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A 0.8-V 128-kb Four-Way Set-Associative Two-Level
CMOS Cache Memory Using Two-Stage
Wordline/Bitline-Oriented Tag-Compare

(WLOTC/BLOTC) Scheme

Perng-Fei Lin Member, IEEEand James B. Kuyd-ellow, IEEE

Abstract—This paper reports a 0.8-V 128-kb four-way set- not be sufficient due to reduced gate-overdrive voltage. In this
associative two-level CMOS cache memory using a novel two-stagepaper, overcoming the drawback from the low gate-overdrive
wordline/bitline-oriented tag-compare (WLOTC/BLOTC) and voltage, we describe a 0.8-V 128-kb four-way set-associative
sense wordline/bitline (SWL/SBL) tag-sense amplifiers with an ' ' .
eight-transistor (8-T) tag cell in Level 2 (L2) and a 10-T shrunk tWO-IgveI CMOS _cache memory using a novel two-stage
logic swing (SLS) memory cell with the ground/floating (G/F) Wordline/bitline-oriented tag-compare (WLOTC/BLOTC) and
data sense amplifier in Level 1 (L1) for high-speed operation sense wordline/bitline (SWL/SBL) tag sense amps with an 8-T
for low-voltage low-power VLSI system applications. Owing to  TC in level 2 and a 10-T shrunk logic swing (SLS) memory
the reduced loading at the SWL in the new 11-T tag cell using g with the ground/floating (G/F) data sense amp in level 1 for

the WLOTC scheme, the 10-T SLS memory cell with G/F sense high d tion for | it | VLS i
amplifier in L1, and the split comparison of the index signal in ''@N-Speed operation for low-voltage low-power system

the 8-T tag cells with SWL/SBL tag sense amplifiers in L2, this application. It will be shown that owing to the reduced loading
0.8-V cache memory implemented in a 1.8-V 0.1gm CMOS atthe SWL in the new 11-T TC using the WLOTC scheme, the

technology has a measured L1/L2 hit time of 11.6/20.5 ns at the 10-T SLS memory cell with G/F sense amp in L1, and the split

average dissipation of 0.77 mW at 50 MHz. comparison of the index signal in the 8-T TCs with SWL/SBL
tag sense amps in L2, this 0.8-V cache memory implemented
. INTRODUCTION in a 1.8-V 0.18xm CMOS technology has an L1/L2 hit time of

OW-POWER low-voltage cache memory has beconi’el-6/295 ns at an average dissipa_tion of 0.77 mW at 50 MHz.
L an indispensable component in VLSI systems for conﬁn Sect|(_)n I, the architecture qf thIS two-leyel cache memory
puter and communication-related applications [1], [2]. Caclte described, followed by the timing chart in Section I, the
memory chips are usually implemented using the bitline-ofi€asured results in Section 1V, and the conclusion in Section V.
ented tag-compare (BLOTC) structure [3], [4], where for each
bitline a sense amplifier (sense amp) is required. However, the
signal from the output of the sense amp must be compared with
the index to produce the hit/miss signal, and the large parasitid=zig. 1 shows the block diagram of the 0.8-V 128-kb
capacitances of the bitlines and the two-step hit/miss sigrialr-way set-associative two-level CMOS cache memory.
generation slows down the speed performance, especidlly shown in the figure, in order to implement the two-stage
at a low power-supply voltage. Recently, a 1-V four-waWWLOTC/BLOTC tag-compare scheme in L2 with an 8-T TC
set-associative CMOS cache memory using the wordline-oard a 10-T SLS memory cell with the G/F data sense amp
ented tag-compare (WLOTC) structure been reported [5], [&ftructure, this cache memory is designed to have the memory
Using the WLOTC structure with the content-addressabportions, the tag portions, the tag and the data sense amps,
memory (CAM) 10-transistor (10-T) tag cell (TC) and thehe predecoder, and the multiplexers in two levels with 22-bit
one-step hit/miss signal generation, a high-speed hit accessdex data, 8-bit address, 8-bit write data, and 8-bit data out.
a low power consumption has been obtained. For the cachiee two-level hierarchical approach has been adopted in this
memory using a lower power-supply voltage of 0.8 V, theache memory. Level 1 is associated with the five bits of the
architecture adopted in the 1-V cache memory [5], [6] ma§-bit input address and Level 2 is referred to all eight bits of
the input address. Therefore, the size of the tag-cell array and
the memory-cell array in L1 is smaller. In each level, there are
four memory portions and four tag portions. In L1, each tag
Mz_anuscript receivedJanuary8,2002;revisedJu_ne 21,200_2.AlbriefsummPgrtion has 12&% 22 TCs and 12& 32 memory cells. In L2,
of this paper was presented at the European Solid State Circuits Conference . .
Villach, Austria, Sept. 2001. each tag portion contains 22256 TCs and 12& 256 memory
P.-F. Lin is with Goyatek Technology Inc., Hsinchu 300, Taiwan, R.O.C. cells. By adopting the two-level BLOTC/WLOTC scheme, this
J. B. Kuo is with the Department of Electrical and Compute;(_Engineerine?roposed cache memory has a reduced power consumption as
University of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail: jokuo@uw: Yescribed in Sections Il and IV. In Sections II-A and B. the tag

terloo.ca). . . . . .
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Il. Two-LEVEL CACHE MEMORY ARCHITECTURE
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Fig. 1. Block diagram of the 0.8-V 128-kb four-way set-associative two-level CMOS cache memory.
A. Tag Portion connected to an SBL tag sense amp at right. In Level 1, the

WLOTC tag-compare scheme as described in [5] and [6] have

Fig. 2 shows the schematic of each of the four tag portiobgen adopted. In each L1 TC column, there is a tag write
in this 0.8-V 128-kb four-way set-associative two-level CMO®vordline L1-TWWL, a tag read wordlind.1-TRWL, and
cache memory. As shown in the figure, in the tag portion, thesetag sense wordlin&1-TSWL connected vertically to the
are two groups, Level 1 and Level 2. In Level 1, in each ta¢yLOTC tag sense amp. In L1, there are 32 WLOTC tag sense
portion 22x 32 11-T TCs with the WLOTC structure haveamps in total. As for Level 2, in order to reduce power con-
been used. In Level 2, both WLOTC and BLOTC structuresumption, increase speed performance, and save layout area,
have been adopted to organize each tag portion of 226 8-T the two-stage WLOTC/BLOTC tag-compare scheme based on
TCs. For each column of 22 TCs, all the tag sense wordlintge index data has been used. In each L2 TC column, a tag
(TSWLs) are vertically connected to an SWL tag sense amgad wordlineL.2-TRWL, a tag write wordlineL.2-TWWL,
at top. For each row of 256 TCs, all the SBLs are horizontalgnd a tag sense wordline2-TSWI. are connected vertically
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Fig. 2. Schematic of the tag portion in this two-level CMOS cache memory.

to a WLOTC tag sense amp. In L2, there are 256 WLOT@ that of the 10-T one. Unlike in the 10-T one, in this 10-T
tag sense amps in total. During the TC access procedure, i@ only one pair of bitlines are used in both the SRAM cell
specific TC column selected by the 8-bit input data addressd the tag-compare portions. (Note that in the 10-T one, both
the TCs with their respective index data bits of logic-0 an@rite and read bitlines (W-BL/R-BL) are adopted.) Similar
connected to the WLOTC tag sense amp at top via SWL durigg the 10-T one, for the SRAM cell portion, a write wordline
the WLOTC sending period. After the sensing period of thgy-WL) controls a pair of bitlines connected to the internal
WLOTC tag sense amp, if there is a TSWL-related hit signatorage nodes. In the tag-compare portion, instead of four
for this column, the follow-up BLOTC tag sensing will ben\MOS devices connected between the sense wordline as in
initiated. The remaining TCs in that specific column with theifhe 10-T one, three NMOS and two pMOS devices (MP2—4,
respective index data bits of logic-1 are connected to the SI§)|.N4_5) have been used to determine the logic state of the L1
tag sense amps via the horizontal SBL for further sensing. If@&\w \When the tag read wordlifel-TRWL is high, MN4
further SBL-related hit signal can be obtained, a hit signal is ;. and the MN5 is off. The tag sense wordline TSWL is
generated to trigger the readout of the data from the SpeCiﬁ&gconnected from this TC and maintains its precharged high
memory cell. state. When the tag read wordlihd-TRWL is low, MP4 is

In order to facilitate the two-level two-stage n. Under this situation, whether or not the tag sense wordline
WLOTC/BLOTC tag-compare scheme in L2 and WLOT 1-TSWL is pulled low depends on the internal storage data

tag-compare scheme in L1, innovative designs of L1/L2 T IT) and the bitline. If the internal storage data is different

are used in the tag portion. These L1/L2 tag-portion-relat - - - .
circuits, including the second-level decoder and the tag se n the bitline (sayBIT = 0, BL = 1), then either MP2

amp, are described in the following or MP3 is on (MP2 is on). Therefore, PS4 is high and the
1)’ L1/L2 Tag Cells:In order to .implement the WLOTC L1-TSWL is pulled low, indicating a miss. If the BIT is the

scheme, Fig. 3(a) shows an innovative 11-T TC circuit us&% Th he L1-TSWL h d hiah. indicati hi
in L1, which is derived from a 10-T TC circuit as shown irofl- Thus, the L1- stays precharged high, indicating a hit.

. . . .. The adoption of three pMOS devices and two nMOS devices in
Fig. 3(b). In this 11-T TC, the SRAM cell t I . .
'g- 3(b)- In this © cell portion 15 simi arthe tag-compare portion of the 11-T TC instead of four nMOS
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Fig. 3. (a) L1 11-T TC circuit. (b) 10-T TC circuit. (c) L2 8-T TC circuit.
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Fig. 4. Other L1 tag portion related circuits. (a) Second-level decoder.
(b) WLOTC tag sense amp. (c) Memory driver.

that the layout density can be higher. In addition, at the tag sense
wordline, only one nMOS device (MN5) is connected, instead
of two NnMOS devices as in the 10-T case shown in Fig. 3(b).
Therefore, smaller parasitic capacitance connected to the tag
sense wordline (L1-TSWL) and, hence, a higher speed can be
obtained. In addition, since there are no more stacked nMOS
devices between the L1-TSWL and ground as in the 10-T case, a
smaller on resistance allows a higher speed during the pulldown
process.

Fig. 3(c) shows the 8-T TC circuit used in L2. As shown
in the figure, this 8-T TC circuit is derived from the 10-T
TC as shown in Fig. 3(b), except that in the tag-compare
portion only two nMOS devices instead of four connect the
tag sense wordline (L2-TSWL) to the the tag read wordline
(L2-TRWL). The two nMOS devices (MN4 and MN5) between
the L2-TSWL and thé.2-TRWL are controlled by the internal
storage node BIT and the index signdDEX. The other
two nMOS devices controlled by the other related internal
storage nod@IT and the other related index signal INDEX

devices as in the 10-T one, provides advantages. In the entiesre been removed, because in the L2 WLOTC tag-compare
11-T TC, there are five pMOS and six nMOS devices, whicbperation, only the TCs with their corresponding index data
provide a more balanced count between nMOS and pMOS sugthof logic-1 status are connected to the WLOTC tag sense
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Fig. 5. Other L2 tag portion related circuits. (a) Second-level decoder. (b) WLOTC tag sense amp. (c) BLOTC tag sense amp.

amp of the column. Consequently, the layout of the innovativat of its output to form a set of 2-bit inputs (DECO, DEC1) to
L2 TC is smaller as compared with the 10-T TC. Therefor¢he L1 second-level decoder as shown in Fig. 4(a) for producing
the parasitic capacitance associated with each L2 tag sef2d 1-REWLs and the L1-WEWLs for 32 L1 TC columns.
wordline is reduced. In addition to the second decoder circuit, the other important
2) L1 Tag-Portion-Related CircuitsFig. 4 shows the other L1 tag-portion-related circuit is the WLOTC tag sense amp as
L1 tag-portion-related circuits. In each column of 22 TCs, theshown in Fig. 4(b), where it is used to provide the miss signal
is a second-level decoder at the top as shown in Fig. 4(a). The-MISS and theL1-TRWL based on the L1-REWL and the
second-level decoder used in each TC column is used to geh-TSWL and the three predecoder outputs (DEC0-2). Each of
erate the write-enable wordline (L1-WEWL) and read-enabthe three groups of 8-, 8-, and 4-bit predecoder outputs donates
wordline (L1-REWL) based on the outputs from the predecodarbit of its output to form a set of three-bit inputs (DEC0-2)
as shown in Fig. 1, where eight bits of read address (ADDRES®) the L2 second-level decoder, as shown in the figure, for
are divided into three groups of 3, 3, and 2 bits to produce thrpeoducing 256 L2-REWLs and the L2-WEWLs for 256 L2
predecoder outputs (DEC) of 8, 8, and 4 bits, respectively. EAEE columns. In order to simplify the design, a straightforward
of the two groups of 8- and 4-bit predecoder outputs donatesamdom-logic approach was used to implement the L1 tag sense
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Fig. 6. Schematic of the memory portion in this two-level CMOS cache memory.

amp. In each of the L1 TC columns, there is also a memoBy Memory Portion
driver as shown in Fig. 4(c). Each memory-driver circuit is
used to provide a memory-write wordline (L1-MWWL) andta
a memory-read wordline (L1-MRW.L) for their correspondin%utputs_ Fig. 6 shows the schematic of a memory portion in
memory cell based on the L1I-TWWL, the L1-TSWL, and th is two-level CMOS cache memory. As shown in the figure,

ilélt;:RWL if a hit signal has been generated or a write acCeR3ch memory portion is divided into two levels, L1 and L2. In

3) L2 Tag-Portion-Related CircuitsFig. 5 shows other L2 the L1 memory portion, there are 32 columns of memory cells

i A : (MCs). Each column contains 128 MCs. Each column is con-

tag-portion-related circuits including a second-level decoder Slled by a memory read/write wordline (L1-MRWWL) and

WLOTC tag sense amp, and a BLOTC tag sense amp. As sho\/\ﬁ'l ed by a't N Od>ll' eaLl M\?VV\?L ﬁ'(h i high 'f) a Lla

in Fig. 5(a), the L2 second-level decoder, which is similar the Lhrfemory write wordiine ( o ), which are high i an’

one described above, is used to generatE R EWL and the it has been obtained and if this column has been specified by

Lo-REWL based on the predecoder outputs (DEC0-2) and fhe address. In each row of 32 MCs, there are a pair of bitlines
connected to a data sense amp at right. In the data sense amp

write-enable signaWE. As shown in Fig. 5(b) and (c), there \
are two kinds of tag sense amps in each column of L2 TC, aﬂlumn, there are a total of 128 data sense amps to provide 128

L2 WLOTC tag sense amp and an L2 BLOTC tag sense amp,OIBtpUt data, of which e_ight output dat_a are selected via a multi-
facilitate the two-stage WLOTC/BLOTC tag sensing procedurB!€Xer to become the final data-out signals.
As shown in Fig. 5(b), the L2 WLOTC tag sense amp, which is F19- 7 shows the 10-T SLS memory cellin L1 and the memory
similar to the L1 WLOTC tag sense amp described previousfig!l In L2. As showniin Fig. 7(a), the L1 10-T SLS memory cell
is used to generate the wordline hit sigh@FWHIT, the word- 1S targ_e‘Fed fc_>r G/F logic operation. Usually, the logic operation
line miss signalL2-WMISS, and the tag read write wordline ©f @ digital circuit is based on the two-logic value grouigy.
signal (L2-TRWWL) based on the L2-WEWL, the L2-REWL,In order to reduce the switching time, the SLS memory cell is
the read-enable wordling2-RE, and the L2-TSWL. designed for operation with logic states of ground and floating.
As shown in Fig. 5(c), in the BLOTC tag sense amp, th&S shown in the figure, the pass transistor MN2 controlled by
latch-up sense amp (MNO-1, MPO-1) is the center core. Wh&¢ L1-MWWL is on only during the write access. During the
the index signalNDEX is low and the vertical hit signal read access, MN2 is off and the data in the memory cell is read
has been generated, MN2 and MN3 turn on to switch on te&t via MN4 and MN6. Unlike the conventional approach, one
latch-type sense amp. For the TCs associated with the index bitéhe two logic states, ground or floating, is available to be de-
INDEX of logic-0 in a specific TC column, after the verticaltected by the data sense amp. During the read access, if the in-
hit signal has been generated by the WLOTC tag sense arggnal storage nodBI'l" has a logic-1, then MN6 is on. There-
their associated bitlines are individually connected to thefiere, during the readout access, the L1-MRWWL is high, and
own BLOTC tag sense amps. Note that for each TC coluntine bitline is raised since MN4 is on. If tH8I'T is low, then
accessed, only one WLOTC tag sense amp is on and more thd6 is off. Since MN2 is also off during the readout opera-
one BLOTC tag sense amps may turn on depending on tii@n, the bitline is connected to a floating node. In contrast, in
number of bits of the associated index sighidDEX with a the L2 memory cell as shown in Fig. 7(b), which is based on
logic value of zero. a standard 6-T SRAM cell, both bitlines are connected to the

In this two-level CMOS cache memory, in addition to the four
g portions, there are also four memory portions for four-way
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LIN AND KUO: CMOS CACHE MEMORY USING WLOTC/BLOTC SCHEME 1313

BL BL BL BL

‘ ' N L1-MWWL T
— Py N L1-MRWWL wea Turo wer] ves
MPO MP1 —f\—»—‘ L '__«.f\—‘_ E
MN4 MN2 MN3 MN5 AR

rﬂ
1
l_]> MN2
_ ——
BL BL I_l \_1

INVO = = INV1
T— L2-MWL

MPO MP1
NANDO NAND1
MN2 MN3
1 BIT BIT I
MNO MN1 INV2 INV3

DATA

|

o
2
>

@
(b) —
BL BL

Fig. 7. (a) Shrunk logic swing MC in L1. (b) MC in L2.
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internal storage nodes controlled by the L2-MW.L for read-out - E:jli | ’_J:]J
and write-in accesses.

Fig. 8 shows the data sense amps in L1 and L2. As shown  — E
in Fig. 8(a), in the L1 data sense amp, a latch-type sense amp MPO MP1
based on the G/F scheme has been adopted. When the signal
G is low, which indicates an L1 hit for the data sensing period,
MN4-6 are off. In addition, the bitlines are connected to two SABL SABL
sides of the latch-type sense amp (SABL) via MN2/MN3 for MNO M
amplifying the signals on the bitlines such that they can become
the output data signals. When the sigfals high, which in-
dicates the standby period, MN4—6 are on and MP2-3 are on I

since the signak is low (E = G) and both sides of the BL are wnz ]
grounded such that a steady state can be reached for the next VO - }Z'N\”

sensing period. As shown in Fig. 8(b), a latch-type sense amp

(MP0O-1, MNO-1) has also been used in the L2 data sense amp.

When the signakE is high, which indicates an L2 hit, MN2 is DATA DATA

on, which turns on the latch-type sense amp. Under this situa- (b)

tion, the bitlines are connected to both sides of the SABL f(ﬂg. 8. (a) Data sense amp using the G/F scheme in L1. (b) Data sense amp in
amplification of signals such that they can become the outpuat

data signals. The adoption of the SLS memory cell with the G/F

data sense amp in L1 provides advantages in reduced power ésseparated from ground. Therefore, one bitline is grounded and
sumption and enhanced speed. For the conventional latch sehseother one is floating, which is sensed by the G/F sense amp
amp, during the sense operation, the connected bitlines needsdigh. Since two bitlines are not required to precharge or dis-
be precharged high first. When the wordline turns on, one bitlimdarge during the sense period, the power consumption of the
discharges. The latch sense amp functions only when there 8/& sense amp has a reduced power consumption. For the latch
substantial amount of voltage difference occurring between thense amp, it does not function until a substantial amount of
bitlines. The power consumption of the latch sense amp duringltage difference existing between the bitlines. In contrast, for
the sense operation is from precharge and discharge of the thie G/F sense amp, it can function immediately without waiting
lines. In contrast, for the G/F sense amp, during the sense opdoathe voltage difference to develop. Thus, the G/F sense amp
tion, when the wordline turns on, the bitline originally groundetias an enhanced speed performance.

Authorized licensed use limited to: National Taiwan University. Downloaded on March 8, 2009 at 23:18 from IEEE Xplore. Restrictions apply.



1314 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37, NO. 10, OCTOBER 2002

L2 L1

WE
Pre Decoder \4/8’8 :1/8 g @
| REL|S RE
[=4
(=
Q
L1-MISS3 12-DEC2 |,..
L1-MiSS2 , ’g
L1-MISS1 &
L1-MISSO o @)=
%
2 2
INDEX0 e e 3
3 g s
D h
|1
2 3
< 5 | INDEX21 |
INDEX21 e L1-HITO
) [=}
d WE
A 2 DATAO
LR 2 -
pST DATAD
e & DATA1
[ 2
e & DATAT1
el DATA2
Ih = -
e & DATAZ2
W-DATA127 g 9 £y~ DATA127
w 5 —
W-DATA127 z 5 235 DATAIZT
RE [
| REI L \
RE [
L2-WHITO T
REI f |
L2-RE \ -
L1-HITO [ \
‘ | L2-HITO \ =
DATA /
L2-DATA / B
DATA /

(b) (©

Fig. 9. (a) Critical path from read enable (RE) to data out (DATA) during the L1/L2 hit access of this two-level CMOS cache memory. (b), (c) Timifay charts
the read-out operation of (b) L1 and (c) L2 hits.

lll. TIMING CHART CMOS cache memory, and the timing chart for the read-out op-

eration of L1 and L2 hits for this cache memory. As shown in

Fig. 9 shows the critical path from read enable (RE) to dathe figure, for the L1 hit case the readout operation is initiated
out (DATA) during the L1/L2 hit access of the new two-leveby the RE signal, which is provided externally. Then an internal
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TABLE | 1.2 T T Y T
DeviCE PARAMETERS OF THE0.1801tm CMOS TECHNOLOGY
10} - i
Device Parameters U'M'Si" L1-MISS1-3
Technology 0.18um, 1.8V, 1P6M 0.8 S . : A
-y i : i A
tor 4.08nm > REl i / '\L L1-MSABL
Va (N/P) 0.513V/0.566V @ 06} i H -
)] i Vo ™~ DATA
Lisae {N/P) 600/260 uA/um £ I RE —i Vo
6T Memory cell 2.62um x 2.935um QS o4f i Pl | TT-WSABL 1
| Vo
10T Memory cell 2.62um x 4.7um I LTS 7
02} - [ E E <
8T Tag cell 3.22um x 2.935um : L FIMBL }1 MBL
11T Tag cell 3.22um x 4.7um 00 Y L
Active area 1.30mm x 2.07mm 0 5 10 20 25
Total area 1.90mm x 2.31mm Times (ns)
@
Jr Jlﬁ.:‘r .,"‘ 1A i — —
ol BE i i
® LHiT |/ T B )
% -.u-*r.'";'T'!‘“.-:.’,L{L‘_.'.H:’::::::::::::::::::::::.
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Fig. 11. (a) SPICE-simulated transient waveforms and (b) the measured
results of the 0.8-V 128-kb four-way set-associative two-level CMOS cache
memory during the L1 hit access.

the WLOTC tag-compare stage and the BLOTC tag-compare
stage. This two-stage tag-compare procedure reduces parasitic
capacitances associated with the SWLs and the SBLs to enhance
Fig. 10. Die photo of the 0.8-V 128-kb four-way set-associative two-levépeed performance. In addition, power consumption can be re-
CMOS cache memory. The die area is 1.3 mr2.07 mm. duced. By adopting the 8-T TC in the L2 tag portion, a further
reduction in the parasitic capacitance associated with the SWL

read enable signal (REI) with a fixed pulsewidth is generated B‘Qd SBL also enhances the speed performance.

acontroller. As controlled by the REI signal, the L1 WLOTC tag
sense amp generates an L1-HIT signal, which triggers readout
of the data stored in an associated memory cell. Compared tdn order to assess the performance of this new two-level
the L1 hit case, the readout operation of the L2 hit case see@§IOS cache memory, a test chip has been designed and
more complicated. After the REI is generated, the WLOTC hiésted using a 1.8-V 0.18m CMOS technology with one

or miss signal (L2-WHIT) is first generated by the WLOTC tagpolysilicon layer and six metal layers. As shown in Table I,
sense amp. Then the read enable signal (L2-RE) is generafed.the 0.18:m CMOS devices, the gate oxide is 4.08 nm
Via the BLOTC tag sense amp, the final hit signal (L2-HITand the threshold voltage for the nMOS/pMOS device is
is produced, followed by the readout of the data in the spe€i:513 V/0.566 V. The layout area of the 6-T/10-T memory cell
fied L2 memory cells (L2-DATA). Before becoming available ats 2.62 x 2.93um/2.62 x 4.7um. For the 8-T/11-T TC, it is

the final output data (DATA), the L2 output data (L2-DATA) is3.22 x 2.935um/3.22x 4.97;m. Fig. 10 shows the die photo
written to the corresponding L1 memory cells. For the L2 hit omf this 0.8-V 128-kb four-way set-associative two-level CMOS
eration, the tag-compare procedure is composed of two stageghe memory. The active die area is 1.3 m&07 mm.

IV. MEASUREDRESULTS
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TABLE I
COMPARISON OF THEPOWER CONSUMPTIONDISTRIBUTION BETWEEN THIS TWO-LEVEL CMOS CaCHE MEMORY USING WLOTC/BLOTC SCHEME AND THAT
USING THE CONVENTIONAL BLOTC SCHEME DURING L1 AND L2 HIT ACCESS

Power Consumption Distribution during L1 hit
Proposed Cache Conventional BLOTC Cache
Decoder & Peripheral Logic 10.150mW(51.72%) |0.240mW(14.94%)

L1 Tag Portion 0.018mW(6.21%) 0.557mW(34.66%)
L1 Memory Portion 0.106mW(36.55%) 10.810mW(50.40%)
1.2 Tag Portion WLOTC 0.016mW(5.52%)) NA

Total Power Consumption 0.290mwW 1.607mwW

Power Consumption Distribution during L2 hit

Proposed Cache Conventional BLOTC Cache

Decoder & Peripheral Logic |0.897mW(17.70%) {0.666mW(9.52%)

L1 Tag Portion 0.021mW(0.41%) |0.560mW(8.00%)

L2 Tag Portion WLOTC 0.016mW(0.32%) |NA

L2 Tag Portion BLOTC 0.713mW(14.07%) |2.352mW(33.60%)

L2 Memory Portion 3.421mW(67.50%) |3.421mW(48.88%)

Total Power Consumption 5.068mwW 6.999mW
There are 208 staggered 1/O pads surrounding a die area of  '2 7 7 i
3.5 mmx 3.5 mm. o

Fig. 11 shows SPICE simulated transient waveforms and the
measured results of this two-level CMOS cache memory during | LI-MISSO-3
the L1 hit access. As shown in the figure, from the transition 08 i _\ ‘\/
of the RE signal, the REI signal is generated, followed by the " SRR T
L1-HIT signal, and the signals at the bitlines of the memory P '
cell (L1-MBL). Finally, via the signals at the both sides of the
data sense amp (L1-MSABL), the final output data signal is
formed. The L1 hit access time is 6 ns at power consumption of
0.29 mW, which is 5.5 times smaller than the 16-kb L1/128-kb
L2 cache memory using the BLOTC structure. The small power i "
consumption is attributed to the distributed tag sense-amp in the 10 15
WLOTC structure. Times (ns)

Fig. 12 shows SPICE simulated transient waveforms and @
the measured results of this two-level CMOS cache memory
during the L2 hit access. As shown in the figure, the L2 hit
detection time is 11/14 ns at power consumption of 5.07 mW,
which is 28% smaller than the standard cache memory using s T 1 S —
the BLOTC structure. Based on the 10% L1 hit and 90% L2 hit CRERE R R 'kT_r' S R U b
statistics, the average power dissipation is 0.77 mW at 50 MHz. O
The small power consumption is attributed to the distributed
tag sense-amp in the L1 WLOTC and L2 WLOTC/BLOTC
structure. The high-speed performance is due to the two-level
two-stage WLOTC/BLOTC tag compare scheme in L2 and
WLOTC tag-compare scheme in L1 and innovative designs T S HT
of the L1/L2 TCs, the second-level decoder, and the tag sense ., N e -
amp as the L1/L2 tag-portion-related circuits. Table Il shows S o L T
the comparison of the power consumption distribution between ' roT :
this two-level CMOS cache memory using WLOTC/BLOTC BT T
scheme and the one using the conventional BLOTC scheme P L I | 4
during L1 hit access and L2 hit access. For the proposed CMOS Ti

. . imes (20 ns)
cache memory during the L1 hit access, the total power con-
sumption is 0.29 mW, which is 82% less than the conventional (®)
one using the BLOTC scheme, due to the WLOTC scheme in
the L1. During the L2 hit access, the total power consumptiorilg 12. (a) SPICE-simulated transient waveforms and (b) the measured
is 5.07 mW, which is 27% smaller due to the WLOTC/BLOT esiJIts 6f the 0.8-V 128-kb four-way set-associative two-level CMOS cache
structure used for the proposed scheme. memory during the L2 hit access.
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V. CONCLUSION [8] A.K. Goksel, R. H. Krambeck, P. P. Thomas, M.-S. Tsay, C. Y. Chen,

. L D. G. Clemons, F. D. LaRocca, and L.-P. Mai, “A content addressable
In this paper, a 0.8-V 128-kb four-way set-associative  memory management unit with on-chip data cacheEE J. Solid-State

two-level CMOS cache memory using a novel two-stage  Circuits, vol. 24, pp. 592-596, Mar. 1989.
WLOTC/BLOTC and SWL/SBL tag sense amps with an 8-T
TC in level 2 and a 10-T SLS memory cell with a G/F data
sense amp in Level 1 for high-speed operation for low-voltage
low-power VLSI system applications has been obtained. Die
to the reduced loading at the sense wordline in the new 11
TC using the WLOTC scheme and the 10-T SLS memory c¢
with G/F sense amp in L1 and the split comparison of the indi
signal in the 8-T TCs with SWL/SBL tag sense ampsin L2, th
0.8-V cache memory implemented in a 1.8-V 0,18 CMOS
technology has a measured L1/L2 hit time of 11.6/20.5 ns,
the average dissipation of 0.77 mW at 50 MHz.
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