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Abstract— Employing a small L0-cache between an MPU core
and an L1-cache is one of the most promising approaches for re-
ducing the energy consumption of memory subsystems. Since the
L0-cache is small, if there is a hit, the energy consumption will be
reduced. On the other hand, if there is a miss, one extra cycle is
required to access the L1-cache. This leads to a degradation of
the processor performance. For resolving this problem, a Single
cycle accessible Two-level Cache (STC) architecture is proposed
in this paper. This architecture makes it possible to access to both
the L0 and the L1 caches from an MPU core in a cycle. Ex-
periments using several benchmark programs demonstrate that
the STC architecture reduces the energy consumption of memory
subsystems by 13% without any performance degradation com-
pared to the best results obtained by previous approaches.

Keywords: Cache memory, Low power design

I. INTRODUCTION

Reducing the energy consumption is one of the most im-
portant criteria for microprocessors. They also require ever-
increasing performance for integrating multiple functionalities
into a single system. Today’s microprocessors have on-chip
caches in order to improve the performance. The on-chip
caches also improve the energy efficiency of memory subsys-
tems through decreasing the total number of accesses to off-
chip memories which involve huge energy dissipation. How-
ever integrating too large caches on a chip results in an in-
crease of the total energy consumption since the energy con-
sumption of the cache becomes dominant as the size of the on-
chip cache increases. For example, ARM920T microprocessor
dissipates 44% of the power in its caches [5]. StrongARM SA-
110 microprocessor, which specifically targets low-power ap-
plications, dissipates 43% of the power in its caches [3]. There-
fore, a cache architecture which reduces the total number of
off-chip accesses without increasing the energy consumption
of the cache is highly desired. In this paper, a new cache ar-
chitecture which reduces the energy consumption of the cache
and the total number of off-chip accesses is proposed.

The proposed cache architecture, named a Single cycle ac-
cessible Two-level Cache (STC) architecture, has one small
and one normal size caches at the same level of memory hi-
erarchy. Only one of the caches is activated at a time. Since
both of them can be accessed from an MPU within a cycle,
there is no performance degradation compared to the conven-
tional level-1 caches. If the small cache is more frequently
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Figure 1. Architecture of MPU with L0-cache.
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Figure 2. SPM-based architecture and its address mapping.

accessed, the total cache energy consumption can be reduced.
Although the two caches are located at the same level of cache
hierarchy, they also has a property of hierarchical caches. Fre-
quently accessed code and data are placed in a memory address
space so that they are mapped to the small cache preferentially.
This concentrates memory accesses to the small cache and, as
a result, reduces the total energy consumption of caches.

The rest of this paper is organized as follows. In section II,
we describe related work. Section III presents a motivational
example and our approach. The detailed STC architecture is
shown in section IV. Section V shows experimental results.
Finally, section VI concludes this paper.

II. RELATED WORK

In the past, many researchers have proposed a technique ex-
ploiting a small L0-cache between an MPU core and an L1-
cache, e.g., S-Cache [4] and Block Buffering [1]. Figure 1
shows an architecture of a processor with the L0-cache. Since
the L0-cache is small, it consumes less energy per access.
Therefore, if there is a hit in the L0-cache, the energy con-
sumption will be reduced. On the other hand, if there is a miss,
one extra cycle is required to access the L1-cache. This results
in a degradation of the microprocessor performance.

A software controlled memory called scratchpad memory
(SPM) is used with an L1-cache for resolving the problem of
the L0-cache. Since the SPM and the L1-cache are located at
the same level of memory hierarchy, both of them can be ac-
cessed from an MPU core in a single cycle. Only one of them is
activated at a time. Figure 2 shows an SPM-based architecture
and its address mapping. The code and data allocation to the
SPM is typically done during a system boot and is unchanged
after the boot. The SPM consumes less energy per access com-
pared to that of the L1-cache since the SPM does not need tag
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Figure 3. HPC architecture and its address mapping.

TABLE I. MOTIVATIONAL EXAMPLE

Code Access ratio Size
Subroutine A 0.4 1KB
Subroutine B 0.4 1KB

Others 0.2 30KB

Cache Size
Main-cache 8KB
Mini-cache 1KB

Code allocation
Case Mini-cache region Main-cache region

1 Subroutine A, Subroutine B Others
2 Subroutine A Subroutine B, Others
3 Subroutine B Subroutine A, Others

search operations which are needed for caches. Therefore, the
SPM is more energy efficient if programmers or compilers can
optimally allocate code and data to the SPM [7].

Horizontally Partitioned Cache (HPC) architecture exploits
two caches, a small and a normal size caches, at the same
level of memory hierarchy [2, 6]. The HPC architecture and
its address mapping are shown in Figure 3. Main-cache and
Mini-cache respectively represent a normal size cache and a
small cache. The address space is partitioned into two regions,
Main-cache region and Mini-cache region. These regions are
exclusively mapped to the Main-cache and the Mini-cache re-
spectively. After checking several bits of a memory access ad-
dress, an MPU core accesses to one of the caches. A memory
module which is not accessed is not activated. This mechanism
is similar to the memory subsystem with the SPM architecture.
The energy consumption of the memory subsystem is also re-
duced by allocating frequently accessed code and data to the
Mini-cache region.

III. MOTIVATION AND OUR APPROACH

One of the major issues in the HPC architecture is its ineffec-
tive utilization of on-chip memory resources. For example in
the HPC architecture, the code and data allocated to the Mini-
cache region are mapped to the Mini-cache only. Therefore,
they cannot exploit large capacity of the Main-cache. On the
other hand, those allocated to the Main-cache region cannot
exploit energy efficiency of the Mini-cache.

More specific example is described in TABLE I. In this ex-
ample, subroutines A, B and the others are alternatively exe-
cuted on the HPC architecture. If these subroutines are less
frequently switched as shown in Figure 4 (a), code allocation
case 1 in TABLE I is better allocation than cases 2 and 3 with
respect to the energy consumption since the number of Mini-
cache misses is not very large. Contrarily, if the subroutines are
more frequently switched as shown in Figure 4 (b), the code
allocation case 1 results in an increase of the number of Mini-
cache misses. For reducing the number of Mini-cache misses,
we can allocate one of the subroutines to the Main-cache re-
gion as shown in cases 2 and 3. However, this increases the

A

B

Others

B

A

Others
tt (b) Access trace 2(a) Access trace 1

Figure 4. Access trace examples.
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Figure 5. STC architecture and its address mapping.

average energy required for accessing caches. We can resolve
the problems in the HPC architecture if the subroutines A and
B allocated to the Mini-cache region can be also mapped to
the normal size cache. Our approach allows the code and data
allocated to the Mini-cache region to be mapped to both the
small and the normal size caches.

Our STC architecture employs a small cache called Small-
cache as is employed in the L0-cache and the HPC architec-
tures. Figure 5 shows a memory subsystem with the STC ar-
chitecture and its address mapping. The address space is par-
titioned into two regions, a Multi-cache region and a Single-
cache region. The difference between the HPC architecture
and the STC architecture is an address map of the Multi-
cache region. In our STC architecture, the Multi-cache region
is mapped to both the Small-cache and a Main-cache. The
Single-cache region is mapped to the Main-cache only. The
code and data allocated to the Multi-cache region exploit the
Small-cache preferentially, and utilize the Main-cache depend-
ing on a replacement policy.

IV. STC ARCHITECTURE

In our STC architecture, only one of the Main-cache or the
Small-cache is activated at a time. This is done by checking
several bits of the memory access address. Since the Single-
cache region is mapped to the Main-cache only, only the Main-
cache is activated if the target address is included in the Single-
cache region. However, since the Multi-cache region can be
mapped to both the Small-cache and the Main-cache, it is im-
possible to decide which caches should be activated before ac-
cessing a tag of the Small-cache if the target address is in-
cluded in the Multi-cache region. Accessing both the Small-
cache and the Main-cache in parallel leads to an increase of
the energy consumption of the caches. Accessing the Small-
cache first and then accessing the Main-cache if there is a miss
in the Small-cache reduces the total energy consumption of
the caches. However, this degrades the processor performance.
To avoid these issues, the STC architecture employs a mech-
anism to detect Small-cache hits and misses before activating
the caches. This mechanism can be implemented by a flip-
flop-based tag memory. If the size of the Multi-cache region
is N times larger than the Small-cache size, �log2(N)�-bit is
needed for implementing the tag memory. The tag search oper-
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Figure 7. 2-way Small-cache architecture.

ation for the Small-cache is performed in parallel with check-
ing whether the target address resides in the Single-cache re-
gion or the Multi-cache region. The Small-cache is activated if
code or data is allocated to the Multi-cache region and if there
is a Small-cache hit, otherwise the Main-cache is activated.

The memory access address consists of Region-tag, Small-
tag, Index, and Offset fields as shown in Figure 6. The Region-
tag field specifies whether the access address resides in the
Single-cache region or the Multi-cache region. The Small-
tag field is used for detecting a Small-cache hit or a miss.
The Main-tag field which consists of the Region-tag and the
Small-tag fields is used for checking a Main-cache hit or a
miss. Figure 7 shows an architecture of the Small-cache. Sta-
tus and tag fields of the Small-cache consist of a flip-flop ar-
ray for checking a Small-cache hit or a miss before activating
word-lines of caches. Read and write accesses to an SRAM
array are done in the following steps, 1) decode a row address
and precharge bit-lines, 2) activate one of word-lines, and 3)
read out data by a sense amplifier. Meanwhile, a value in the
flip-flop array can be obtained quickly since, unlike an SRAM
module, an output signal of the flip-flop is always available
without any read out operations. Hence, the delay for check-
ing a Small-cache hit or a miss depends on delays required
for a multiplexer and a comparator. The procedure for check-
ing a Small-cache miss has to be completed before activating
a word-line of the Main-cache. Otherwise, an access to the
Main-cache needs more than one cycle. Since the tag search
operation of the Small-cache in our STC architecture is per-
formed every cycles, the average energy consumption per a
Small-cache access is larger than that of the HPC architecture.
A read and write flows for caches are described below.

Read and write flow
RW1 Region-tag comparison

Check whether or not the target address is included in the
Single-cache region. If it is in the Single-cache region, go
to the step RW2. Otherwise, go to the step RW3.

RW2 Main-tag comparison
If there is a hit, perform read or write operation for the
Main-cache. Otherwise, get the target line from an off-
chip memory and overwrite a line having the lowest pri-
ority in the target set of the Main-cache.

RW3 Small-tag comparison
If there is a hit, perform read or write operation for the
Small-cache. Otherwise, go to the step RW4. This com-
parison is operated in parallel with the step RW1.

RW4 Main-tag comparison
If there is a hit, perform read or write operation for the
Main-cache and store the operated line to a Small-cache
replacement buffer. Otherwise, get the target line from
an off-chip memory and store the line to the Small-cache
replacement buffer. Go to the Small-cache replacement
flow.

Small-cache replacement flow
SR1 Make backup copy

Make a copy of data in a line having the lowest priority
in the target set of the Small-cache and store it to a Main-
cache replacement buffer. Go to the next step. Note that
the lowest priority line can be determined based on re-
placement policies like the least recently used (LRU) pol-
icy or the least frequently used (LFU) policy. This step is
operated in parallel with the step RW3 in case of a miss.

SR2 Update Small-cache
Move the data in the Small-cache replacement buffer to
the lowest priority line of the Small-cache. Update the
Small-tag simultaneously. Go to the next step.

SR3 Update Main-cache
Move the data in the Main-cache replacement buffer to
the lowest priority line of the Main-cache. Update the
Main-tag simultaneously. This step is operated in parallel
with the step SR2.

An invalid flag of a cache line is set when the line resided
in the Small-cache is replaced to the Main-cache or the line
resided in the Main-cache is copied to the Small-cache. This
preserves coherence between the Main-cache and the Small-
cache. For always achieving the single cycle access to both
the Small-cache and the Main-cache, the Small-cache replace-
ment procedure is not performed if the Small-cache replace-
ment buffer or the Main-cache replacement buffer is full. Oth-
erwise, one extra cycle is needed for waiting for completing the
Small-cache replacement procedure before accessing them.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

According to our original SRAM modules designed using
a commercial 65nm technology, the energy consumptions re-
quired for accessing to the cache modules in the HPC architec-
ture are as shown in TABLE II. Note that the Mini-cache and
the Main-cache used in our experiments are 1KB direct-map
and 8KB 4-way set-associative caches, respectively. In our



TABLE II. ENERGY SPECIFICATIONS OF CACHE MODULES

Main-cache Main-tag Mini-cache Mini-tag
75.64 pJ 23.64 pJ 18.44 pJ 2.75 pJ

TABLE III. SPECIFICATIONS OF SMALL-TAG

Energy per access Area
1.17 pJ 27,315 µm2

STC architecture, a flip-flop-based Small-tag is used. If the
size of the Small-cache and its corresponding address space
are 1KB and 4MB, respectively, a single way of the Small-tag
can be implemented using a 12-bit by 32-word flip-flop array, a
32-to-1 multiplexer and a 12-bit comparator. The energy con-
sumption and area of Small-tag in our STC architecture is pre-
sented in TABLE III. As one can see from TABLE II and III,
the energy consumption of the Small-tag is less than half of
that of the Mini-cache tag memory. The area of the Small-tag
is comparable with the area of a 512-byte SRAM module de-
signed with the same commercial 65nm technology, which is
almost twice of the area of the Mini-tag.

Four benchmark programs are used in our experiment;
MPEG-2, JPEG, ADPCM coder, and FFT. The GNU C com-
piler and debugger for Toshiba MeP architecture are used for
generating address traces. The length of the trace for each
benchmark program is ten million instructions after skipping
the initial one million instructions. TABLE IV shows the code
size and the active code size for each benchmark program. The
L0-cache, SPM architecture, HPC architecture and our STC
architecture are evaluated. A trace-driven cache simulator is
used for the evaluations.

B. Simulation Results

Figure 8 shows the energy consumption and performance
results of the STC architecture and previous approaches pre-
sented in section II. For the SPM architecture, more frequently
accessed functions are placed in the SPM. For the HPC and the
STC architectures, placement of functions into the two cache
regions is performed so that the total energy consumption of
the memory subsystem is minimized. For ADPCM coder, the
SPM architecture is the best of all because 55% of active code
can be placed in the SPM for the application. However, this
does not always happen. For MPEG-2 and JPEG, our approach
outperforms all of the previous techniques. In JPEG, our STC
architecture reduces the energy consumption of memory sub-
systems by 13% without performance degradation compared
to the best result obtained by the previous approaches.

VI. CONCLUSIONS

A Single cycle accessible Two-level Cache (STC) architec-
ture is proposed in this paper. Our future work will be devoted
to come up with an algorithm for finding the best Small-cache
configuration and code placement for the two cache regions
simultaneously, which minimizes the energy consumption of
memory subsystems.

TABLE IV. CODE SIZE AND ACTIVE CODE SIZE OF BENCHMARKS

Benchmark Total code size Active code size
MPEG-2 123.6 KB 16.4 KB
JPEG 98.8 KB 5.1 KB
ADPCM coder 31.0 KB 1.8 KB
FFT 7.3 KB 5.1 KB
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