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Abstract - A memory sense-amplifier self-calibrates during
sense-line precharge to reduce the required signal develop-
ment and minimize data capture timing uncertainty caused v ouT
by random device variation. When compared to conven- L ™ AV VSENSE-LINE
tional single-ended sensing, this method reduces sense time lsense L Csense & N

by 70% and decreases sense-power by 40%. The self-refer- ) T

enced sensing scheme (SRSS) is used to implement the f f SN

search operation in Content-Addressable Memory (CAM N H=S30UA |y p=400mV 1N early late
testchip. pFabricated in 1V 65nm CMOS, thisys(chem)e o0 = 19uA oo =3emv) || arival /arr'va'
achieves a 0.6ns search time on a 70bit sense-line while con- A 4

suming only 0.99 fJ/bit/search. Measured search access 15 ' 45" 364 " 436" MV Hi-30; e pe+ 3ot
time on a five bank 64x240bit ternary CAM including Isensg variation 4+ vy, variation = Data-arrival variation
selective precharge is 2.2ns. Measured power consumption

at 450MHz is 10mW. Hardware shows robust search opera- | F19- 1. Single-ended sensing model showing the effect
tion over a VO|'[age range of 0.6V to 1.7V. random device variation on sense-output tlmlng uncertalnty

SENSE-AMPLIFIER A Alggyse Vout
SENSE-LINE

produce two extremes for output data arrival, early arrival and
I INTRODUCTION late arrival. In Fig. 1, this is represented through the output

As CMOS device geometries scale below 100nm, randoyaia arrival distribution showing the mean arrival pg énd
variation in device parameters create a major challenge i L . .
yielding high performance designs [1]. As device geometr e.standard QgV|at|on for arrival asy). For a three-3|g.ma
shrinks, variation in length, width, and device thresholddesign the minimum sense-delay can vary across different
grows, introducing timing uncertainty for data-arrival and S€nsing schemes, and is given (py+30y).

data-capture [2]. This is especially evident in semiconductor With Isgnsg varying by as much as 3X across-chip, the
memories where the critical path delay is dominated by theiming uncertainty (8;) in the conventional sensing scheme
memory sensing operation, in which highly-variable minimum(3] can exceed 50% ofi,. The same is true for the power-

size memory devices develop signal on highly capacitiveyoroveq current-race sensing scheme [4], which precharges
sense-lmes. The var'lable sense current producgd b'y thegts sense-line to GND and senses the impedance as the sense-
devices causes a wide range of slew rates which in trfje js charged towards VDD. To bound the large data-arrival
produce large timing uncertainty for output data arrival. Fig. Ljning  window, current memories use large data-capture
lllustrates this problem through a simplified single-endedy, 5 qing which increase sense-delay and reduce performance.
sensing model in whichsknsgmodels the sense-current of @ 1 gelf.referenced sensing scheme (SRSS) presented in this
single memory cell, Ggnsg Models the sense-line paper improves performance by reducing the required signal
capacitance, and{y; models the threshold of the single-ended development and minimizing the timing uncertainty caused by
sense-amplifier (SA). random device variation. Instead of using a common
To detect kgnsethe SA shown in Fig. 1 needs to quickly precharge voltage for all SAs [3,4], the SRSS allows each
determine whether the sense-line is floating in a highindividual SA to precharge its sense-line to a unique voltage
impedance state, or being pulled low bgghsg The level slightly above its own SA threshold. As described in

conventional single-ended sensing scheme performs thigection lll, this self-referenced precharge reduces signal
differentiation by precharging the sense-line to VDD, evelopment by 90% for an overall sense-time improvement

selecting a memory cell, and then allowing the cell to develo;ﬁf 70% when compared to [3], and 60% when compared to
i

signal by discharging the sense-line capacitance. If the cell 4]'thB}£i r?duglng the voltage swmgb ozogle sense-line this
storing a '0’, lkgnse = 0, and the sense-line remains MENod alSo IMproves sense-power by o

. N Although the implementation focus of this paper is Content
precharged at VDD. If the cell is storing "V'sgnse> 0, and  Aggressable Memory (CAM), this scheme can be applied to

the sense-line is slowly discharged to GND. The single-endegtOMs, multi-port memories, single-ended register arrays, and
SA simply determines whether the sense-line remained abovgher single ended sensing applications.

V1 (0’ state) or discharged belowg){ (1’ state).

However, as random variation in bothsgyse and Viy
increases with shrinking device sizes, so does the data-arriv
window for the sense output (OUT). Fig. 1 illustrates this
random device variation through the Gaussian distributions fo
Isense @and Vg in a commercial 65nm CMOS process.
Isense Variation QAlgensp causes variable sense-line slew
rates which when supplied to SAs with variablg V(AV )

Il. SELF-REFERENCED SENSING SCHEME

I3 the CAM context, SRSS is used to implement the
performance-critical search operation. Fig. 2 shows the CAM
search architecture highlighting the circuit detail of both the
CAM sense-line, also known as Match-Line, and the SRSS
SA. The search operation is performed by supplying the
search data on the Search-Lines (SLs), comparing this search



data to the stored data in every CAM word in parallel, andTo ensure adequate precharge-time for all MLs, a reference
developing the search results on the Match-Lines(ML). ML (RML) in a constant Ml state, is also included. The
This parallel word comparison is performed with dedicatedRML shown in Fig. 2 ensures more-than-adequate precharge
search hardware attached to each ML. As the ML architecturgme and tracks the MLs across process, temperature and
in Fi_g. 2 illustrates, any bit-mismatch between the search dc?lt\?oltage conditions. As soon as the RML’s MLOUT drops low
provided on the SLs (SLO to SLn), and the stored data ('d’) in(similar to MLOUT; in the Fig. 3), the precharge stage is
the memory cells ('m’) will create a path from ML to GND completed and the evaluate stage begins.

through the mismatched bit-compare circuits. Similar to thg, the evaluation stage (wherPRE=1) ML, acts as a

simplified model in Fig. 1, the ML is either in high-impedance . N ile VR
statg, or the ML is bging pulled to GND by atgleas{)one bit_cgpamtor, keeping its prepharge statc_e, while a_lrts _to
compare circuit. For the purposes of this paper ML with nodischarge through the mismatched bit-compare circuits. As

mismatches will be denoted as MLand an ML with the ML discharges it quickly trips I1 causing SN and ML to
hardest to detect mismatch, where only one bit-compar8UiCkly equalize and then discharge, bringing MLOjack
circuit is mismatched, will be denoted as MLn general, an 10 its high state. At this point the sense data is ready to be
ML with 'n’ bit-misses will be denoted as ML detected. ThePRE=1 portion of Fig. 3 shows the high-

Prior to sensing, the search data is supplied on the SLs Whillempedance Mg keeping its precharge state while the hardest

(MLRST=1) is used to reset the MLs to GND. Focusing on thel0 detect mismatch ML starting to discharge. As soon as P1
SRSS SA, this ML state keeps the SA signals CS high, SNtops providing current, GSwhich was keeping N1 biased to
low, and MLOUT high. The sensing is executed in two stagescompensate for the pull-down current of the one-bit miss, now
precharge and evaluate. L causes SiNand ML, to equalizes and switch MLOUTback

In the precharge stage (where MLRSTRRE=0) P1 devices to the high state. For fast MLOUT transition the threshold of
in each SA start precharging the ML toward VDD. Multi-bit |2 is designed higher than that of I1. To ensure adequate data
mismatched MLs drain this precharge current and keep theapture timing over a wide process window, the LATCH
ML firmly at GND, while MLg and ML; ramp across the signal shown in Fig. 3 is also generated by the RML. When
threshold of 11. As soon as the ML voltage crosses thgéhe RML's MLOUT switches high it generates a LATCH
threshold of I1, the CS voltage drops to a level that biases N&ignal which is used to capture the search results. Any
in the cut-off region and stops the ML precharge. At this pointmismatch between RML and regular MLs is compensated by
each MLy and ML, is precharged to a unique level slightly delaying the LATCH signal before it is sent to capture the
above the threshold of its own SA. This self-referencegsearch results. When the search data is latched, the MLRST
precharge maintains a small and constant delta between tig®€s high to reset all MLs to GND and prepare the array for
precharge and sense voltage for each SA across the chip. ARe next search operation. As shown in the next section, the
soon as the ML voltage reaches this level the prechargeATCH delay required to bound the data-arrival for SRSS is
current from P1 is channeled to SN quickly charging it togreatly reduced when compared to [3,4], significantly
VDD and switching MLOUT low. This completes the improving sensing speed. Power performance is also improved
precharge stage. ThERE=0 portion of Fig. 3 shows the by reducing the ML voltage swing to roughly 1/2 VDD level.
voltage development on the main nodes of the SRSS SA for L. TOLERANCE TO RANDOM DEVICE VARIATION

both an Mlp and MLy Sense case on a 7ObItML. Itis ewldent The SRSS reduces both signal development time and timing
that ML, develops a slightly lower voltage than lLand its \,,certainty for data capture. By generating a ML precharge
corresponding CS node is driven higher than @Sto  yoltage relative to each SA threshold, this scheme cancels out
compensate for the current drained by the one-bit mismatch.
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Fig. 2. Self-referenced sensing scheme (SRSS) highlighting Fig. 3. Voltage development for MLy (fully matched), ML 4
ML architecture and SRSS sense amplifier. (one-bit miss), and their corresponding SRSS SA nodes.




the timing uncertainty caused by random device variation in

the SA devices. Variation in P1, N1, and 1 is cancelled out by[® sense -ime D) e neray it fsense

the self-referenced precharge voltage, while timing uncertainty a 70% reduction ) . 40% reduction in
caused by the threshold variation of 12 is significantly reduced 2.0ns \ 1.74] \eiefgy’b"’sense
by the SN slew rate which is ~5X faster than the slew rate of| 3a [o.sns|\e.6ns SL | 045 . .

the ML. By precharging the ML slightly above the threshold 0.3ns 0.951] %9292“

of each SA, this scheme also reduces the timing uncertainty 15ns| L 3ns oo ML | [1.29 022 -
caused by variation in gknsg The reduced signal || ™ ' 0.5ns| 204" 073 o7
development time also reduces the integration &f\ke B [ [this worki® BT [ [his work] ”

variation on the ML capacitance to further reduce the timing
uncertainty.

To show the performance improvement of SRSS, Fig. 4
compares waveforms generated by Monte Carlo simulation df_ _ i i
both the conventional [3] and SRSS ML sensing scheme. For ®If comparison these schemes were all simulated in 65nm
fair comparison the simulation was performed on identicalCMOS process on identical MLs for identical environmental
70bit MLs under identical environmental conditions. For conditions. Fig. 5(a) shows a significant reduction in bph
explanation purposes the precharge puldeRE) was and 3y providing a 70% reduction in sense-time. In addition
artificially extended to separate the precharge and sense phase speed improvement, this scheme also improves power. Fig.
Focusing on the ML precharge, it is clear that the SRSS has &(b) uses a well known CAM power performance metric to
60% reduced voltage swing over the conventional schemeeport the energy required to perform a single search operation
which results in a direct reduction in ML power. The band offor a single bit of data. Similar to [4], the SRSS achieves a
precharge voltage levels for the SRSS ML illustrates the selfreduction in both SL and ML energy for a total of 40% lower
referenced nature of the SRSS SA. Since the ML prechargenergy/bit/search than the conventional sensing scheme[3].
voltage is relative to the SA threshold and the SA threshold is

unique in every Monte Carlo run, each run for the SRSS SA V. TOLERANCE TO NOISE AND SUBTHRESHOLD LEAKAGE

results in a distinct ML precharge voltage. In contrast, theThe main concerns when operating a single-ended SA close to
conventional ML sensing scheme treats all SAs equally byts threshold are noise and sub-threshold leakage. To improve
precharging all MLs to identical voltage level. As soon as theSRSS noise margin, the difference between the ML precharge
precharge stops, a bit-compare circuit starts to discharge theltage and the SA threshold can be increased using two
capacitive ML with highly variable currents creating a wide methods. First, by reducing the strength of I1 it takes longer to
envelope of ML slew rates. In the conventional scheme thighut-off the ML precharge through N1, increasing the
causes the high-going output MLOUT to arrive over a largeprecharge voltage and extending the noise margin. Second, an
timing window requiring a large bounding margin to captureadditional keeper device, omitted in Fig. 2 for clarity, is added
all data-arrival times. In the SRSS, the ML precharge voltaggo increase the noise margin. This device shown in Fig. 6 is
is close to the SA threshold of each SA, producing an almosgated by the CS node and turns-on slightly during the
90% reduction in required signal development and a muclprecharge stage to increase the ML voltage beyond the SA
tighter timing uncertainty. The overall sense-time and powethreshold, also increasing the noise margin. The effect of this

comparison of the SRSS scheme compared to the two mogkeper device can be seen in Fig. 3 during the precharge stage,
commonly used ML sensing schemes is shown in Fig. 5. For a

Fig. 5. a) Comparison of ML sense-time for SRSS and tw
commonly used sensing schemes on a 70bit ML b) CAN
1performance metric showing SRSS energy/search reduction
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Fig. 4. Comparing voltage development on ML and MLOUT

. . Fig. 6. Worst-case data-pattern for testing the maximum effect
for both conventional ML sensing [3] and SRSS. 9 P 9

of subthreshold leakage on SRSS sensing




which shows a slowly decreasing g By extending the ML

precharge the keeper device, which turns-on during th
precharge stage, increases the precharge voltage and redu
the susceptibility to noise. To further reduce noise

susceptibility during the brief sensing stage the ML is shieldedf= : : =
from noisy signals through layout techniques. ¥ banko bank2 [l bank3 [

To address ML sub-threshold leakage this scheme limits th B4x72 64x72 g 64x72

cell-count on the ML. Furthermore, the keeper device used fg|~ bankik " bankah ]
noise reduction is also used for sub-threshold leakagF (64x12) (64x12)

cancellation. This device is sized to produce current weakdrrig. 7. Microphotograph of CAM testchip showing lower
than a single turned-on bit-compare circuit but stronger thai metal layers through chip layout
the maximum leakage current on the ML. Fig. 6 shows the

worst case data-pattern for subthreshold leakage. In thiyiemory device variation. When compared to the conventional

: . . : §ensmg scheme the SRSS achieves 70% faster sense-time and
pgttgrn the SRSS tr|e§ to @ffergnﬂate betw.een. an Mith 40% lower power. When compared to the low-power current
minimum leakage (all inactive bit-compare circuits are tumedace scheme this scheme achieves a 60% faster sense-time for
off with "0’ on both NFETSs) and an Mg which has all bit- 5 504 increase in power consumption. These improvements are

compare circuits in the maximum leakage state ('0’ on the tomchieved through a robust design implementation verified in
and 'l on their bottom NFET device). Monte Carlo hardware.

simulation of this worst case data-pattern under extrem

environmental conditions (1.7V, 125C, best case procesg2rganization 3 banks x 64words x72 bits
corner), shows sensing margin that is more than 300% of the 2 banks x 64words x 12 bits
sense-time. To accommodate any model to hardwaréPerformance (1.0V,25C)
discrepancies, four margin signals were also added to provide search time (72bit bank) 0.6ns
three additional precharge-time extensions and three access time (240bit) 2.2ns
additional latch-time extensions. None of the margin pins had_ Power (at 450MHz) 10mW at (1V, 450MHz)
to be used during hardware testing. '
Technology 1.0V, 65nm CMOS

e is implemented in 64x it ternary estchi -

and fabricated using 1.0V, 65nm CMOS process. The testchi yemary CAM Cell Size 2.3um?

microphotograph, having a total CAM area of 115um x|Test Chip Size 115um x 783um
783um, is shown in Fig. 7. Table | summarizes the CAM
testchip features and hardware measurement results. 1aPle 1:CAM features and hardware results summary
Measurements confirm a fully functional search operation
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