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Abstract— Power consumption is becoming one of the most
important constraints for embedded processor design in
nano-meter-scale technologies. Especially, as the transis-
tor supply voltage and threshold voltage are scaled down,
leakage energy consumption is increased even when the
transistor is not switching. This paper proposes to use
the loop cache to reduce static energy consumption as well
as dynamic one. We combine it with CMOS circuits hav-
ing sleep mode, and thus instruction cache can go to sleep
mode when the loop cache is active. Detailed simulation
shows that we can reduce static energy consumed by I-
cache by up to 37.9%. We also propose to apply the tech-
nique to branch target buffer, and its static and dynamic
energy consumption is reduced by up to 40.4% and 40.7%,
respectively.

1 Introduction

Power consumption is becoming one of the most important
concerns for embedded processor designers in nanometer-scale
technologies. Until recently, the primary source of energy con-
sumption in digital CMOS circuits has been the dynamic power
that is caused by dynamic switching of load capacitors. The
trend of the reduction in transistor size reduces capacitance,
resulting in less dynamic power consumption. Microproces-
sor designers have relied on scaling down the supply voltage,
resulting in further dynamic power reduction [8,9,13]. In ad-
dition, many architectural technologies to reduce power have
been proposed by reducing the number of switching activi-
ties [11,15,16]. To maintain performance scaling, however,
threshold voltage must also be scaled down with supply volt-
age. Unfortunately, this increases leakage current exponen-
tially. The International Technology Roadmap for Semicon-
ductors (ITRS) predicts an increase in leakage current by a
factor of two per generation [19]. Borkar estimates a factor of
5 increases in leakage energy in every generation [1].

Many techniques [4,10,12,18] proposed to address this prob-
lem have focused on cache memory that is a major energy con-
sumer of the entire system because leakage energy is a function
of the number of transistors. For example, the StrongARM
processor uses 60% of the die area for cache memories [16].
Current efforts on static energy reduction do not consider dy-
namic energy reduction [4,10,12,18]. In this paper, we propose
a technique to reduce static and dynamic energy consumption
simultaneously.

2 Moetivations
2.1 Leakage Energy

Power consumption in a CMOS circuit is governed by the equa-
tion:

P:Pactive+Poff (1)

where P,crive 1s the active power and P,y; the leakage power.
The active power Pactive and gate delay t,4 are given by

Pactive o8 fcloadvjd (2)
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where f is the clock frequency, Cioqq 18 the load capacitance,
Vaa 1s the supply voltage, and V; is the threshold voltage of the
device. « is a factor dependent upon the carrier velocity satu-
ration and is approximately 1.3-1.5 in advanced MOSFETs [7].
Based on Eq.(2), it can easily be found that a power-supply re-
duction is the most effective way to lower power consumption.
However, Eq.(3) tells us that reductions in the supply voltage
increase gate delay, resulting in a slower clock frequency, and
thus diminishing the computing performance of the micropro-
cessor. In order to maintain high transistor switching speeds,
it is required that the threshold voltage is proportionally scaled
down with the supply voltage.
On the other hand, the leakage power can be given by

tpd X

Poss = loffVaa (4)

where I,5; 1s the leakage current. The subthreshold leakage
current I,5; is dominated by threshold voltage Vi in the fol-
lowing equation:

Vi
Ioff x 10775 (5)

where S is the subthreshold swing parameter and is around
85mV/ decade [19]. Thus, lower threshold voltage leads to
increase subthreshold leakage current and static power. Main-
taining high transistor switching speeds via low threshold volt-
age gives rise to a significant amount of leakage power con-
sumption.

2.2 Background on Leakage Energy Reduction

There are several circuits proposed to reduce leakage current
by dynamically raising the threshold voltage, for example by
modulating backgate bias voltage [14,17]. Figure 1 shows
ABB-MTCMOS circuit [17]. The four transistors with high
threshold voltage (denoted as H-Vt) become the switch that
cut off leakage current. During normal operation, when sleep
signal SL is deasserted, the virtual source line, Vvdd, and the
back gate bias line, BP, are set to appropriate power supply,
Vdd1. During sleep mode, when SL is asserted, P-well is biased
using the alternative power supply, Vdd2, at a higher voltage
level. Diodes perform backgate bias effect and thus thresh-
old voltage of all transistors is increased. This reduces leakage
current, which flows from Vdd2 to the ground. As shown in
Table 1, Hanson et al. [6] report that leakage current in sleep
mode is reduced by a factor of 160 compared with that in nor-
mal mode. VT-CMOS [14] also controls the backgate bias to
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Figure 1: ABB-MTCMOS Circuit

Table 1: Impact of V; on Leakage Current

Mode | Ios; (nA)
Sleep 12
Normal 1941

reduce leakage current in sleep mode by rising up threshold
voltage.

Another approach to reduce leakage current is Drowsy Caches

[3]. Tt has two different supply voltages and utilizes a dynamic
voltage scaling (DVS) technique to reduce static power con-
sumption rather than to trade off dynamic power consumption
and performance. Due to short channel effects in deep submi-
cron processes, leakage current is significantly reduced with
voltage scaling. When ABB-MTCMOS would be no longer
effective; Drowsy Caches is a promising candidates for static
energy reduction.

2.3 Related Works

Current efforts on static energy reduction have focused on dy-
namically resizing active area of caches [4,10,12,18]. These
architectural techniques employ circuit techniques. VI'+ADR
cache [4] and SA cache [10] use VT-CMOS [14] and ABB-
MTCMOS [17], respectively. Decay cache [12] and DRI cache
[18] use gated-V g4 [18], which shuts off the supply voltage to
SRAM cells to reduce leakage current. The circuit technique
has a disadvantage. Gated-V 44 loses the state within the mem-
ory cell in the sleep mode. Thus, additional cache messes might
occur, resulting in an additional dynamic power consumption.
In contrast, VI-CMOS and ABB-MTCMOS can retain stored
data in the sleep mode. However, these architectural tech-
niques focus on static energy reduction and dynamic energy
consumption is not considered.

3 Energy Reduction via Loop Cache

The Loop cache [15] is a small instruction buffer proposed for
dynamic power reduction. We use the loop cache to reduce
static energy consumption as well as dynamic one. In addition,
we will apply the technique explained below also to BTB.

3.1 Loop Cache

The Loop cache [15] is a small instruction buffer proposed for
dynamic power reduction. It is placed in parallel with L1 I-
cache instead of placed between I-cache and CPU, and instruc-
tions are supplied to CPU either from the loop cache and I-
cache. The loop cache controller knows precisely whether the
next instruction request will hit in the loop cache, based on
detecting a tight loop, which defined as any short backward
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Figure 2: Loop Cache Controller
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Figure 3: Extended Loop Cache

branch instruction (sbb). At the end of the first iteration of
a tight loop, the sbb is detected. During the second iteration,
the loop cache is filled from I-cache. And last, after the third
iteration, instructions are supplied from the loop cache instead
of I-cache.

The state machine for the loop cache controller is shown
in Figure 2 [15]. There are three states: idle, fill; and active.
When a sbb is detected during the idle state, and if the sbb
is taken, the controller enters the fill state and begins to fill
instructions into the loop cache. During the fill state, if any
branch instruction except for the sbb is taken, the controller
returns to the idle state. In the second iteration, if the sbb is
taken again, the controller enters the active state. Otherwise,
it returns to the idle state. In the active state, instructions
are supplied by the loop cache, and I-cache is not accessed.
Because dynamic power consumed by the loop cache is much
smaller than that consumed by I-cache, considerable power
reduction is achieved. During the active state, if the sbbis not-
taken, or if any other branch is taken, the controller returns to
the idle state.

3.2 Extension to Loop Cache

One drawback of the loop cache is that any loop including
taken branch other than a sbb can not utilize the loop cache.
This diminishes the loop cache utilization. For example, IF-THEN
-ELSE statement emerges frequently in the cases where error
checking is required. In order to solve this problem, we pro-
pose not to leave the fill state when a taken branch other than
the sbb is a short forward branch (sfb). If the target of the sfb
is between the sfb and the sbb, the loop cache controller stays
in the fill state.

Figure 3 shows the extended loop cache. Each entry of the
loop cache has an additional sfb bit. When an instruction is
a taken sfb, its corresponding sfb bit is set. During the active
state, the loop cache controller checks the sfb bit whenever any
branch other than the sbb emerges. Even when the branch is
taken, the controller doesn’t leave the active state if its cor-
responding sfb bit is set. It should be noted that even if the
branch is not taken, the controller has to return to the idle
state if its corresponding sfb is reset. This extension to the
loop cache will improve its utilization.



3.3 Static Energy Reduction via Loop Cache

In order to reduce leakage energy consumed in I-cache, we pro-
posed to combine the loop cache with CMOS circuits having
sleep mode, such as ABB-MTCMOS and Drowsy Caches ex-
plained in Section 2. Even when instructions are supplied from
the loop cache, static power is consumed by I-cache. Therefore,
we propose to move I-cache into sleep mode, where threshold
voltage of all transistors is increased and thus leakage current
is reduced, during the loop cache is active. Because I-cache is
not accessed during the active mode, almost no latency penalty
is expected. Only when the loop cache controller returns to the
idle mode from the active mode, a penalty is required to ac-
tivate the sleeping I-cache. Because a tight loop stored in the
loop cache has a lot of iterations, this penalty is expected to
be negligible.

3.4 Reducing Energy Consumed by BTB

Because BTB has a similar structure with caches and it is
accessed every cycle, it consumes much energy. Thus, it is ex-
pected to reduce energy consumed by BTB. To attack the prob-
lem, we propose to apply the technique for I-cache explained
above to BTB. During CPU executes a tight loop stored in the
loop cache, the sbb is expected to be taken with high proba-
bility. In other words, every sbb is always predicted taken. In
addition, 1t is not required to predict target instruction of any
branch instruction other than the sbb, because its next instruc-
tion 1s stored in the next entry in the loop cache. Thus, during
the loop cache is active, BTB is not required. From these
observations, we propose to stop accessing BTB and to move
BTB into sleep mode during the loop cache is active. Using the
technique, both dynamic and static energy consumed by BTB
is reduced. Only when the loop cache controller returns to the
idle mode from the active mode, CPU suffers a missprediction
penalty. Because a tight loop stored in the loop cache has a
lot of iterations, this penalty is expected to be negligible.

4 Experimental Results

4.1 Simulation Methodology

We implemented our simulator using the SimpleScalar/ARM
tool set [2]. We use ARM instruction set architecture in this
study. The processor model evaluated is based on Intel XS-
cale processors [8]. 32KB, 32B block, 32-way set-associative
L1 I-cache and data cache (D-cache) are used. They have a
load latency of 1 cycle and a miss latency of 32 cycles. When
in sleep mode, L1 I-cache has a latency of 2 cycles, 1 cycle
of which is required to activate the sleeping I-cache [3, 6, 10]
and another cycle of which is for reading an instruction. The
replacement policy is based on LRU. No L2 cache is used. A
memory operation that follows a store whose data address is
unknown cannot be executed.

The MiBench [5] is used for this study. It is developed for
use in the context of embedded, multimedia, and communica-
tions applications. It contains image processing, communica-
tions, and DSP applications. We use original input files pro-
vided by University of Michigan. Table 2 lists the benchmarks
we used. All programs are compiled by the GNU GCC with
the optimization options specified by University of Michigan.
Each program is executed to completion.

4.2 Results

Figure 4 shows the percentage that instruction request hits in
the loop cache. The vertical line indicates the access rate and
the horizontal line indicates the loop cache size. For each group
of four bars, the first one (denoted as base) indicates the access
rate for the base loop cache model. The second one (denoted
as +sfb) is for the extended loop cache model where the loop

Table 2: Benchmark programs

program input set
Rawdaudio | ADPCM decode
CRC 32-bit Cyclic Redundancy Check
FFT Fast Fourier Transform
Toast GSM encode

Table 3: %Energy Reduction (with 64-entry Loop$)

program static | dynamic
I-cache | BTB
Rawdaudio 37.9 40.4 40.7
CRC -0.04 0.0 0.0
FFT 14.2 15.2 15.3
Toast 19.4 20.8 20.9

cache can hold some short forward branch instructions. The
third one (denoted as -btb) is for the base loop cache model
where BTB is turned off when the loop cache is active. And
the last one (denoted as +sfb-btb) is for the extended loop
cache model with the BTB turn-off strategy.

First, in the case of CRC, the loop cache is never used for all
cache sizes we evaluated. This means that the loop cache does
not contribute to energy reduction. In this case, energy con-
sumption must be increased due to dynamic power consumed
by the loop cache controller and static power consumed by the
loop cache. Second, it can be seen that the extension to the
loop cache improves the loop cache utilization, especially for
rawdaudio. If this extension is not applied, the loop cache is
not useful for rawdaudio as well as CRC. This contributes to dy-
namic and static power reduction in I-cache. Only in the case
of FFT with the 1024-entry loop cache, the extension reduces
the loop cache utilization. However, the loss is less than 3%.
Third, even if BTB is turned off during the loop cache is active,
there is no difference in the loop cache access rates. Thus, this
results in power reduction in BTB. And last, it is found that
combining the two techniques evaluated individually above has
no sever impact on the loop cache access rates.

As we have seen, the proposed techniques have the poten-
tial to reduce static and dynamic power consumed in I-cache
and BTB. However, if execution cycles were increased, the to-
tal energy would not be reduced. From the timing simulations,
we can find that execution cycles is increased by less than 0.1%
for all programs. Therefore, it is confirmed that our proposals
can improve energy efficiency by reducing static and dynamic
power consumed by I-cache and BTB and by maintaining ex-
ecution cycles. Table 3 presents energy reduction when the
64-entry extended loop cache with BTB turn-off strategy is
used. It can be seen that static energy consumed by I-cache is
reduced by up to 37.9% and that consumed by BTB is reduced
by up to 40.4%. Only in the case of CRC, I-cache static energy
is increased by 0.04%. Tt is also found that dynamic energy
consumed by BTB is reduced by up to 40.7%.

5 Conclusions

This paper proposed to use the loop cache to reduce static and
dynamic energy consumed in I-cache and BTB. We combined
it with CMOS circuits having sleep mode, and thus I-cache and
BTB can go to sleep mode when the loop cache is active. Using
the 64-entry loop cache, up to 40% I-cache and BTB accesses
are eliminated, resulting in dynamic power reduction in these
blocks. In addition, because they are in sleep mode during
the loop cache is in active mode, static power is also reduced.
Even if I-cache and BTB are turned off, execution cycles are
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maintained, resulting in energy consumption reduction.
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