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A Low-Power Super-Performance Four-Way Set-Associative
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Abstract: A 1. 8-V 64-kb four-way set-associative CMOS cache memory implemented by 0. 18um/1. 8V 1P6M logic
CMOS technology for a super performance 32-h RISC microprocessor is presented. For comparison, a conventional
parallel access cache with the same storage and organization is also designed and simulated using the same technolo-
gy. Simulation results indicate that by using sequential access, power reduction of 26% on a cache hit and 35% on a
cache miss is achieved. High-speed approaches including modified current-mode sense amplifier and split dynamic
tag comparators are adopted to achieve fast data access. Simulation results indicate that a typical clock to data ac—

cess of 2. Tns is achieved.
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1 Introduction

Growing demand for battery-operated devices
such as portable computers and mobile phones has
led to extensive study of low-power super-perfor—
mance microprocessors. In these microprocessors,
cache memory usually consumes a significant frac—
tion of overall power consumption. For example,
Strong ARM -1 consumes about 43% of chip power
in I-cache and D-cache together'", and Pentium Pro
consumes about 33% in caches'”.

Set-associative caches are widely adopted in
modern microprocessors to achieve low miss rates
for typical applications. Until now, however, most
set-associative caches access the tag and data array

in parallel, then select the data from the matching

way on a cache hit or discard all the data on a cache
miss'”. Although parallel access could achieve fast
data access, it also wastes dynamic energy dissipa—
tion.

Low power is very important for memory de-
sign'™” . Since low power requirement dominates in
the 32-b RISC microprocessor in which the pro-
posed cache memory is to be embedded, we de-
signed a 64-kb four-way set-associative cache
memory using sequential access. Simulation results
indicate that compared to a conventional parallel
access cache memory with the same storage and or-
ganization, power reduction of 26% on a cache hit
and 35% on a cache miss has been achieved. To
achieve fast data access, high-speed circuit modules
including hich-speed current-mode sense amnplifier

and split dynamic tag comparators are utilized. Ow -
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ing to these high-speed approaches, a typical clock
to data access of 2.7ns and clock to hit access of

2. Ins have been achieved.

2  Sequential access set-associative
cache

2.1 Cache memory overview

Figure 1 shows the block diagram of the
1. 8-V 64-kb four-way set-associative CM OS cache
memory. As shown in the Fig. 1, this 64-kb four—
way set-associative cache memory is composed of
tag arrays, data arrays, sense amplifiers, address
decoders, timing controller, and tag comparators. In
the proposed cache, the tag and status bits access is
the same as conventional cache, but data access is
limited to only the desired word in the data array
to reduce energy dissipation and critical path delay
on the word-ines. The subbank architecture of the

data array is shown in Fig. 2.
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Fig. 1 Block diagram of the 1. 8-V 64-kb four-way

set-associative CMOS cache memory
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Fig.2 Subbank architecture of the data array

2.2 Sequential access mode

Figure 3 shows the relevant components and
operations of parallel access and sequential access
sel-associative cache. In a parallel access set-asso-
ciative cache memory shown in Fig. 3(a), all the
data ways and tag ways are accessed in parallel be-
fore the matching way is decided by tag compari-
son. During a cache hit access, data from the
matching way is selected and transported to the
output data bus. During a cache miss access, how-
ever, all the data read out from the data ways are
discarded'” . The energy dissipated by a parallel ac—
cess N -way set-associative cache can thus be ex-

pressed as

N Xtag array energy+ N Xdata array energy

Select way

| Select way —J
r k.

Fig. 3 Access and operation for parallel and sequen—
(a) Con—

tial access set-associative cache memory

ventional parallel access; (b) Sequential access

[n a sequential access set-associative cache
memory shown in Fig. 3(b), all the tag ways are
probed before the matching way is decided by tag
comparison. During a cache hit access, the match-
ing data way is accessed. During a cache miss ac—
cess, no data way is accessed' ™. Thus the energy

dissipation of a sequential access N -way set-asso-—
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ciative cache can be described as
N Xtag array energy+ 1 Xdata array energy
during a cache hit access and
N Xtag array energy
during a cache miss access.

A conclusion can then be drawn that for a N-
way set-associative cache memory, sequential ac—
cess can achieve power savings of (N - 1) X data
array energy on a cache hit and N Xdata array en-

ergy on a cache miss.

3 Design approaches for high-speed

3.1 High-speed current-imode sense amplifier

A fast sense amplifier is very important for re—
ducing read path delay and achieving fast data ac—
cess in memories. Current-mode sense amplifiers
are widely used in memory design today because
they can amplify a small difference of current on
the bitdines to a full-rail voltage difference. In the
proposed 1.8-V 64-kb four-way set-associative
cache memory, a new super performance current-
mode sense amplifier is designed to achieve high
amplification speed with low power consumption.

Figure 4 shows the schematic of the current—
mode sense amplifier. It has been modified on the
basis of the circuit in Ref. [ 7]. Unlike the amplifier
in Ref. [ 7], a current conveyor circuit ( MP6~
MP10) is used to function as a current transporting
and column-select device. The current conveyor
presents a virtual short to the bitdines due to its
cross—coupled pair MP6 and MP7'". These results
in an equal voltage at the bit-dines while at the
same time providing a current difference on nodes |
and NI. The current conveyor has zero input resis—
tance during sensing. T his property makes it insen—
sitive to the bitdine capacitance.

The current-mode sense amplifier shown in
Fig. 4 includes a current transporting and column-—
select structure (MP6~ MP10), a controlled cross—

coupled transistor structure ( MPI, MP2, MNI1,
MN2), control transistors ( MP3, MP4, MN3,

upﬂj})_‘f_qf;[m
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Fig.4 High-speed current-mode sense ampflifier
M N4), sense control transistor MN5 and recovery
transistor MP5. SAE is the sense amplifier enable
signal, WL is the word-ine select signal, CS is the
column-select signal, and CSN is the complement
of CS.

There are two operation phases, one is equaliz—
ing phase and the other is evaluating phase. In e-
qualizing phase, SAE is low, CS is high, and CSN is
low. MP10 is on and the voltages on nodes P and Q
are equalized. Node T is pulled to high voltage by
MP5. When CS turns low and CSN turns high,
MP10 is off and MP8, MP9 are turned on. The cur-
rent-mode sense amplifier enters the evaluating
phase. During this time, WL is asserted thus turn-
ing on the access transistors of the memory cell. A
current difference will appear on the complemen-
tary bitdines BL and BLN owing to the opposite
polarities existing on the memory cell inverters.
The current difference is conveyed to 1 and NI
through the current conveyor. During this time,
SAE turns high, MN35 is on and the current differ—
ence on | and NI is evaluated. Corresponding
CMOS voltages will appear on the output nodes
DOUT and DOUTN.

Using a 0. 18um/1.8V CMOS technology. the
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sensing delay and average power dissipation a-
gainst different bit-ine capacitances are simulated
for the proposed current-mode sense amplifier and
the recently reported current sense amplifier from
Ref. | 9]. For comparison, the simulating conditions
are set to be same. Fig. 6 shows the simulation re-
sults. It can be observed that the proposed current—
mode sense amplifier is insensitive to bit-ine ca-
pacitance and has a faster sensing speed and lower

average power dissipation.
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Fig. 5 Sensing delay and average power dissipation

against bit-line capacitance
3.2 Split dynamic tag comparator

Tag comparison delay is another key compo-
nent of the critical path delay of the proposed
cache. To reduce tag comparison delay and achieve
fast data access, a high-speed split dynamic tag
comparator is used. Figure 6 is the schematic of the
split dynamic tag comparator used in the proposed
cache. T he condition for a HIT is when all 21 TAG
bits match the 21 incoming tag bits in the address
and the corresponding status bit VALID is true
(high). As it is shown in Fig. 6, a 22-bit tag com—
parison is carried out using two super—-performance
11-bit dynamic comparators. This procedure re—
duces the capacitive load on the cumpariqon line
and results in a faster speed of comparison'"”. Usu-
ally the match output of each 11-bit dynamic com—
parator is precharged high and remains high if the
comparison result is a match. The two match out-
puts are then combined to generate the HIT signal

for a 22-bit tag comparison. Simulation results in-

dicate that splitting one 22-bit tag comparison into

two l1-bit comparisons reduces the tag comparison
delay by 20% without increasing power consump-
tion.
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Fig. 6 Split dynamic tag comparator

4 Simulation results and chip imple-
mentation

The 64-kb four-way set-associative cache is
using a 0.18um/1.8V IP6M logic
CMOS technology with Voo= 1.8V. Results from

the simulation are given in Fig. 7 and Fig. 8.
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Fig. 7 Simulated transient waveforms of the 1.8V
64-kb four-way set-associative cache at Voo= 1.8V

during hit access

Figure 7 shows one cache hit access cycle. In
this figure, CLK is the clock signal, DATA is one
of the data output bits. HIT ), HIT {), HIT 2),
and HIT 3) are the four way select signals of the
cache memory. Simulation results indicate that the
clock to data access time is 2. 7ns and to hit access

time is 2. Ins.
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Simulation waveforms of four consecutive

Fig. 8

load operations

In Fig. 8. CLK is the clock signal, HIT © : 3)
are the hit signals of the four ways. DATA € : 3)
are the lowest four bits of output databus DATA €
* 31). Data 000000017, ©0000002”, 10000004~
and 00000008 ” are stored into the four data arrays
in the first four clock cycles. Next, four consecutive
load operations are executed. In each load opera-
tion, a different way is hit. Correspondingly, one of
HIT ), HIT {),HIT 2),and HIT 3) keeps high
in one of the four load cycles and the stored data
are read out. It can be seen that the proposed cache
memory works well at a clock frequency of
333M Hz (clock cycle is 3. 3ns).

Power consumption of the proposed cache
memory is 210mW during a cache hit access and
185mW during a cache miss access al a supply voli—
age of 1.8V and clock frequency of 333MHz. For
comparison, a conventional parallel access cache
with the same storage and organization is also de-
signed and simulated using the same technology.
Simulation result indicates that using sequential ac—
cess, power reduction of 26% on a cache hit and
35% on a cache miss have been achieved.

The proposed 1. 8-V 64-kb four-way set-asso—
ciative cache is fabricated at SMIC 0. 18um/1. 8V

1P6M logic CM OS technology. Figure 9 is the pho-
to of the fabricated RISC microprocessor chip. T he
proposed cache is used as I-Cache and D-Cache in
the microprocessor as shown in Fig. 9. Test result
of the fabricated cache is not available yet because
the package is not finished. T he layout area of the
cache memory is 1422. 16um X 1001. 72ym. T able 1
lists the technology and organization of the pre-

sented cache memory.
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Fig. 9 Photo of the fabricated RISC microprocessor

chip

Table 1 Cache technology and organization

0. 18um/1. 8V CMOS technology

Six metal layers

T echnology

M etal system

Memory cell type

SixAransistor CMOS

Memory cell size

4. 20pm X 2. T4pm

Cache storage

Cache organization

Total cache transistors

_64kbits data+ 11kbits tag

128]ine X 4way X 128bit
0. Smillion

Cache block size 1422, 16pm X 1001, 72um

Cyele time 3ns
Access time 2.7ns
Cache power 210mW/185mW
Clock frequency. 333MHz
Power supply. 1 1.8V

5 Conclusion

In this paper,a 1.8V 64-kb four-way set-as—
sociative CMOS cache memory implemented by
0. 18um/1.8V 1P6M logic CMOS technology has
been described. Simulation results indicate that
power reduction of 26% on a cache hit and 35% on
a cache miss have been achieved by using sequen-

tial access. High-speed circuit modules including
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high-speed current-mode sense amplifier and split

dynamic tag comparators are utilized to achieve
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