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drowsy mode, each cache line circuit includes two
more transistors than the traditional memory circuit.
The operating voltage of an array of memory cells in
the cache line is determined by the voltage controller.
which switches the cache line voltage between normal
(active) and low (drowsy) supply voltages depending
on the state of the drowsy bit. If a drowsy cache line is
accessed, the drowsy bit is cleared causing the supply
voltage to be switched to normal Vdd. The word-line
gating circuit is used to prevent accesses of the drowsy
memory cells in the cache line, since the supply volt-
age of the drowsy cache line is far lower than the pre-
charged bit-line voltage and thus unchecked accesses
to a drowsy line could destroy its contents. Whenever
a cache line is accessed. the cache controller monitors
the voltage level of the cache line by checking the
drowsy bit. If the accessed line is in normal mode, its
contents can be read without losing any performance.
No performance penalty is incurred, because the
power mode of the line can be checked by reading the
drowsy bit concurrently with the read and comparison
of the tag. However, if the memory array is in drowsy
mode. we need to prevent discharging the bit-lines of
the memory array because it may read out incorrect
data. The line is woken up automatically during the
next cycle. and the data can be accessed during con-
secutive cycles.

2.2 Drowsy Policy
The key difference between drowsy caches and

the caches that use gated-Vdd is that in drowsy
caches the cost of being wrong-putting a line into
drowsy mode that is accessed soon thereafter-is rela-
tively small. The only penalty one must contend with
is an additional delay and energy cost for having to
wake up a drowsy line. One of the simplest policies
that one might consider is one where. periodically. all
lines in the cache-regardless of access patterns-are
put into drowsy mode and a line is woken up only
when it is accessed again. This policy requires only a
single global counter and no per-Iine statistics. The
policy that uses no per-line access history is referred to
as the simple policy. In this case, all lines in the cache
are put into drowsy mode periodically (the period is
the window size) [I].

2.3 Drowsy Policy Evaluation
In this section, we evaluate the simple policy for

data and instruction caches, and show that this policy,
which was designed for data caches, is not as effective
for instruction caches. Figure 5 shows the run-time
increases and the percentage of the drowsy lines-
which is proportional to leakage power reduction-of
workloads using a 2000-cycle update window, mean-
ing that all cache lines are put into drowsy mode every
2000 cycles. According to the experimental results
shown in Figure 5. using the simple policy on 32K byte
direct-mapped instruction cache may have a run-time
impact of as much 5.7%. and the percentage of drowsy
lines can be as low as 68.5%. This is in sharp contrast
with the simple policy on a 32K byte 4-way set-asso-
dative data cache, where on the same benchmarks the
run-time impact is no more than 0.87% and the frac-

'*"-7 Note that, for simplicity, the word line, bit lines, and two

pass transistors in the drowsy bit are not shown in this

picture.

result in a run-time increase of 4.06% to 12.46% on
SPEC 2000 benchmarks, even when assuming an
aggressive singe cycle wake-up penalty (see Figure 3).

To minimize the performance impact as well as
leakage power consumption. in this paper we propose
a low leakage instruction cache architecture using our
drowsy circuit technique combined with cache sub-
banking and various sub-bank prediction techniques.
Our prediction techniques rely on the insight that
transitions between sub-banks are often correlated
with specific types of instructions. Due to program
loops, the program counter, which is the instruction
cache access index, remains in small cache regions for
relatively long periods of time. On the other hand,
there are often abrupt changes in the accessed cache
region when subroutines are called. or when subrou-
tine returns, and long distance unconditional branches
are executed. Most conditional branches stay within
the current cache region and it is rare that the these
branches jump across page boundaries.

In this paper we focus mainly on the implication
of the various sub-bank prediction techniques for the
instruction caches since other low leakage circuit tech-
niques can be deployed instead of our drowsy circuit
technique. Section 2 reviews the drowsy cache tech-
nique for data caches and examines the behavior of
the policy for data caches on instruction caches. Sec-
tion 3 presents low leakage power instruction cache
architectures using the drowsy circuit and sub-bank
prediction techniques. Section 4 discusses detailed cir-
cuit issues for the proposed drowsy circuit technique
and cache sub-bank design. Section 5 shows simula-
tion models and experiment results for the proposed
architectures. Section 6 concludes this work and sug-
gests directions for future research.

2. Drowsy techniques for caches

2.1 Operation of drowsy cache line
Figure 4 shows a cache line that supports a

drowsy mode proposed in [1]. In order to support the
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