |Line | Line | Line | Line | Line
This Work H H H H H | H H H H H
Conventional H H L L L H H H L L

CAM Cell

Advantages 2) and 3) enable the CAM to be ready in a singte other types of static cells [13]. Especially in ASIC applica-
standby state for both read/write and search operations, whiitins, it is a desired practice to avoid the use of higher level
leads to higher speed operations by eliminating precharge @gring layers in macros in order to ease the chip-level global
erations at the start of the cycles and to lower current operatiwiring task.
because there is no standby state change between read/write ahlbte that lowering the match-line precharge level to
search. With the conventional nine-transistor nMOS match-lingp — Vin, is quite compatible with the cell’'s bit-match
driver cell in Fig. 3(b), the bitlines must be discharged and therde’s precharge and high level that is alggp — Viyy. If
the match line must be precharged when a search operation ighe-word match line is precharged up ¥p, the bit match
quested if the default standby state is for a read or a write opepddOSFET is at its marginal state ofli andoFF, and therefore
tion [13]. Conversely, if the CAM is ready for a search operatiotine source—drain leakage current flows through the pMOSFET
in its default standby state, then the bitlines must be precharge@very cell in the precharge and match states, leading to larger
to a high level and the match line is thereby discharged whestandby current.
read or write operation is requested. Note that both bitlines and
match lines impose heavy capacitive load on their drivers and
prechargers, thus on power lines.

Advantage 4) simplifies the bit mask circuits and reduces cur-The sense amplifiers designed for read data sensing and for
rent because no mask signal polarity change is required betwegatch-line signal sensing in the CAMs are shown in Fig. 5(a)
search and write. With the conventional nMOS pull-down dexnd (b), respectively. These amplifiers have the same circuit
vice, the bitlines and also the data lines must be at a low lewepology, but one is used as a differential amplifier with sym-
for bit masking in a search cycle [4], [13], [15], and at a higimetric device sizes [Fig. 5(a)] and the other is used as a single-
level for bit masking in a write cycle. ended amplifier with asymmetric device sizes at the input stage

Advantage 5) reduces the current and contributes to higlaerd with a reference voltage applied to one of the input nodes
speed as the bitlines and data lines need not change their stigs 5(b)]. The symmetric one has its predecessor aimed at
from the precharge level to the mask level when a bit mask $#RAM application [16]. The sense amplifiers used in the CAMs
requested. With the conventional cell, the bitlines and data linkeave two stage drivers for the SET node shown in Fig. 5 to avoid
must discharge to a low level for search bit masking, if the dpetential signal collapse at the early stage of the amplification,

IV. SENSE AMPLIFIERS

fault standby state is for a read or a write operation. and output buffers to speed up the output signal. The asymmetric
Table | summarizes the comparison of the states between #imeplifier has an equalizer device between its internal true and
new cell and the conventional cell discussed above. complement nodes to get more stable sense threshold voltage

The nine-transistor static CAM cells with bitlines commomargin. The main part of the amplifiers consists of two primi-
to write, read, and search operations, like one proposed in ttii® amplifier circuits; one is the well-known cross-coupled in-
paper, are superior in their space and wiring layer requiremenigsters and has a positive feedback amplification function and
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the circuit simulation waveforms in the bottom graph of Fig. 6.
_{T ﬁl"' 4{ HJ This amplifier has a dummy output buffer to preserve the sym-
metry. Characteristics 2), 3), and 4) above make this amplifier
superior to other active load differential amplifiers such as the
DOUT _{ L{j curren_t-mirror I_o_a_d amplifier widely used _in SRAMS [17_]_, [18].
The high sensitivity, high speed, and rail-to-rail amplification
capability enable the CAM macros to use a single-stage central-
Dummy ized sensing scheme, as shown in Figs. 1 and 2, with small signal
DEQN SET }_l Buffer swings on the global data lines as well as on the bitlines. Char-
acteristic 4) eases the timing design of the data line and bitline
precharge signals, i.e., enables the early starting of the precharge

DLSAEN ' after amplification, and thus contributes to shortening the cycle
g time. Characteristic 5) makes it possible to select the bitline and
data line precharge levels from a wide range of voltage levels,

e.0.,Vpp — Viug for both the bitlines and the data lines as used
in this design, and thus to reduce their charging and discharging

current, leading to lower noise level and smaller power con-
[>c C“:T jo_ sumption.
One thing to pay attention to in using a nine-transistor CAM

cell along with the common bitline scheme is that the bitline load
_‘ . WMATCHN  varies depending on the data stored in the cells connected to the
bitline pair. This load difference affects the read operation most
severely. For example, assume that the cell design in Fig. 3(a) is

Word _4’ used, that one cell stores “0” which is represented by&ievel
Match-Line sowm L SET wa on the true side and arf” level on the complement side, and
that all the other cells connected to the same bitline pair have “1.”
Located at the . . . . .
End of Under this situation, when the datum is being read out from the

WMLSAEN ' Word MatchLine cell storing “0,” that cell’s driver transistor must drive the true
g bitline to which the bit-match devices of all the other cells are

Fig. 5.

sensmg

connected through their compare devices. In this case, the true
bitline is heaviest. The same situation occurs even with the cell
Sense amplifiers for (a) read data sensing and (b) match-line sigodlFig. 3(b) with another data combination. The high-sensitivity
high-speedsense amplifiers, the smallword countofthe subarrays
of memory cells which was noted at the end of Section Il, and the

a latching function, while the other is used as an input-stagigyh-conductance bit switch described in Section Vi make iteasy
preamplifier. This circuit structure leads to the following usefub cope with this situation. Relatively shortand thus light bitlines
characteristics common to the two amplifiers: connected to the data lines through the bit switches reduce the

1

2)

3)

4)

5)

A. Read Data Sense Amplifier with Latch Function

high sensitivity and high speed amplification because effect of the load difference above. Worst-case simulations (3.3
the separation of inputs and outputs and the lightly loaded/125° C/worst process) run on the circuitimplementationinto a
buffered outputs, in addition to the inherent high perfor256 x 54 CAM macro onthe technology describedin Section VII|
mance resulting from the circuit structure; shows that the heaviest case differential signal on the data line
rail-to-rail output voltage levels; pair is 225.21 mV at the sense timing and that the lightest case
no direct current flow from the power supply line t0238.53 mV. The heaviestcase differential signal onthe bitline pair
the ground line except during the state transition periad 304.24 mV at the same timing while the lightest case is 326.83
which is very short; mV. The sense amplifier has a large enough margin for the data
a latching function which holds the amplified signal eveline signal that it must amplify.

after the input signals have disappeared as long as the

input nodes are at the voltage levels at which the inpuU8- Match-Line Signal Sense Amplifier with Latch Function
stage devices areN and the sense amplifier is kept en- The sense amplifier for match-line signal sensing has an
abled; asymmetric imbalanced driving capability at the input-stage
the sensing speed which has little dependency on the ingidlices [Fig. 5(b)]. The input gate node of the weaker device is
signals’ absolute voltage levels, as shown in Fig. 6 (togbnnected to the power-supply voltage as a reference voltage,
and center), which illustrates the case of differential readquiring no reference voltage generator. The difference in the
sense amplifier. driving capability is implemented by using different channel
width over channel lengtfi¥’/L). The driving capability could

be changed also by using different threshold voltages, but this

The differential amplifier can quickly amplify a differentialrequires a specidl;;, transistor which in turn would require
read signal as small as 10 mV of effective voltage, as shownvirafer process change. In contrast, using diffeféftLs can
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Fig. 6. Sense amplifier’s input (DLT and DLC) and output (OUTT and OUTC, both of which are inputs to the output buffers) waveforms with sense-amplifier
enable signal (SENSE, which is the input to the SET node driver) for 100-mV (top and center) and 10-mV (bottom) differential inputsiaj2 &% 125°C.

be done only within circuit design. The resultant sense-latghifier must be small and consume little current. As shown in
amplifier is a single-ended amplifier suitable for match-lin€ig. 5(b), the sense amplifier pitch circuit only requires small six
signal sensing. The ratio d¥/L between the input side andpMOS and five NMOSFETS including its precharger and output
the reference side transistors was determined through cirduitfer, and therefore the circuit occupies only a small silicon
simulations for the target technology described in Section Vllarea. Single-stage amplification to rail-to-rail outputs and no di-
The optimum ratio was searched for varying the channel widthect current in the steady states brought by this amplifier mini-
and lengths of the input-stage nMOSFETSs and other FETS, thée the area and the total current consumed in match sensing.
power supply voltage, temperature, and wafer process condiAs in the case of the read data amplifier, characteristic 4)
tions. The influence of the skews, or independent variations, sdrves for easing precharge timing design and shortening the
Vius, Ws, and Ls of the devices were also investigated. Theycle time.
effect of having the output buffers was checked and the output
buffer was attached only to the reference side. The match-line
load, the leakage current through the pMOSFET match line
drivers in the cells, and the isolation nMOSFET size were The data words which do not contain data valid for searching
also varied in total sensing simulations. The sense amplifierised not be searched. Also, since invalid words must generate
threshold voltage has enough margin over the rang®€pf “nonmatch,” their match lines are wastefully discharged during
from 2.6 to 6 V. The hardware is functional &,ps at least search access and recharged again in the precharge phase. In this
from 2.4 to 4.5V, as shown in Section VIII. design, to avoid this waste the precharging of the word match
By using the high-speed high-sensitivity sense amplifier féine is suppressed and the word match line is statically con-
the match line instead of primitive logic gates or one of the vaniected to the ground through the valid bit cell giving a “non-
ations on primitive logic gates [1], [12], it is possible to havenatch” when the valid bit does not have the “true” value. Fig. 7
fast search access even with long match lines, hence long wastiews the precharge control circuit for this purpose which min-
such as 64-bit word, where the match line may change its statézes the additional delay of the precharge signal.
slowly due to its heavy stray capacitance. This also implies thatSuppressing the match-line precharging for the invalid words
the sense amplifier may minimize the differences in search aexs the current related to their match lines whose stray capac-
cess time over a wide range of word lengths. itances are large for wide data CAMs. The power savings by
Since one match-line sensing circuit is required per matcising this technique depends on how many invalid words exist
line, namely, per word, in fully parallel CAMs, the sense anin the CAM, hence on the CAM’s usage, and therefore varies

V. MATCH-LINE PRECHARGE CONTROL
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Fig. 7. Match-line precharge control circuit. VALID is from the valid cell,
WMLPCN is a global precharge signal (active™) for word match lines, and
WMLPCNG is a local precharge signal (active™) for a word match line.
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over time. In cases where all valid bits are reset first at the tz
L 502.9.

ginning of a task and then valid data are written into the CAN3
it is expected that many words remain invalid for certain pericg

of time. In such cases the average power consumption is signg
cantly lower with this scheme of precharge suppression, leadic

£ 202.0

to lower chip power dissipation and lower junction temperaturs

2 .2

200 .0

VI. DUAL BIT SWITCH AND ITS CONTROL

256 x 54 CAM

183 .3

An nMOS bit switch has enough driving capability, or low
enoughoN-resistance, for search and write operations in whic o
the low-side data line and bitline are driven down strongly t " iws  Gme ama e ima o im.iive
the ground level. But often, especially in worst-case semicoi- (ne)
ductor processing conditions, the switch does not have enough (®)
driving capability for read operations unless the device width iég. 8. (a) Bit switches, bitline prechargers, and equalizer, and their control

; e jrcuit. BLKSELRWSN is active (L") in read, write, and search cycles,
rather large, because the lower side bitlines do not strongly S@SELRN 's active (7 in read(cyz:les and PREONBS is activeﬁ,’,,)

low and the gate overdrive is small. This means that the devigging bit switchon period. (b) Macro total power supply current waveforms

width must be determined as required for read operations, adit switchon timing; solid line for a macro in this work and the dotted line

that some part of the power for driving these wide bit SWitChé%r a macro with nMOSFET only bit switches and their control circuit with the
. . . . . Sgme read signal amount on data lines.

will be wasted in search and write operations. This waste of"

wer can VOI if a pM it switch i in parallel | . . . . .
\?v?thz scrial?eei il\/clj C()js:)it S?Wﬁ)tcf? IS:L?rtthSerr;%reS tﬂze;joweee:jiassir—] driving bit switches, and thus the table gives some indication

pation, i.e., the current, for bit switch driving is minimized if the ow large the power saving is. The reduction in macro's total

pPMOS bit switch and the nMOS bit switch are controlled so thgyrrent because of the bit switch design change as implemented

pMOS and nMOS bit switches are both turradfor read oper- in the technology described in Section VIl is shown in Fig. 8(b).
ations, but only the nMOS bit switch is turned for search and The256 x 56 CAM macro’s total peak current, which is not the

Lo : o :
write operations, as shown in Fig. 8(a). This bit switch schemet?'t switch related current only, is reduced about 39% at the time

. : . . .Wshen bit switches are turnemh, which leads to lower noise in
especially effective when the centralized read sense ampllfl?és
t

architecture is used with no local read sense amplifiers plac g access phase which is important for sensing operations. Note

at the bitlines in each subarray and when the read signals oﬁt.a” bit switches in a pgre}llgl _CAM.mus_t o2y in search op- .
data lines tend to be small. Not only the total size of active belz{f'fatlons, and therefore minimizing bit switch current has a big
switch devices in write/search cycles and that in read cyclese[oect on reducing search current.
get the same amplitude of read signal but also the total size of
devices changing their states in the bit switch control circuit iﬁl' POWERRELATED TO BITLINES AND DATA LINES IN CAMS
write/search cycles are reduced, as shown in Table I, in spiteéWwith the circuit techniques described in previous sections, the
that the control is more complicated and that the control circisearch operation is less current-consuming to attain high speed,
is a little bigger. The total size of devices changing their statbst the largest current is consumed in driving the bitlines and
in bit switches and their control circuits are reduced in read cthe data lines because all the low-side bitlines must be driven at
cles as well as in write/search cycles. In CMOS logic circuitsnce for fully parallel search operation.

the dynamic power is consumed in charging and discharging theHere again, reducing the voltage swing is an effective method
gate and other stray capacitances of the devices and wires whatreducing current flow with any cell structure. But elevating
change their states and in the form of short-period direct currghe low level of the bitline signals not only greatly affects the
from the power supply node to the ground node, principally prepeed of discharging the match line with the cells with pMOS
portional to device widths with device lengths fixed in most dematch-line driver as used in this work, but also is very prob-
vices, at switching that takes place also at the devices changlegatic for the search operation with conventional cells using
their states. Table Il reflects all devices that change their statddOS match-line driver. When a match is expected and the
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TABLE I
COMPARISON OFTOTAL SIZE OF DEVICES CHANGING THEIR STATES IN BIT SWITCH AND ITS CONTROLLER BETWEENTHIS WORK AND NMOS-ONLY BIT SWITCH
CASE IN CASE OF x54 COMMON BUILDING BLOCK (ARBITRARY UNIT)

WRITE/SEARCH cycle

Bit switch Controller Bit switch & controller

p-FET | n-FET | Total | p-FET | n-FET | Total | p-FET | n-FET | Total
n only 8.0 55.0 63.0| 477.01 143.0| 620.0] 917.0] 3168.0| 4085.0
This work 45 26.0 30.5| 431.0] 129.0] 560.0| 678.5] 1559.0| 2237.5
Reduction 35 29.0 32.5 46.0 14.0 60.0| 238.5| 1609.0| 1847.5

43.8%| 52.7% | 9.6%| 9.8% || 26.0%| 50.8%
READ cycle

~ Bit switch Controller Bit switch & controller

p-FET | n-FET | Total | p-FET | n-FET | Total | p-FET | n-FET | Total
n only 8.0 55.0 63.0] 477.0| 143.0] 620.0] 917.0| 3168.0{ 4085.0

This work 23.5 27.8 51.3] 503.0] 166.0] 669.0| 1795.5| 1695.0f 3490.5
Reduction -15.5 27.2 -26.01 -23.0] -49.0| -878.5| 1473.0] 594.5
-193.8%| 49.5% -5.5%| -16.1%| -7.9%| -95.8%| 46.5%

SUMMARY OF THE CMOS ASIC TECHI:lrg\LBOLGE Ill\l”VVHICH THE DESIGN WAS IMPLEMENTED
Design rule 0.35 um
Substrate p-epitaxial on p+ substrate
Gate material Ti-salicided n+ and p+ polysilicon
Gate oxide thickness 8.4 nm (SiO; equivalent)
Diffusion Ti-salicided
Device isolation Shallow trench isolation (STI)
Wiring layers 1 local interconnect, and up to 5 levels of metal
Inter-layer connection W(Tungsten) stud
Power supply voltage 33Vv+03V
Operating temperature range -55°C to 125°C (junction)

nMOS match-line driver must be off, the nMOS driver can lealtrop across the nMOS transistor of the comparator circuit in the
current if the low-side bitlines have not been driven to a lowell.
enough voltage level. Also, more generally, it is a problem for
stable write operations with the SRAM-based cells. In this de-
sign, therefore, the high level, which is also the precharge level,
of the bitline and data line signals are lowered by the deeplyThe architecture and the circuit designs described above
back-gate-biased nMOS transistor threshold voltage. This apere implemented in a 3.3-V 0.3 five-layer metal standard
proach with high-performance sense amplifiers demands no s@40S ASIC technology without any special transistors like
rifice in search or write speed, and reduces the current related-V;;, transistors. Table Ill summarizes the general charac-
to the bitlines and to the data lines by the factod&f,/Vhn  teristics of this technology. The CAM design is deployed in
which is about 0.2 to 0.3 in 3.3-V technology. The performanaarious configurationstK x 54, 1K x 18, 256 x 54, 256 x 22,
of the read sense amplifier described in Section IV is hardly aihd64 x 32. The circuit design and layout design of the local
fected by the data lines’ starting voltage which is the prechargiecuits in the common building block as shown in Fig. 2(a)
voltage. are common to all configurations except some wire lengths.
It also should be noted that the lowered precharge level 86me circuit elements of global circuits such as the read sense
the bitlines does not affect the cell’s bit-match device gate nodeplifier, data line driver, address decoders, global wordline
voltage which can have some effect on holding the match-lidkecoders and driver, and higher level priority encoders as well
precharge level, because even if the bitline precharge levehis the 1/O circuit are basically the same in circuit and layout
Vb, the bit-match node voltage¥$p — Vi, due to the voltage designs except some final driver stages. Many global circuit

VIII. | MPLEMENTATION
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TABLE IV
CAM PHYSICAL CHARACTERISTICS IN A0.351¢m CMOS ASIC TECHNOLOGY

CAM Macro | Macro Size in um Area in | No. of Used Metal Layers
Configuration| Shape |(Maximum Length)| mm’ | Pins | (Area % for 3rd metal usage)

64w x 32b L shape 682.56 x 990.72 10.5589 | 150 | 2 layers & 6.72% of 3rd metal
256w x 22b | Lshape | 1103.04x 967.68 ]0.9671| 124 |2 layers & 6.62% of 3rd metal
256w x 54b | Rectangle | 1658.88 x 1036.80 | 1.7199 [ 220 | 2 layers & 6.11% of 3rd metal
1024w x 18b | Rectangle | 1552.32 x 1843.20 [ 2.8612| 122 | 2 layers & 7.68% of 3rd metal
1024w x 54b Recfangle 2975.04 x 1935.36 | 5.7578 | 230 | 2 layers & 6.79% of 3rd metal

| Cell
| | Boundary

(b)

Fig. 10. (a) Microphotograph df56 x 54 CAM macro in the isolation test
| chip with power lines added. (b) Plot of the layout desigr2® x 54 CAM
macro.

Fig. 9. CAM cell layout in 0.35zm standard CMOS ASIC technology. Search performances were m_easured on test chips in which
two 256 x 54 CAM macros were isolated from the other parts
of a target chip and pads were added for observation and stim-

blocks are also the same in some configurations. The physigition. To supply power to the isolated CAMs, wide power

sizes of the five Conﬁgurations are listed in Table IV along Witbuses were added and two pairs of power pads were connected
other characteristics of the macros. to the power buses. This chip was not intended for the purpose
The CAMs use two metal layers and a small part of the thimf full characterization, and the macro outputs are not driven by
metal layer; most of the third metal layer over the CAMs is avaibff-chip drivers with large enough transistors. Therefore, pre-
able for chip global wiring. A kind of buried contact wiringcise access times cannot be measured with rather heavy LSI
layer is used for local wiring. The nine-transistor cell size itester loads, but they were obtained by observing the waveform

4.32 pm x 12.96 um. No special layout rules are used for thef output signals. Fig. 10 shows a photomicrographaifax 54

cell physical design. Fig. 9 shows the cell layouts. The bitlind%AM macro in the test chip and a plot of the layout design of

and power lines run vertically on the second-level metal lay¢éhe same CAM macro.

and the global and local wordlines, and the match lines run hori-The typical search speed including address encoding with pri-

zontally on the first-level metal layer, conforming to the ASIC’rity, or the search access time, of &i& x 54 CAM is 7.3 ns

wiring rules. at 3.3 V of the power supply voltage and 4CQ. The access
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TABLE V
MEASURED SEARCH ACCESSTIMES OF 256 X 54 CAM IN NANOSECONDS AT40 °C (MEAN £ STANDARD DEVIATION)

Case \ Voo [ 24V |27V |30V |33V |36V |39V |42V 45V
All Non-Match 10.15| 888 | 8.06 | 734 | 6.73 | 642 | 596 | 5.53
+0.09 | 40.10 | £0.10 | £0.06 | £0.07 | +0.05 | £0.11 | +0.08
Half Match 10.11 | 892 | 798 | 725 | 6.73 | 6.36 | 594 | 5.53
+0.08 | £0.09 | +0.07 | £0.10 | £0.09 | £0.09 | +0.09 | £0.10
All Match 998 | 880 | 7.88 | 7.24 | 6.66 | 631 | 5.86 | 5.50
+0.05 | £0.07 | £0.08 | £0.08 | £0.07 | £0.08 | £0.08 | £0.06

CLK
>
~
~
S
SEARCH
ADDRESS OUT
(H->1)
>
o
~
>
ADDRESS OUT . . . , : : : 4 :
(L ->H) 57500 ne 20.000 ns 45 006 ns
5.00 ns/diy realtine

Fig. 11. Waveforms of search command input, clock input, and address output observed on tester probe card.

TABLE VI
ACCESSTIMES AND CYCLE TIMES OF VARIOUS CONFIGURATIONS OF CAMS OBTAINED WITH ASTAP SMULATION
(3.3 V/25°C/NoMINAL PrOCES$Output Load= 0.3 pF/Input Transition= 0.25 ns)

CAM config. Search Access Search Cycle Read Access Read Cycle
64w x 32b 6.25ns 6.80ns 4.60ns 5.44ns
256w x 22b 7.68ns 6.81ns 5.02ns 5.42ns
256w x 54b 7.77ns 6.81ns 5.04ns 5.40ns
1024w x 18b 8.15ns 6.91ns 4.95ns 5.33ns
1024w x 54b 8.80ns 7.17ns 5.07ns 5.56ns

time was measured with nonmatches at all words but one, naircuit simulation is shown in Table VI, along with other timing
matches at half of the words, and matches at all words to gggrameters. The read access time and the read cycle time for the
the effects of the match lines’ discharging current. There wesame configuration are 5.0 and 5.4 ns, respectively.

no significant difference among these three cases as shown iifthe search operating current of the t&8 x 54 CAMs
Table V, which also shows the measured access timéggd on the test chips were measured at various search cycle times
from 2.4 to 4.5 V. A typical waveform obtained at tester proband power supply voltages in “all word match” case and “all
card is shown in Fig. 11. The output transition is slow becauserd nonmatch” case. The current of 0286 x 54 CAM

the drivers are not large enough for the reason stated above. Titeero are plotted to the search cycle frequency in Fig. 12. The
distance from the probe points on the card to the chip pads aterent at 70 MHz of continuous search operations is about
about 8 cm, and 0.5 ns of delay is calculated for the round tr§8.5 mA at 3.3-VWpp, or 0.13 W, for the “all word nhonmatch”

of this distance. The delays from the 50% point of the inpaase, which is about 5.5-mA larger than that for the “all word
clock edge to the starting point of address output transitionsatch” case. The difference is about 14%, and this is also the
were measured. The output timing point selection is optimisticurrent required to charge up the discharged match lines with
but the input timing point selection is pessimistic because thige reduced swing voltage. According to the calculations in
tester-driven input transition time is much larger than that of tf&ection I, the current for match-line swinging should be about
on-chip signals. The search access time obtained with ASTAB mA if the match lines swing fully, therefore about 9.6%
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40°C Match times. Using a pMOS match-line driver in the memory cell
50 ggz enables the match-line discharge level to be sustained at the
45 36V deeply back-gate-biased transistor’s threshold voltage above
<é' 40 the ground level. The precharge level of the match line lowered
& * by the deeply back-gate-biased isolation nMOSFET further
e 35 * reduces the match-line voltage swing. The cell structure and
g 30 v the reduced current brought about by the reduced match-line
6 25 . voltage swing facilitate the use of mOR-type (wiredAND)
2020 match-line structure suitable for high-speed search even for
B 15 long words. The cell with the pMOS match-line driver provides
f& 10 . other advantages such as bitline precharge levels compatible
o ; between the search and the read/write operations, internal
J data bit mask levels compatible between the search and write
00 1'0 20 3‘0 40 50 60 70 80 operations and with the precharge level, all of which lead to
Frequency (MHz) simple control an_d fast s_tarts of ope_ra_tlons and the e!lmlnatlon
of the wasteful discharging of the bitlines, the data lines, and
@ the match lines. An unbalanced, rail-to-rail output, single-end
40°C Non-Match latching sense amplifier supports the reduced match-line
50 ggx\; voItage svying scheme and provides high-speed low-power
45 . . 3:6V sensing .Wlth the S|mpI(.e.reference voItagev@‘D. A balang:ed
E 40 . . differential sense amplifier of the same circuit topology is used
A as the data read sense amplifier enabling simple fast centralized
a 35 " single-stage amplification scheme with reduced voltage swing
g 30 ; of the bitlines and data lines. The match-line precharging and
6 25 - the match-line logical state are controlled using the valid bit
&0 20 ; value for the word to further reduce power consumption in
cgs 15 search operations. A dual bit switch and its adaptive control
:..i 10 : were designed for current-saving power-efficient signal trans-
e) 5 mission between the bitlines and the data lines.
! : The architecture and design has been implemented in a
00 10 20 30 40 50 60 70 80 0.35um CMOS standard ASIC technology, delivering 7.3-ns
Frequency (MHz) search access time and 5.0-ns read access time2fift & 54

CAM macro. The search cycle power consumption at 70-MHz
successive searches ir2s x 54 CAM macro is measured as
0.13 W at 3.3-VVpp, giving a power-performance metric of
131 fJ/bit/search.

(b)

Fig. 12. Measured power supply current versus search frequency fdr &
54 CAM macro. (a) “All word match” case. (b) “All word nonmatch” case.

of the total search power consumption is saved by limiting the ACKNOWLEDGMENT

match-line voltage swing. The power-performance metric is The authors thank R. A. Piro and his team for their helpful
131 f/bit/search, compared with 270 fJ/bit/search of a previogigggestions and great efforts in implementing the CAM macros
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Table VI also shows the access times and cycle times obtairgtouragement and support throughout the development work
by ASTAP simulations of the various configurations of CAMswith difficult targets.
It can be seen that their dependence on the word length is rel-
atively small. For example, the access times and cycle times of
the256 x 54 CAM macro is within 1.2% increase of tR66 x 22
CAM macro, and the search access time oftit! x 54 CAM
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