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Abstract This paper presents three techniques to reduce wherea represents the switching activity. Equation (1) clearly
the power consumption in temary content-addressable memo- indicates that only a small number of parameters can be varied
ries (TCAMs). The “rst technique is to use newly developed j, orger to reduce power. Speci“cally, the capacitive loadings
monolithically stacked 3D-IC technology for the implementation, . . .
because vertical stacking can drastically reduce interconnect to the matChIIn_e_S and S_efarchllnes, the necessary Vol_ta_ge_ swing,
length in both matchlines and searchlines, hence reducing signal @nd the transition activity factor should all be minimized.
path delay and power consumption. The second technique is Many schemes, typically involving some optimizations of
to replace the conventional SRAM memory in a TCAM with an  matchline and/or searchline structures, have been proposed
array of programmable vias (or electrolyte non-volatile memory). {5 reduce power consumption in TCAMs. Notable examples
Special programming circuitry is designed to read/write memory . . . . .
bits from/to the programmable via array because they do not include reducing the_ voltage _SW'_ng on the matchlines, us'_ng
simply store data in the form of low and high voltage levels. current-based teChn|qUeS to Indll‘eCtIy reduce the match-line
We also devised a new TCAM cell design to further reduce voltage swing, pipelining matchline, selectively precharging
power consumption in TCAMs by taking full advantage of matchlines, and bank-selection schemes [1], [2], [3], [4].

3D-IC technology. A 1024<144-bit TCAM using the proposed ; ;
schemes is implemented with 1.0-V 65nm CMOS technology. One conceptually appealing approach to reduce the dynamic

Our analysis and simulations have shown that the proposed POWer consumption of TCAMs is to stack the memory bit
monolithically stacked 3D-TCAM can reduce the total dynamic array on top of the searching circuitry that would be im-
power consumption by almost 3.5 times and increase TCAM plemented with multiple active layers of conventional CMOS
cell density by about 4 times in comparison with a conventional technology. One such example is depicted in Fig. 2. Besides
2D-TCAM chip of the same capacity. the obvious bene“t of denser TCAM cells, vertical stacking
drastically reduces the interconnect lengths in both match-
lines and searchlines, hence reducing signal path delay and

The dedicated comparison circuitry in TCAMs as illustrate§OWer consumption [5]. More importantly, several architec-
in Fig. 1 signi‘cantly increases both silicon chip area anfyral changes can be specially tailored to 3D-TCAM to further

power consumption, two design parameters that designdF§rove its performance.

|. INTRODUCTION

Layer2 | Layer1

.

’_i_‘ R * ! Programmable Via
‘ool f
st CMOS Layer —
. . Fig. 2. Active layers of a monolithically stacked 3D-TCAM.

Il. MONOLITHICALLY STACKED 3D-TCAM

Our proposed 3D-TCAM is implemented with monolithi-
cally stacked 3D-IC technology, whereby active devices are
lithographically built in between metal layers. The main ad-

The high power consumption in a TCAM results from th&antage of such approach is that, in principle, it can achieve
frequent signal toggling in searchlines and matchlines duri@mparable vertical via density and scale at the same rate as

bt

Fig. 1. Schematic of a small TCAM example.

each search clock cycle, which can be modeled as the base CMOS technology. Although this approach has yet to
be mature for the TCAM application, preliminary test results
Protat  aCotal Voo Vswing f (1) of a 3D prototyping chip (Fig. 2) have been quite encouraging
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and have shown that forming transistors on a dielectric wiik only 4\2. Further, the potential area savings for this device
low thermal budget is quite feasible [6]. are actually even greater because multiple PVs can be stacked
Moreover, since most chip area in a 2D-TCAM is occupiedne upon another.
by stored memory bits, we use the programmable via struc-As mentioned in Section |, a PVA memory stores data as
ture [7] ' to replace the SRAM cell array in order to furthedow and high resistance values. Therefore, special circuitry
improve the TCAM cell density. The primary challenge ofmust be designed to program the programmable array. Fig. 3(a)
using such phase-changing memories is that unlike SRAdi&picts that two programmable vias will function as a single
cells (or DRAM cells), they do not simply store data in th&SRAM cell to store one bit and Fig. 3(b) shows the proposed
form of low and high voltage levels. Instead, data are stored pogramming circuitry. Each memory bit is associated with
low and high resistance values, which motivates us to designe NMOS transistor for programming. The array of pro-
new circuitry for the comparison operation and the matchlinggammable via can be programmed column by column. For
sensing scheme. example, in Fig. 3(c), in order to program the second column,
we “rst turn off all NMOS accessing transistors for other
columns by applying «0Z to the vertical lindl andd3. Next,
we apply high voltage to line2 and different «0Z and 17 pair

IIl. THE PROGRAMMABLE VIA ARRAY

v - to the linesalS b1, a2 S b2, anda3 S 3. Depending on the

E J,L;E J,j JE voltage difference at its two ends, each programmable via will
ProgrammabIeCia ’—{i become conductive or remain insulated. When reading data

| 7 T from this programmable via array as illustrated in Fig. 3(c), all

v ; AT AT J—E vertical linesdl, d2, andd3 will be “rst turned off. Depending
on the conductivity of the programmable via, the voltage level

el Lot i 7 E controlling the switch transistors are either +1Z frarh$ a3
S Y O ST R or «0Z fromb1l S b3.
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IV. THE TCAM CoRE CELL
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Fig. 3. (a) A memory cell containing two programmable vias and a NMOS

| a
access transistor. (b) Programming circuitry of a 3 X 3 programmable via ! 2
array. (c) Illustration of programming operation. (d) A 3 x 3 programmable !
array with stored values. ! \E/;V:'t L b L \g:‘:

A conventional 2D-TCAM typically has many SRAM bits, oo ’
each of which is relatively large in size and therefore results (6) TCAM core cellin a 3D-TCAM with PVs.
in long interconnects. This motivates us to replace this SRAKg 4. Logic schematic of a 16-T NOR-type TCAM core cell. The cell is

. . . . shown using 2 SRAM bits as storage with usual SRAM access transistors and
bit array with programmable via array (PVA), an emerging; jines.
non-volatile memory [7]. Programmable via uses the switching _ . _
effect of a nano-scale metal junction, in which the stimulation A TCAM cell serves two basic functions: bit storage (as
of electro-chemical reaction in a solid electrolyte results i} RAM) and bit comparison (U_nlque to TCAM). Fig. 4(a)
the stretching or shrinking of a metallic bridge, therebynows & NOR-type TCAM cell in a typical 2D-TCAM. To
creating or dissolving an electrically conductive channel. THcode temary states, we need to have two SRAM cells
programmable via can be located on the silicon substrate En&ach TCAM cell and store two bits, denoted Bsand
which transistors have been formed. Since it can be formég One bit, D, connects to the left pulldown path and the
within the area of a via hole between two metal layers, tHgher bit, D, connects to the right pulldown path, making

area required for its arrangement at the crosspoint of two wirlte Pulldown paths independently controlled. We storeXan
(donet care) state by setting both and D equal to logic

This is similar to the nanoBridge proposed in [8]. 17, which disables both pulldown paths and forces the cell to
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match regardless in the inputs. As shown in Fig. 4(a), the TCAM Core Cell &
bit storage in a conventional 2D-TCAM is an SRAM ceIIeE] i i i ves i i /""_ i i
where cross-coupled inverters implement the bit-storage nod

D and D. This schematic also includes the NMOS access (a) Conventional non—pipelined matchline.

transistors and bitlines which are used to read and write the
SRAM storage bit. The NOR cell implements the comparison ¢ .

between the complementary stored Hit, (and D), and the ] xaa X34 34
complementary search data on the complementary searchline, ==
SL (and SL), using four switches, which are all typically (b) Pipelined matchline with precharging scheme.

comparison transistors with minimum size to maintain highig. 5. (a) Non-pipelined matchline architecture. (b) Pipelined matchline
cell density. These transistors implement the pulldown path @hitecture broken into segments. A segment is activated only if all previous
a dynamic XNOR logic gate. Each pair of transistors, forms ‘g2 have been matched.
pulldown path from the matchline, ML, such that a mismatch
of SL and D activates at least one of the pulldown pathddopted to 3D-TCAM. In this study, we focus on the pipelined
discharging ML to ground. A match of SL and D disable@recharge scheme. In this approach, the matchline is divided
both pulldown paths, disconnecting ML from ground. into a number of segments, where a match in a given segment
As shown in Fig. 4(a), the conventional TCAM cell had€Sults in & search operation in the next segment but a miss
two complementary searchlines and the comparing circuitigrminates the match operation for that word [2]. To illustrate,
consists of only NMOS transistors. In previous generations bfd- 5(&) shows a simpli“ed schematic of a conventional NOR
CMOS technology, the gate capacitance of transistors dorfiatchline structure where all cells are connected in parallel.
nates the capacitance of metal wires. As CMOS technolo%{g- 5(b) shows the same set of cells as in Fig. 5(a), but with
scales down to sub-100nm and further [9], the wire capacitan®¥ matchline broken into three matchline segments that are
becomes increasingly more signi“cant relative to the diffusioférially evaluated. If any stage misses, the subsequent stages
and gate capacitance of transistors, which motivates us &g Shut off, resulting in power saving. In conventional 2D
redesign the TCAM cell with single searchline to cut down thglanar implementation, this scheme suffers from the increased
power consumption in searchlines. To achieve this objectiV@tency and the area overhead due to pipelining stages. There-
we need to use both NMOS and PMOS transistors. TCAM cdfire. in 2D, by itself, a pipelined matchline scheme is not
typically avoids using PMOS transistors because its switchi@§ compelling as basic selective precharge; however, in 3D
speed is slower than NMOS and high TCAM cell densitynonollthlc stacking, we can show that deep pipelining with
requires using the minimum width for all gate sizing. In"€r granularity can be used and achieve signi‘cant power
our proposed 3D-TCAM, the delay improvement due to 3fgduction while maintaining the equivalent search latency.
stacking can afford us to use PMOS. To determine the necessary pipelining granularity, we sim-
ulated cases with different number of pipeline stages using
V. PIPELINE GRANULARITY OF PRECHARGING SCHEME  HSpice assuming a 102444 bit TCAM, 50\(H) x 64\(V)

Matchlines and searchlines are the two key structures figf the size of a TCAM core cell in the baseline 2D-TCAM,
TCAMSs. Fig. 1 illustrates how NOR cells are connected iAnd 35A(H) x 30A\(W) for the size of a 3D-TCAM cell
parallel to form a NOR matchline. A typical NOR searchpecause of replacing of SRAM bits with a programmable via
cycle operates in three phases. First, in searchline precha®j@y in @ monolithically stacked 3D-TCAM. Additionally, we
stage, the searchlines are precharged low to disconnect 4$6d @ 65nm CMOS technology and the Berkeley Predictive
matchlines from ground by disabling the pulldown paths ihe€chnology Model (BPTM) for devices and interconnect.
each TCAM cell. Second, in the matchline precharge stage,
with the pulldown paths disconnected, transistor precharges 6.0 1
the matchlines high. Finally, in the matchline evaluation stage,
the searchlines are driven to the search word values, triggering
the matchline evaluation phase. In the case of a match, the
corresponding matchline stays high as there is no discharge
path ML voltage, to ground. In the case of a miss, there is
at least one path to ground that discharges the matchline.
The matchline sense ampli“er (MLSA) senses the voltage 10
on matchline, and generates a corresponding full-rail output
match result.

Matchline and searchline power dissipations are two &fg. 6. Results of performance comparison between baseline 2D-TCAM and
the major sources of power consumption in TCAM. Seyrorelithically stacked 3D-TCAM.
eral power-saving techniques, such as low-swing sensing and\s shown in Fig. 6, for any “xed number of pipeline
current-race scheme, are very effective in reducing dynanstages, both search latency and dynamic power consumption
power consumption in a TCAM, all of which can be readilyare signi“cantly improved due to the reduction of intercon-
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nect lengths from monolithic stacking and the utilization ofor this 2D-TCAM can reduce the total search energy to 3.38
programmable via array in place of SRAM. For example, ifd/bit/search with no change in SL energy and a 2.4x reduction
the case of 4 pipeline stages, the search latency of a 2D-TCAMML energy but increases the search latency from 1.35 ns
is reduced from 1.55 ns in 2D-TCAM to about 0.72 ns in 3Dto 2.02 ns. In contrast, the proposed 3D-TCAM with a 10-
TCAM, roughly a 2x improvement; the dynamic power constage pipeline only consumes 0.46 fJ/bit/search in ML and
sumption improves from 4.5 fJ/bit/search to 1.98 fJ/bit/search.05 fJ/bit/search in searchlines, a total reduction of 3.2x. Note
Assuming the application requires 1.55 ns minimum searal 3D-TCAM, the search-line activity dominates the overall
latency, if we adopt a 4-stage pipelined design, the energgwer consumption, as evident in the third bar of Fig. 8. We
per bit per search is about 4.5 fJ. Meeting the same delaybelieve that replacing all "ip-"ops in our design with low-
3D-TCAM design can have 10 stages, which can signi“cantiyower "ip-"ops and/or adding hierarchy to the search-lines
reduce the total dynamic consumption down to 1.5 fJ, a 3¢éan further reduce the energy consumption in MLs and SLs
decrease. respectively.

V1. CHIP LAYOUT AND PERFORMANCE RESULTS VIlI. CONCLUSION

Most studies on low-power circuit and architecture design
in TCAMs have been exclusively based on 2D planar CMOS
technology. This work, to our knowledge, is the “rst study on
the utility of 3D integrated circuits and phase-changing non-
volatile memory in TCAMs. Our main “nding is that besides
the obvious performance bene“ts of larger logic density and
better performance due to the shortening of interconnects,
3D-IC can potentially motivate novel designs that may not
be compelling in 2D. In this study, 3D-IC enables us not
only to employ “ner pipeline granularity to further improve
power savings without compromising delay performance in
3D-TCAM but also to design a novel TCAM core cell structure
with single searchline. It should be noted that our reported
results here are still preliminary, we believe additional innova-

This section presents simulation results of the proposédns in architecture and further performance improvements are
TCAM architecture including the functionality and powerpossible. One immediate next step of our research is the testing
consumption with the effect of parasitics extracted from layowf a prototype 3D-TCAM chip with our proposed design.

2, Timing is determined by simulating all the subcircuits

in HSPICE, and power consumptions are determined by
5imu|ating the comp|ete TCAM macro netlist in Nanosinmll K. Pagia.mtz'is and A. 'Sheikholeslami,' “Content—add”ressable memory
to handle large netlist at the transistor-level. In determining g%‘ﬁy)sf;‘é“grgﬁfgvrg?‘fft“;?;‘ ;“;_‘";’;‘lzfg‘;;“g)%yé_ IEEE Journal of
typical power consumption, we assumed only one matCherg K. Pagiamtzis and A. Sheikholeslami, “A low-power content-addressable

location per search in the TCAM and the stored search data Bnemoryl (fcé\l\l{l()j élsing é{ipel_ined hierarchical search scheme,” IEEE

: oty ournal of Solid-State Circuifsvol. 39, no. 9, pp. 1512-1519, 2004.
are unlformly distributed. [3] A. Roth, D. Foss, R. McKenzie, and D. Perry, “Advanced ternary cam
circuits on 0.13um logic process technology,” in Proc. IEEE Custom
Integrated Circuits Conf. (CICC)pp. 465-468, 2004.

Fig. 7. Layout of the implemented TCAM.
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