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Abstract— Register files are becoming a power-
hungry component in future embedded micropro-
cessors, as a lot of power reduction techniques are
applied, especially on caches, which are currently
the most power-hungry component. As higher
performance is required for coming smart em-
bedded systems, out-of-order execution, which
requires a large number of registers, will be
adopted in embedded processors. In addition,
deep submicron semiconductor technology leads
to larger leakage current.
combine to increase leakage energy consumed by

All these situations

registers in embedded processors. In this paper,
we propose a solution for this problem. By ex-
ploiting the characteristics of register renaming
and the benefit from CMOS circuit techniques
with sleep mode, we achieve leakage energy re-
duction of up to 53.6%.

Keywords— leakage energy, deep submicron, em-
bedded processors, register renaming, super-

scalar processors

I. INTRODUCTION

As many power reduction techniques, especially
on caches, have been applied, power consumed by
register file becomes a considerable fraction of a to-
tal power in embedded microprocessors[20, 21]. For
example, in Motorola’s M.CORE architecture, the
register file consumes 16% of the total processor
power and 42% of the datapath power[20, 21]. In
addition, out-of-order execution technique has been
already adopted in embedded microprocessors[l,
19], and it is announced that simultaneous multi-
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threading technique will be adopted also in embed-
ded and network processors[4, 5, 7]. Hence, wide-
issue out-of-order microprocessors will be widely
used in various platforms such as smart broadband
devices[19]. In out-of-order processors, a large num-
ber of physical registers tend to be implemented for
performing register renaming[6, 10, 22]. For exam-
ple, Intel Pentium 4 has 128 physical registers[10].

On the other hand, leakage energy consumption
is becoming more and more important for embed-
ded microprocessor design, as the transistor supply
voltage and threshold voltage are scaled down in
nanometer-scale technologies.

Considering these trends, embedded micropro-
cessors will employ out-of-order execution and regis-
ter renaming in the future, resulting in the increase
of registers and their power consumption, especially
that due to leakage current. From these observa-
tions, we have decided to study on reducing leakage
energy in register renaming. We utilize CMOS cir-
cuits with sleep mode to eliminate energy consumed
by unused registers. The rest of this paper is orga-
nized as follows: Section II introduces the back-
ground on leakage energy. Section III explains how
register renaming works in out-of-order processors
and presents our concept to reduce leakage energy
in register renaming. Section IV presents experi-
mental results and discussion on the effectiveness
of our approach. Finally, Section V concludes the

paper.



II. BACKGROUND

A. Leakage Energy

Power consumption in a CMOS digital circuit is
governed by the equation:

P:Pactive‘l'Poff (1)

where Pjctive is the active power and P,y the leak-
age power. The active power P,.,. and gate delay
lpq are given by
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where f is the clock frequency, C,,q is the load ca-
pacitance, Vyq is the supply voltage, and V; is the
threshold voltage of the device. «a is a factor de-
pendent upon the carrier velocity saturation and is
approximately 1.3—-1.5 in advanced MOSFETs[11].
Based on Eq.(2), it can easily be found that a power-
supply reduction is the most effective way to lower
power consumption. However, Eq.(3) tells us that
reductions in the supply voltage increase gate de-
lay, resulting in a slower clock frequency, and thus
diminishing the computing performance of the mi-
croprocessor. In order to maintain high transistor
switching speeds, it is required that the threshold
voltage is proportionally scaled down with the sup-
ply voltage.

On the other hand, the leakage power can be
given by

tpd X

Pogy = TogsVad (4)

where I,¢¢ is the leakage current. The subthresh-
old leakage current I,s; is dominated by threshold
voltage V; in the following equation:

Vi
Ioff x 1077 (5)

where S is the subthreshold swing parameter and
is around 85mV /decade[18]. Thus, lower threshold
voltage leads to increase subthreshold leakage cur-
rent and static power. Maintaining high transistor
switching speeds via low threshold voltage gives rise
to a significant amount of leakage power consump-
tion.

B. Leakage Reduction Techniques

Gated-Vy,[15] shuts off the supply voltage to
SRAM cells to reduce leakage current. The circuit
technique has a disadvantage. Gated-Vy; loses the
state within the memory cell in the sleep mode. If
the state should be recovered, there must be an ad-
ditional dynamic power consumption.

To keep the state, several circuits are proposed
such as VT-CMOS[8] and ABB-MTCMOS[12],
which reduce leakage current by dynamically raising
the threshold voltage by modulating backgate bias
voltage. As shown in Table I, Hanson et al.[9] re-
port that leakage current in sleep mode is reduced
by a factor of 160 compared with that in normal
mode.

TABLE I
ImpaCT OF Vi ON LEAKAGE CURRENT

Mode | I,s (nA)
Sleep 12
Normal 1941

Another approach to reduce leakage current is
Drowsy Caches[3], which also keeps the state within
the memory cell. It has two different supply
voltages and utilizes a dynamic voltage scaling
(DVS) technique to reduce static power consump-
tion rather than to trade off dynamic power con-
sumption and performance. Due to short channel
effects in deep submicron processes, leakage cur-
rent is significantly reduced with voltage scaling.
When ABB-MTCMOS would be no longer effective,
Drowsy Caches is a promising candidates for static
energy reduction.

III. REGISTER RENAMING

A. Terminology

Several definitions are given here to simplify fu-
ture references in this section. Modern microproces-
sors fetch multiple instructions per cycle. Follow-
ing instruction fetch, the instructions are decoded
and issued into instruction window. We use the



term issue to indicate the process of placing the
instructions into the instruction window. The in-
struction window consists of instruction queue and
a buffer maintaining program order such as reorder
buffer[17], and is operated as a FIFO buffer. The
instructions remain in the instruction queue until
their operands have been ready. Omnce their de-
pendences have been resolved, instruction dispatch
logic schedules the instructions and then dispatches
them into functional units. The instruction queue
entries containing the dispatched instructions are
deallocated so that new instructions may be issued.
We use the term dispatch to move the instructions
from the instruction queue to the functional units,
where they are executed. After completion of exe-
cution, the instructions still wait in the instruction
window until their preceding instructions have been
retired from the instruction window. When the in-
structions reach the head of the instruction win-
dow, they are retired from it. The instructions may
be completed out-of-order but are retired in-order.
We use the term instruction queue as the structure
holding the instructions waiting for dispatch. On
the other hand, the term instruction window is used
as the structure holding the issued and completed
instructions as well as the waiting ones.

B. Register Renaming Mechanism

In order to eliminate anti- and output- depen-
dences, modern dynamically scheduled processors
perform register renaming. There are two common
ways to implement the register renaming. One is us-
ing a separated renaming registers which are usually
constructed by the reorder buffer. The other com-
bines the renaming registers with architected regis-
ters in a single register file[6, 10, 22]. We will focus
on the latter one.

Figure 1 depicts a register mapping hardware
with including its instruction window. The register
mapping hardware mainly consists of three struc-
tures — map table, reorder buffer, and free list.
By means of the map table, each logical register
is mapped into a physical register. The destina-
tion register is mapped to a free physical register
which is supplied by the free list, while operand
registers are translated into the last mapping as-
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FIG. 1 REGISTER RENAMING

signed to them. The old destination register is kept
in the reorder buffer. When an instruction is re-
tired, the old destination register which is allocated
by the previous instruction with the same logical
destination register is freed and is placed in the free
list. The translated operand registers are held in
the instruction queue as tags which are used for
Tomasulo’s algorithm. Busy bit table contains a
bit indicating whether each physical register con-
tains a valid value. It is used for initializing ready
bits in the instruction queue for ready operands.

C. Leakage Energy Reduction in Register Renam-
ing

Figure 2 presents the average number of registers
which are active each cycle! . We can see that only
26 registers are active. This might imply the un-
necessary of a large number of registers. However,
it does not. While the average number of active
registers are small, large register files are required
for keeping high performance. For example, Postiff
et al.[14] reported that 64 or more registers enables
performance improvement of 20% over the conven-
tional 32 registers. Here, we can find the opportu-
nity for energy reduction. Since there are a lot of
registers, which are necessary for high performance
but are not always active, we can achieve a signifi-
cant energy reduction if the registers are turned off
while inactive.

! Section IV will explain simulation environment for ob-
taining the numbers.
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FIG. 2 AVERAGE # OF ACTIVE REGISTERS

To eliminate leakage energy consumed by inac-
tive registers, we propose to let them in sleep mode.
The open issue is how to identify inactive registers.
In this study, we adopted a very straightforward
technique. As explained above, the free list keeps
free physical registers, and hence we can easily iden-
tify inactive registers by referring the free list. It
is not necessary to refer the free list every cycle.
Instead, we should only snoop registers which are
both supplied by and placed in the free list. Thus,
there is not serious additional power consumption
for identifying inactive registers.

On circuits with sleep mode, we can select the
most energy-efficient and the least area-overhead
one provided by the semiconductor technology in
the time of its implementation. This is because the
state with in the memory cell can be lost. Values in
registers being placed into the free list are no longer
used in the future execution of the program. Thus,
any one of gated-V 4, VI-CMOS, ABB-MTCMOS,
and Drowsy Caches is applicable for this leakage en-
ergy reduction technique in register renaming.

When each free register is supplied by the free
list, it is turned on into normal (active) mode.
There used to be some transition time to turn on
transistors[3, 8, 12, 15]. The proposed technique
tolerates the transition time. The register only has

to be in normal mode before its associated instruc-
tion writeback the result intoit. There is a consider-
able period of time after the register is mapped until
it is written back. For example, Figure 3 shows a
key pipeline in Intel Pentium 4[10]. Each register
is supplied in the 7th and 8th stages and is written
back after the 20th stage. There is much time for
waking up sleep transistors and thus the transition
time is hidden.

From these observations, our proposed technique
has the least additional power and performance
penalties.

D. Related Work

Tseng and Asanovic[21] proposed to reduce dy-
namic power consumed by a register file in embed-
ded processors. They are circuit-level techniques
and thus can be combined with our proposal. Taka-
mura et al.[20] proposed to eliminate register file
access by utilizing efficiently operand bypass net-
work, resulting in significant dynamic power reduc-
tion. Park et al.[13] also exploited the characteris-
tics of microprocessors that 50 — 70% of operands
come from bypass network, and proposed to reduce
register ports for power reduction. These previous
works focus on dynamic power reduction, and does
not consider leakage energy. In contrast, we pro-
posed to reduce leakage energy in register renam-
ing.

IV. REsuLTS

We built our evaluation environment using sim-
alpha simulator[2], which is a derivative from Sim-
pleScalar tool set[16]. We chose it because HP
21264’s microarchitectural implementation on regis-
ter renaming is modeled in detail in the simulator.
Table II shows the configuration of the processor
model used in this evaluation. It follows HP 21264’s
configuration as much as possible.



TABLE I1
PRrROCESSOR CONFIGURATION

fetch width
issue width
dispatch width
commit width

4 instructions

4 instructions

4 int + 2 fp instructions
11 instructions

20 int + 15 fp instructions
80 instructions

insn. queue size
reorder buffer size
load queue size
store queue size
# of func. units

32 instructions

32 instructions

iALU 4, iMUL 4,

fALU 1, fMUL/DIV 1

int 41, fp 41

tournament predictor,
8b-history 1K-entry local,
4b-history 4K-entry ghare,
4b-history 4K-entry choice,

# of physical reg.s
branch predictors

32-entry return stack
L1 insn. cache 64K, 2-way set-associative,
64-bytes blocks

64K, 2-way set-associative,
64-bytes blocks, 8 MSHRs
2M, 2-way set-associative,
64-bytes blocks

128-entry, full-associative

L1 data cache

L2 shared cache

instruction TLB
data TLB

128-entry, full-associative

The SPEC2000 CINT benchmark suite is used
for this study. We use the object files provided by
University of Michigan[16].

Figure 4 shows the percent reduction of leakage
power consumed by integer register file. Since we
used only integer application programs, we do not
consider floating-point register file. If we include
power reduction in floating-point register file, the
percent number is larger than that shown in Fig-
ure 4. As explained in Section III, there are no
increase in execution cycles, and thus power reduc-
tion directly turns into energy reduction. As we
can see, an average energy reduction of 36.7% is
achieved. In the cases of gcc and gap, more than
half of leakage energy consumed in integer register
file is eliminated.
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FIG. 4 % REDUCTION IN LEAKAGE POWER

V. CONCLUSIONS

Register files are becoming one of the most
power-hungry component in embedded micropro-
cessors, as high performance is required for smart
embedded devices and as semiconductor technology
is improved. This paper proposed to reduce leak-
age energy consumed in register files using CMOS
circuit with sleep mode. We exploit the benefi-
cial characteristics of register renaming that inac-
tive registers are easily identified and transition
time of the circuits is hidden. From the detailed
microarchitectural-level simulation, we found that
as much as 53.6% and an average of 36.7% of leak-
age energy consumed in integer register file is elim-
inated.
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