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Abstract—A 256x 144-bit TCAM is designed in 0.18um f \
CMOS. The proposed TCAM cell uses 4T static storage for BLO sLo SL1 BL1
increased density. The proposed match-line (ML) sense scheme Match-Line (ML)
reduces power consumption by minimizing switching activity = = = — < —

of search-lines and limiting voltage swing of MLs. The scheme /

achieves a match-time of 3 ns and operates at a minimum supply
voltage of 1.2 V.

Index Terms—Associative memories, content-addressable
memory (CAM), high density, low power, match-line sensing,
storage, ternary.

|. INTRODUCTION \ — = =
ONTENT Addressable Memory (CAM) is an applicatior ¢

specific memory that allows its entire contents to b 5 Word-line (WL)
searched within a single clock cycle. Binary CAM perform 4T Static Storage NAND Compare Circuit
exact-match searches, while a more powerful Ternary CA K /
(TCAM) allows pattern matching with the use of “don’t cares.”
Don't cares act as wildcards during a search, and are particu-
larly attractive for implementing longest-prefix-match searche: | 433 um |
in routing tables [1]. Dynamic storage of ternary data [2] | |
requires refresh operation and an embedded DRAM proces
while static storage of ternary data requires considerable layol
area. This paper features: 1) a compact TCAM cell based on __
novel 4T static storage cell and 2) a match sensing scheme tr
increases speed and reduces power consumption by limitir
the voltage swing of the match-lines (MLs) and minimizing the
switching activity of the search-lines (SLs).
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Il. TCAM CELL

Fig. 1 highlights an asymmetric 4T cell which is the basic
storage element in the TCAM. Unlike the loadless 4T SRAM
cell previously reported [3], the proposed asymmetrical ar
rangement provides a hard node, “H,” that stores a rail-to-rai
logic signal and is well-suited for interrogation by tRenD L
compare circuit. Two such cells, plus tweaND compare
circuits, are used to form the TCAM cell. The cell layout
occupies 17.54m?, the same area as previously reported for &
“binary” CAM cell [4], providing the ternary implementation
at no extra cost. (b)

Writing to a cell consists of applying data to the bit-line (BL)Fig. 1. Ternary content-addressable memory cell. (a) Schematic. (b) Layout.
followed by pulsing the word-line (WL). When the cell is idle, or
being searched, the BL is held low at VSS. A “1” stored at nodg” is maintained by the turned-on PMOS. A “0” stored at node

“S” is maintained by the sub-threshold leakage current of the
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Fig. 2. Comparison of NMOS and PMOS sub-threshold currents over variou

1e-06 ]
loft-n >> loft-p (Vwig =300mV)
lott.n (Vg =200mV.
.ot (Vg =200mV ). it-n > loft-p (ViyLs =0V)

< 1e-09 |
P lotin Vwis=0V) || S| e
c
o
5
o
kel
© le-12 E Ioﬁ-p
£
[}
[}
£
o)
3 L

te-15 -

L
1e-18 -
fast N fast N typical slow N slow N
slow P fast P Nand P slow P fast P

process cornerps(NMOS) = 0.05 V, Vps(PMOS) = 1.8 V.

0.0001 — T T T
worst case:
1605 F 0w NMOS F
Fast PMOS
1e-06 3 3
16-07 | y
— 1
= 1008 | 1
E
T 1e-09 F E
tet0f T Vwg=130mV 47
ot " Vie=80mv
e E b 7
fk\ stable ‘0’ p
te2 | | POINS e E
1e-13 L ll" I L I I I
0.9 1.2 15 1.8

0.6

Soft node voltage, Vg (V)
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Fig. 4. Measurement results. Cell failures and total static power dissipation
versus WL bias voltage.

The test chip measurement results, shown in Fig. 4, depict the
percentage of cell failures and the total static power dissipation
as functions oty 1. All the cells in the memory array reliably
store a“0” atliyrg > 41 mV, which is far below the worst-case
simulated value of 130 mV. The measured power dissipation in-
cludes contributions from both the memory array and test cir-
cuits on the chip. Test results show that the power dissipation of
the memory array increases substantiallygr, g larger than
200 mV. Combining the measurement results of Fig. 4 with the
worst-case simulation results of Fig. 3, results inlap, g op-
timum range of 130—200 mV. This range ensures a noise margin
above 0.5 V and a memory array power dissipation of less than

470 .

I1l. CURRENT-RACE SENSING SCHEME

The search operation consists of comparing the data applied
to the search-lines (SL) with the data stored in the memory cells
through theNaND compare transistors (Fig. 1). Exact-matching

implemented by storing and subsequently searching for

applied to all the inactive WLs. Further simulations (not showrﬁ _
complementary data on the two “H” nodes in each TCAM cell.

confirm that withViyrg = 200 mV, Iog_,, > Iog—, OVer a

Pattern matching is implemented by using local and global

temperature range of @C-75°C, ensuring proper cell opera- ) AL .
tion. A temperature-and-process-trackivigrs can be gener- masking. Local mask_lng_ is implemented by storing 0 on
ated using an on-chip replica bias circuitry [5]. However, for te§0th “H” nodes of an individual TCAM cell. Global masking
purposes, we rely only on an off-chigyys. ! X

To verify the worst-case (slow NMOS, fast PMOS) cell sta- Prior to a search, the match-lines (ML) are reset to ground and
bility, we have simulated (as shown in Fig. 3) the NMOS ankne match-sense nodes of the sense amplifiers are precharged
PMOS currentsk, andl,) as functions of the soft node voltagel0 VDD by asserting MLRST as shown in Fig. 5. Also during
(Vs) for a set of four values oFyyrs. The steady-state stableMLRST, the new search data is applied to the SLs. Next, by
points for a stored “0” and a stored “1” are marked in the figur@ctivating MLEN, the current sources attached to each ML
at the far ends of th&s axis. A stored “1” is stable with a rela- begin charging the MLs. Since a path to ground is created by

tively large noise margin (about 0.9 V), independent@fs.

is implemented by searching for “00” on a pair of SLs.

any unmasked mismatch between the 144-hit search and stored

A stored “0” is stable only ifiiyrg is larger than 130 mV. In data, a ML with no mismatch (i.e., a full match) experiences
fact, atVayLs = 200 mV there is a noise margin of 0.6 V fora charge-up at a higher rate compared to any ML with at least
Vs. A higherViy1,z would increase the “0” noise margin at theone mismatch. A dummy ML (DML) is also included which is
cost of increased static power dissipation of the memory arragentical to a ML with no mismatch. During the ML charge-up
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Fig. 5. Current-race ML sensing scheme. Process 0.18um CMOS 0.18um CMOS
Storage Ternary Binary
process, all MLs are timed in a race against the DML, to react Cell Size 17.54pm> 17.46pm?
the threshold voltage of their corresponding sense amplifier -~ = 144 bits 20 bits
Once the DML charges up beyond the threshold of the sens — P~ P
. . . . tch- . ./ns
amplifier, its match-sense node is discharged, and the MLOF| 22 1M° e
signal is sent to all MLs to disable their current sources and to

latch the match results. All MLs that have reached the threshold

of the sense amplifier detect a match and all others serfdrent, this voltage difference is simulated to be around
amplifiers detect a mismatch. The timing of the MLOFF sign&30 MV, while the match-time is increased to 11 ns.
can also be adjusted by a variable delay element to ensure

proper match operation. IV. MEASUREMENTRESULTS

This sensing scheme saves power in two ways. First, by cutExtensive measurement at room temperature verifies suc-
ting the current when DML reaches the threshold voltage of ti@ssful storage in every cell across the memory array. The test
ML sense amplifier, the voltage swing of all MLs is limited tochip successfully differentiates between an ML with a match
960 mV (~ VDD/2). This reduces the ML power dissipationand an ML with single or multiple mismatches. This includes a
by a factor of two when compared to a full swing ML sensingingle mismatch in a cell farthest from the ML sense amplifier

scheme. Second, by precharging the MLs to ground (mismaigh a ML farthest from the DML.

state), the SLs do not need to be reset between consecutivghe test chip features a range of programmable currents that
searches, hence minimizing SL switching activity and thereleyin be used to measure the maximum match-time. At the max-
reducing SL power dissipation by a factor of two. imum programmable current (260A), the test chip correctly

Fig. 6 illustrates how the voltage on DML, ML with nodetects a match in an estimated match-time of 3 ns at 1.2 V.

miss (MLO), and ML with one miss (ML1) develop as aThis match-time could not be directly measured because our test
function of time for the maximum programmable current. Witkequipment has a minimum time step of 6.25 ns. Instead, we have
programmable delay set to 1 ns, the voltage on ML1 is at leastasured successfully a match-time of 6.25 ns that corresponds
140 mV below the voltage of DML, and hence guaranteed 3/7 of the maximum programmable current, also at 1.2 V.

to produce a mismatch. At the maximum current setting, the Comprehensive literature search has produced few published
resulting match-time, defined as the time from when the seangpers reporting CAMs of similar architecture for comparison
data is valid to when the match-result is latched, is 3 ns. gurposes. Table | compares this work with a binary CAM used
less-than-maximum programmable current can be used it four-way, set-associative memory [4], also implemented in
increase the voltage difference between ML1 and DML at ttfe18.m CMOS technology. The proposed “ternary” CAM cell
cost of lowering search speed. At the minimum programmabhlses the same area as the previous “binary” CAM cell. Both
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Fig. 7. Sub-threshold currents (a) when BL is held low and (b) when BL
held high.
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Fig. 8. Chip micrograph.
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a “1” if the BLs stay high for more than 10s. However, since
Iog—n > Iog—p, a stored “0” is retained reliably if the BL is
reset to ground at the end of every cycle.

In the test chip, SL an@L control the bottom transistors
while the stored data control the top transistors of tiaeD
compare circuits, as shown in Fig. 1(a). This choice results in
a data-dependent ML capacitance, and hence a deviation from
the data-independent capacitance of the DML. Nevertheless,
the variable delay of the MLOFF signal in the ML sensing
scheme allows correct matching for all ternary data patterns. To
make the ML capacitance data-independent, similar to that of
the DML, the search lines and the stored data must be swapped
in their connections to theAND compare circuits.

VI. CONCLUSION

The test chip shown in Fig. 8 demonstrates successful opera-
tion of the proposed TCAM cell and the ML sense amplifier. The
TCAM cell achieves increased density in an all-logic 0,&8-
CMOS technology. The current-race sensing scheme achieves
a 3-ns match-time and reduces power consumption by limiting
ML voltage swing to 960 mV and by reducing the SL switching
activity by 50%. The test chip remains fully functional at a min-
imum supply voltage of 1.2 V.
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CAMs achieve a match-time of close to 3 ns. However, this work

achieves this match-time for a 144-bit-long ML as opposed
only 20 bit-long ML of the previous work.

V. DISCUSSION
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