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As the number of applications for embedded and real-time systems has grown, run-
ning systems at a lower power dissipation level has become an important issue, espe-
cialy for the battery-based systems. Past studies have shown that the cache is responsi-
ble for a large part of the power dissipation in a system chip. Thus, reducing the power
dissipation in the cache has become an important research topic.

In this paper, we present a cache architecture, the CoC, that reduces cache energy
dissipation in embedded systems. The CoC can reduce the access frequency at wordlines
and bitlines, which are the main power consuming components, in both tag and data ar-
rays. In addition, we use a hierarchical address comparison (HAC) scheme to optimize
energy reduction and the comparison time. Experimental results show that the CoC is
practical in reducing energy dissipation in the L1 cache, and that the HAC scheme can
effectively minimize the comparison penalty in the CoC.

Keywords: low power cache, data reuse, CAM, power evaluation, hierarchica address
comparator

1. INTRODUCTION

The performance of processors has substantially improved in recent years as process
technology has made significant progress. System performance depends on not only the
processor, but also the cache system. This situation has been more obvious when the sys-
tem is running multimedia applications. In particular, as SIMD-like enhancements are
added to the CPU for multimedia processing, the bandwidth and power requirements
become more important issues in designing memory systems that support these applica-
tions. In chip power dissipation and evaluation studies [13], the on-chip cache has been
found to be responsible for a significant part of the power dissipation in most modern
processors.

To reduce the power dissipation caused by frequent data access in the cache, several
techniques has been proposed in the literature. These techniques for reducing cache
power consumption can be categorized as follows. (1) those that improve the cache ar-
chitecture, such as filter caching [9], victim buffering [1], block buffering [8, 17], multi-
ple line buffering [4], and way-predicting set-associative caching [6]; (2) those that oper-
ate in a software environment, such as dynamic cache management [3] and the code
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transformation technique [11]; (3) those that involve VLSI circuit design, such as
low-power encoding [15], MDM [10], and domino tag comparators [5]; and (4) the com-
pilation techniques [18]. The approach we propose in this study is based on design en-
hancement of cache architectures.

In this paper, we propose two methods for reducing cache power dissipation. The
first method is Caching on Cache (CoC), which is a small size of sub-cachein L1 cache.
The purpose of the CoC is to minimize the frequency of cache access and thus to reduce
overall cache power consumption. When a cache access request occurs, the CoC disables
the wordlines in both the data and tag arrays if the CoC hits. When a CoC miss happens,
the wordlines in both the data and tag arrays are enabled, and the cache performs a nor-
mal cache operation. Since accessing the CoC is an extra overhead, we propose a hierar-
chical address comparison (HAC) scheme to reduce the access cost in the CoC. In the
HAC operation, we divide the address comparison step into several different segments
and thus reduce unnecessary address comparison when a mismatch is detected at an ear-
lier stage. To evaluate the proposed scheme, we have employed trace-driven simulation
and developed a power evaluation model to compare the traditional approach with our
proposed scheme. The simulation results show that the CoC with four entries and the
HAC scheme with an index segment can significantly reduce the number of cache opera-
tions.

The remainder of this paper is organized as follows. In section 2, we present our
main ideas for the CoC and HAC. We present a performance evaluation of the power
evaluation model in section 3. The overall simulation environment and performance re-
sults are also presented. Then, we review related works on reducing power dissipation for
on-chip cachesin section 4. Section 5 concludes this paper.

2. PROPOSED METHOD

2.1 Traditional Cache Access M odel

In the original cache operation, the requested address is first split into three parts:
the block, index, and tag. First of all, the index is decoded, and the associated word-lines
in both the data and tag arrays are enabled. A row of memory cells is selected, and the
content of the memory cellsis read out after the bit-lines are pre-charged. The sense am-
plifiers scale up these signals in the hit-lines. In the tag arrays, the signals that are scaled
up are compared with the tag part of the requested address. If tag comparison resultsin a
match, the cache sends the request data to the CPU. Otherwise, it needs to fetch data
from the next level of the memory hierarchical system. Both the tag and data signals
must pass through the address decoder, word-line, bit-line, and sense amplifiers. Obvi-
oudly, ahigh level of power dissipation will be generated by the tag and data arrays. Here,
the CoC is used to reduce the access frequency in both the tag and data arrays. The modi-
fied cache hierarchical systemisshowninFig. 1.

In CoC, power dissipation is caused by address comparison and register accessing.
The HAC scheme is used to perform partial CoC address comparison. Using the HAC
scheme, we can reduce the amount of unnecessary address comparison without sacrific-
ing the hit ratio of the CoC. In the following sections, we will describe all in the detail
CoC and the HAC scheme.
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Fig. 1. Traditional and CoC embedded memory systems.

2.2 Caching on Cache (CoC)

The CoC is located in front of a normal cache as shown in Fig. 2. The CoC is com-
posed of registers and a CAM. All the data are stored in registers and addresses put in the
CAM or in the combination of register cells and CAM. As the CoC is imbedded in the
cache, it does not contribute much penalty to the LO cache. When the CoC hits, data are
read out from the CoC data register line. A CoC miss will enables the cache index de-
coder to read out the tag and data asin anormal cache operation.

‘ Tag | Index | Block ‘

CoC Address ‘

CoC Data

DATA Array

Comparator

Fig. 2. A cache with the CoC architecture.
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We summarize the energy consumption in traditional cachesin Eq. (1) and that in a
cache with the CoC in Eq. (2):

Enorr'nal cache = EC_access + F\)C_miss X EC_updaIe (1)
ECW/COC = ECOC + RCoC_m'ss X (Ec_acces + ECoC_updaIe) + R(Z_mi$ X EC_updaIev where (2)

® Ecoc, Ecoc upaare: the energy consumed by a CoC access and that consumed by an update
operation of one CoC entry, respectively;

e Ec, Ec upaae: the energy consumed by one cache hit and that consumed by updating
cache operations, respectively; Ec pdae 810 includes the energy consumed by access-
ing the next level of the memory system;

® Reoc miss Re miss: the ratios of a CoC miss and a cache miss, respectively.

The objective of designing an efficient on-chip cache is to achieve alow miss ratio.
Without an index decoder, the CoC has to compare the entire address to verify if the
cache s hit or miss. With higher spatial locality for data access, the most significant part
(MSB) of the request address does not change frequently in a sequential cache reference.
On the contrary, the least significant part of address varies more than the MSB. Here we
separate the address into two main parts: the LSB and MSB. To reduce the cache access
time that combines the CoC execution, we list the following conditions:

e CoC hit: When the CoC hits, the cache array is disabled. The access time is sourced
from the CoC address comrison result and data readout.
e CoC miss: When a CoC miss happens, the cache is enabled, and the requested data is
read out asin anormal cache access.
— Cache hit: The access time includes both the cache hit operation and CoC address
comparison.
— Cache miss: The access time depends on the next level of the memory hierarchy.
We compare the L1 and our CoC with L1 cache systemsin Table 1.

Table 1. L1 v.s. L1/CoC accesstime comparison.

Cache Hit Cache Miss
CoCHit | CoCMiss CoCHit | CoCMiss
L1 Tc Thed
L1/CoC <Tc | >Tc null | = Tue

In Table 1, Tc is the access time for the cache, and Tyey IS that for the next level of
the memory system. Null in the table indicates that a cache miss will not happen when
the CoC hits. When the cache hits and CoC misses, the access time is larger than that in
any other situation. Furthermore, the cache performance is much worse when the CoC
missratio is high.

2.3 Hierarchical Address Comparison (HAC)

The property of spatial locality can be found by the fact that requested addresses are
usualy sequential. This means that addresses may vary in the least significant bits, and
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that the other part will often be the same. When the requested datais all in the same page,
the least significant bits may be located near the block bits.

To reduce the comparison time in the CoC, we decompose the address comparison
process into a hierarchical address comparison step that compares the address partialy.
Asthe LSB varies more than the MSB, the first step is to compare the LSB to determine
if it is necessary to perform MSB comparison in the CoC. If the LSB does not match, we
do not have to compare the MSB in the next step. In this way, by partitioning the address
comparison step in a hierarchical manner, we can reduce the energy that is consumed by
performing a full address comparison. However, this may incur a small delay as the ad-
dress comparison is performed by two steps. This results in a trade-off between the com-
parison time and energy dissipation.

In Fig. 3, the address is separated into two MSB’s and two LSB'’s. The higher MSB
and L SB are divided according to the range of the page size, and the lower ones are de-
termined by the block size. In the HAC operation, the LSB is first compared and then
MSB is compared. If the LSB part is large enough, it is likely to eliminate the number of
MSB comparisonsin the CoC.

Page Offset Block Offset

MSB LSB MSB LSB

enablg enabl
5

E Hit

Fig. 3. Hierarchical address comparison detector.

To minimize the use of the MSB comparator, the contents stored in the CoC LSB
lines should usually be different. When the number of different LSB in the CoC is re-
duced, the energy consumed by comparing the MSB is also minimized:

Eriac = Nenry X ELss + Nighit X Emss. 3

The energy comsumed by an HAC operation in the CoC is expressed by Eqg. (3),
where E, g is the energy consumed by LSB comparison and Eyss is that for MSB com-
parison. N g1t corresponds to the entry number for what LSB is matched. As described
above, alarger LSB will reduce the energy consumed by MSB comparison and the value
of N_ss it However, it will increase E; s when LSB comparison is performed. In contrast,
alarger MSB will increase N g1t and Eyss. In the following, we will discuss the parti-
tion result for the MSB and LSB in the CoC.
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2.4 Implementation | ssues

A CoC may be constructed using either register arrays (REG) or content access
memory (CAM), whereas data lines are stored in register cells. To buffer the most re-
cently used datain the CoC, we use the FIFO policy for CoC replacement.

Consequently, the CoC behaves like a fully associative cache. To reduce the penalty
due to address comparison, we use two different models in the CoC. A CAM bhit islike a
register with a comparator but more compact and with lower energy dissipation. Both
models use CAM for index comparison. Here, we will discuss the two models of imple-
menting address buffers using CAM and REG

e CAM-CAM: In this model, both the MSB and L SB are stored in CAM. When a request
address arrives, unlike a fully associative cache, both MSB and LSB comparisons are
performed at the same time. As the address is separated into two parts, the comparison
time for the CoC can be reduced by half.

e REG-CAM: The MSB is stored in REG and the LSB in CAM. In an address compari-
son operation, the LSB is directly compared in CAM, and the MSB is read out from
REG into the comparator. When the LSB is matched, the corresponding MSB com-
parator is enabled. As the number of entries increases, unnecessary MSB comparison is
reduced since the comparator is not enabled. The comparison operation of the CAM
bit-stream is sequential. In contrast to CAM, the comparator of the bit-stream is oper-
ated in parallel. Thus, alarger CAM stream has a larger hit time, but the comparator
stream gives a constant comparison time. The REG-CAM model can retain the power
reduction of CAM-CAM and also reduce the comparison time. In the following section,
we will discuss the effects of both implementation models.

3. PERFORMANCE EVALUATIONS

In this section, we will describe the experimental environment used in this study for
performance evaluation and power estimation. Then, we will introduce the power evalua-
tion model. Finally, we will analyze the experimental results.

3.1 Experiment Model

The experiment was based on trace-driven simulations using an object code instru-
mentation system called ATOM [14], which is available on the DEC Alpha AXP system.
The trace files were generated on a DEC Alpha AXP 3000 workstation under DEC OSF/1
V3.2. A simulator of the cache with the CoC architecture was developed to collect the
benchmarks statistics under various architecture configurations. Our benchmarks were
composed of five applications from SPECint95 and five one from SPECfp95. Table 2
shows the benchmarks and the corresponding program characteristics of the data refer-
ences generated in this study.

Three cache architectures were simulated separately: the normal L1 cache, L1 with
the CAM-CAM CoC, and L1 with the CAM-REG CoC. The L1 cache configuration was
direct-mapped with divided word-lines. The cache sizes that we considered were 8K,
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Table 2. Benchmark characteristics.
SPECfp95 SPECint95
Benchmark Inst. cnt em Datacnt Benchmark Inst. cnt em Datacnt
102.swim 176,274,384 47,006,362 | 124.m88ksim 18,492,771 7,493,355
107.mgrid 174,225,461 48,104,890 126.gcc 80,030,168 29,109,729
110.applu 181,839,885 47,359,518 | 129.compress | 143,482,967 20,037,295
141.aps 133,818,460 46,659,664 132.ijpeg 101,465,807 31,145,165
146.waves 110,223,063 42,233,465 134.perl 79,683,821 34,007,394

16K, 32K, and 64K, and the block size of each cache was 32bytes. In addition, the width
of the system bus was 32bits. The write policy for the CoC was FIFO. When the CPU
sent a store request to the cache, a valid bit was modified instead of updating the CoC if
the store was a'so a hit in the CoC.

3.2 Cache Configuration M odel

The caches were mainly composed of a decoder, wordlines, bitlines and sense am-
plifiers. These components could vary in size as the cache size as increased or decreased.
The size of the decoder is determined by the width of index bits. The wordline size was
the block size. The depth of the bitline depended on the size of the decoder. Finally, the
number of sense amplifiers depends on the number of wordlines. To evaluate the power
dissipation in the cache, the configuration for each cache size had to be defined. In this
study, we only considered the direct-map cache with divided wordlines and subbanking
techniques.

Firstly, using the techniques of divided wordline and subbanking techniques, the
data array can be divided into several small arrays. Based on the 8K cache, the data array
for each cache size is divided into a 256x256 array, where the first 256 is the number of
wordlines, and the second is the memory cell count. As a result, the 8K cache has one
256x256 data array, the 16K cache has two and so do the other configurations.

The 8K tag array is a 256x19 array, where the tag array has 256 entries and 19 bits
of content. The tag array of a 16K cache is configured as 256x18, 32K for 256x17, and
64K for 256x16 as shown in Table 3.

Table 3. Configuration mode for each cache size.

size dataarray tag array
8K | 256x 256*1 | 256x 19
16K | 256 x 256*2 | 256 18
32K | 256x256*3 | 256 x 17
64K | 256x 2564 | 256 x 16

All the power dissipation and access time data for each component reported in this
paper were obtained from the simulation results. Each building circuit except for the
CAM circuit in the CoC was designed following the design style in the textbook [19]. To
implement alow power cache, we used a recently proposed CAM circuit structure [12] in
our design.
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Fig. 4 shows the NAND-type matching circuit of this CAM. This low-power CAM
circuit uses atypical 6-transistor memory cell [19], and an XOR gateisimplemented in a
CAM cdll for comparing the memorized data at nodes mp and mn and the input data at
nodes ip and in. The main difference between this new CAM and the other conventional
CAM’s is the dynamic NAND-type matching circuit adopted in this new design. The
comparison result of each bit in the same row is NAND-ed to obtain the final matching
result. Due to the NAND-type circuit structure, the switching activity of the match lineis
much less than that of the usually adopted NOR-type circuit structure, which meets the
low-power requirements in this study.

one CAM cell
wl{ wI:
F’ <jI CAM cells
eval A
4 H
E mp / ................ ,\
olp = m = bin i i\ local match line
N Q < m m m |
ip§ Pin : é o
Mn0) Mnl Mn2 - Mnk| | N mato
m00 mo1, mo02/ mOk
pre

Fig. 4. NAND-type matching circuit.

3.3 Cache Power Model

The models that are typically used for power evaluation can be categorized into two
groups: circuit evaluation models and high level power estimation models. Circuit
evauation uses IC design CAD tools to directly evaluate the power dissipation such like
hspice and power mill. High-level evaluation can quickly estimate the power dissipation
but suffers from great inaccuracy. Although circuit evaluation is more precise, it requires
more time for coding and simulation. Furthermore, the circuit evaluation method is more
flexible than the high-level power estimation approach. As aresult, we combined the two
models for our simulation. Using the cache configuration model described above, we
could determine the energy consumption of each component and finally evaluate the total
energy dissipation based on the cache simulation results. Based on [20] and [7], we have

Eq. (4):

Etotal = Ecoc_hit X Neoc hit + Ecoc_miss X Neoc_miss +
Ev1 it X (NL1_pit = Neoc_ni)) +5 Bt miss X NL1 miss: (4)

where the terms Ecoc pit, Ecoc_misss EvL1_nit 8d Ey 1 niss @re the energy dissipated for asingle
data access to caches. The CoC reduces the access frequency of the L1 cache when data
hits in the CoC, which improves N1 _pit — Neoc_nit @nd thus reduces the Eyqq. Each term is
derived asfollows:
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ELl_hit = Edecoder + Edala array_r + Etag array_r + Econparatorv

Ele'ss = Edecoder + Etagarray_r + Ecor’r‘parator + Edalaarray_w + Etagarray_Wa
Ecoc_hit = ELss X Nengry# + Emss X Nuss nits

Ecoc_miss = Ecoc_nitt  Ecoc_update-

In above equations, we separate the energy consumption of the data bus into E;exg gata
bus @Nd Eyyrite data bus @S the levels of dissipation for reads/writes are different. In the L1
cache, the data array is be accessed when the tag comparison operation is missing. E ;
cachemiss dOES Not contain the term Eyqa aray- FOr €ach tag and data array, we split the en-
ergy dissipation into the following terms:

Earray = Euwordiine + Ebitline + Esens&amp

In [20], the power dissipation for each word-line and bit-line charges according to
the cache configuration model, and the power of the sense amplifier depends on the
word-line length. The array energy dissipation can be divided into three terms: word-line,
bit-line and sense amplifier.

Energy DisSipation for Each Coniponehts innormial Cache

0.07 O decoder
Oword-line

= 006 | Dread bit-line
E Ememory cells
S 005 W sense-amp
= M read data bus
S 004
w
o 003
&3
5 002
(=1
=001

0.00

Fig. 5. Energy dissipation of each cache components.

3.4 Simulation Results

Fig. 5 summarizes the portions of power dissipation for each component when ac-
cessing the data array in the sub-banked cache architecture. These values give arelative
scale when a cache read operation is performed on an 8K direct-mapped cache. They
show that the hit-line and sense amplifier account for nearly 70% of the total power dis-
sipation. Separating a large array into sub-banks (blocking the bit-line and sense-amp)
may cause a large reduction of power dissipation.

Fig. 6 illustrates the power dissipation of the L1 caches and the CoC per access for
each cache size. In the L1 cache, when the cache size is doubled, the energy more than
doubles while dissipation of the CoC increases less significantly accordingly. Thisis be
cause the number of lines in the CoC does not scale up asthe L1 is cache increased. Thus
the energy dissipation of the CoC is much less than that of the L1 cache.
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Fig. 6. Power dissipation for L1 cache and CoC.

Fig. 7 shows the energy reduction obtained with different entry numbersin the CoC
with CAM-CAM models, and Fig. 8 compares the two CAM-CAM and CAM-REG
models for an 8K cache. The amount of energy reduction is estimated for the L1 cache.
Asshown in Fig. 7, when the cache size increases from 8K to 64K, the amount of energy
reduction is significant. A larger cache will consume more energy, but the CoC will not.
Furthermore, the effect of varying the entry number of the CoC can be observed. When
the entry number is one, the CoC can save about 20% of the energy. When the entry
number exceeds four, the ratio increases only a marginally.

BenchMark: CINTY5 Benchmark: CFP95

‘—‘)—XK O 16K —— 32K —X— 64K

80% 80%

70% [ 70%
x_,—x__zf:_’_u"
X X ==X
60% /%X;X— X=X X

==X > 60% | xm T
50% W - + ini n 50%
+ + + +
% [ - 40¢

—

20% [ 20%

Energy Reduction

X

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Entry Number Entry Number

Fig. 7. CoC entry number v.s. energy reduction.

We can see that the CoC with four-entries is a better choice for reducing the extra
hardware overhead. Fig. 8 compares the implemented CoC models. As the entry number
increases, the energy reduction achieved with the CAM-CAM model is greater than that
with the CAM-REG. In terms of the operation counts, a missin the LSB comparison will
aso increase the MSB comparison in CAM-REG model. This will be more significant
when the entry number of the CoC islarge.
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Benchmark: CINT9S Benchmark: CFP95
B CAM-CAMOCAM-REG

Energy Reduction

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Entry Number Entry Number

Fig. 8. Two CoC models v.s. energy reduction.

The amount of power consumption with different number of LSB-bits is shown in
Fig. 9. The energy reduction ratio increase as the number of L SB-bits increases from one
to six. When the LSB bit number is six, the reduction ratio reaches a saturation point.
Reducing the number of L SB-bits increases the counts for the LSB comparison matching
and MSB comparison operations. Thus, the amount of energy reduction achieved with
the CAM-REG CoC is less significant than that achieve with the CAM-CAM CoC when
the number of L SB-bits are less than four.

Benchmark: CINT95 Benchmark: CFP95| g cAM-c AMB CAM-REG

47% H

Energy Reduction

3 8§ 9 10 11 12 1 2 3 4

5 6 7 3 5 6 7 8 9 10 11 12
Index Bits Index Bits

Fig. 9. Energy reduction v.s. HAC hits.

Fig. 10 shows the delay time for each LSB comparison given by either a normal
comparator, CAM-CAM, or CAM-REG. The delay time is proportional to the number of
L SB-hits in the CAM-REG model. On the other hand, the CAM-CAM access time de-
creases when the LSB-bits increases. The critical path in the CAM-CAM model is de-
termined by the largest portion of CAM bits. Asthe LSB comparison time is 60% of that
of the full address comparator, the access time can be reduced when an LSB miss hap-
pens.

In conclusion, from Fig. 9, the CoC with five LSB hits achieves greater energy re-
duction. Asillustrated in Figs. 7 and 8, the CoC with 4 entries with the CAM-REG model
is abetter solution for cache energy reduction.
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Fig. 10. HAC hitsv.s. comparator delay time.

3.5 Evaluating the Delay of the CoC

The critical path of the CoC architecture is shown in Fig. 11 by the gray solid line.
When datais missing in the CoC, from Fig. 11, the critical path goes through the tri-state,
the TAG array, the comparator of the tag data, and the data-out registers. The extra delay
of the CoC architecture is the only CAM delay for CoC address matching. We measured
the delay on the critical path by running Hspice modeling on the individual components
using the TSMC .35um process library. We obtained the access time of each component
and summarize the delays in the critical path in Table 4. The overhead of the CoC archi-
tecture is only 5.6%, compared with that of the conventional cache, as shown in Table 4.
In addition to the CoC address and data, the differences between the CoC and conven-
tional cache include the tri-state and the MUX. However, the tri-state reduces the critical
path delay of the CoC cache, unlike the buffer in conventional caches. Thisis because the
tri-state delay observed is relatively smaller than the delay from the data input to the out-
put of the buffer. The other difference is in the MUX for selecting the choice of data
coming from the CoC or the normal path. Nevertheless, it is not in the critical path and
the area and power are so small in the cache that they can be neglected. The CoC delay is
aso small compared with the accessing delay of the large capacity SRAM in the TAG
array and the comparator delay. The CAM, shown in Fig. 12, used in the CoC is em-
ployed in the NOR-type structure of the match-line to achieve fast comparison. Although
the energy of the NOR-type CAM islarger than that of the NAND-type CAM because of
the higher switching probability, there are only four entries in the CoC, and the amount
of energy in the whole cache is not significant.

Table 4. The delay penalty of the CoC path (in ns).

Critical Pth T|:|: TCAM Ttri-slatel Buf TSRAM(tag) Tcorm TOR T|:|: Total Penalty
Without Coc | 0.8 X 0.5 (buf) 2.5 20 | 05 | 08 | 71
With CoC 0.8 | 0.6 0.3 (tri) 25 20 | 05 | 08 | 7.5 |5.63%
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Fig. 11. The CoC architecture with critical path flow.
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Fig. 12. The NOR-type CAM for address matching in CoC.

4. RELATED WORK

Several approaches to reducing the CMOS power consumption have been proposed.
The average power consumption of CMOS technology is given by P =aC V2 f, where
C_ isthe load capacitance, «isthe switching activity of CMOS, Vyq is the supply voltage,
and f is the system clock frequency. As the power consumption is quadratic proportional
to the supply voltage, the most effective way to reduce power consumption is to reduce
the supply voltage. The traditional power reduction approach modifies the cache archi-
tecture to reduce the switching activity or minimize the average CMOS capacitance.
There is a tradeoff in the cache architecture between performance and power consump-
tion[2].

Su and Despain proposed to reduce power consumption by using a large cache size
and block buffering [16]. As most applications are executed with very high spatial local-
ity, “buffering” the most recently fetched data blocks can reduce the number of data
cache references. This is because the needed to access data accessed next is likely to be
located in the same block as the mose recently accessed data. Furthermore, the energy
needed to access a small buffer is significantly less than that needed to access the entire
cache array.
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In [9], Kin and Gupta proposed a small filter that sitsin front of a conventional L1
cache for the purpose of reducing cache power consumption. Because the L1 cache is
accessed only when a miss happens in the filter cache, the latency when accessing the L1
cache increases when a filter cache miss happens. When 58% power reduction is
achieved, cache performance is reduced by about 20%. Enlarging the filter cache size
reduces the number of filter cache misses and results in a better access time for the L1
cache, but this leads to greater power dissipation.

To reduce the access latency generated by the filter cache, Ghose and Kamble pro-
posed a line buffer for the set-associative cache [4]. Without increasing the cache access
time, the proposed cache performs index decoding and number of multiple line buffers
accessing at the same time. If multiple line buffers hit, the array accessing operation is
canceled. In this way, the cache system performs two cache access operations at the same
time but instantaneously disables either the one that becomes a miss. However, this
causes a situation in which these buffer lines may lead to a larger access time than that
for the index decoder. Also, those word-lines and bit-lines may have to evaluate before
the disable control of the tri-state is determined.

In our proposed method, we use a tri-state to disable the index decoder before com-
paring addresses in the CoC and enabling the decoder when the CoC misses. In this way,
the access time of the L1 cache can be increased. It is more important to reduce the ac-
cess switching frequency of the tag and data arrays, which are the main components that
account for power dissipation in the caches. Furthermore, to reduce the access time and
power consumption overhead caused by the CoC, we employ a fast HAC method, thus
taking advantage of the spatial locality property. Using HAC, we can optimize the power
savings ratio and the access time when performing CoC operations. The primary differ-
ence between our approach and the solution in [9] is that our CoC is a linear CAM
mechanism, which is coupled with the access path through tag and data arrays — a cach-
ing on the cache. Unlike the filter cache, the CoC does not need to provide set associative
management for the CAM buffer since data enter the buffer in an FIFO fashion. The CoC
disables wordline decoding once it matches the data in the CAM buffer. In this study, we
have implemented the CoC controller in Verilog and measured the energy consumption
and delay for each component to show the key performance differences. Previous studies
did not employ the HAC mechanism to reduce the determination time of the tri-state con-
trol.

5. CONCLUSIONS

In this paper, we have proposed the CoC, an energy-efficient cache architecture for
reducing the energy dissipation. To optimize the CoC, we use the hierarchical address
comparison (HAC) scheme to improve the comparison time and achieve energy reduction.
We have a so presented two HAC implement models for CAM-CAM and CAM-REG. We
have simulated the CoC in simulation experiments using the SPEC95 benchmark suites.
Experimental results show that the CoC can effectively reduce the amount of energy dis-
sipation by about 45%. Furthermore, using the HAC scheme, we can reduce the com-
parison time by about 40%, compared with the original CoC address comparison.
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