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Abstract niques. Section 6 applies the developed RF energy model to the
superscalar architecture, and Section 7 analyses a split register file
Register files (RF) represent a substantial portion of the energy architecture as a possible solution to the RF power growth problem.
budget in modern processors, and are growing rapidly with the Section 8 summarizes the paper.
trend towards wider instruction issue. The actual access energy
costs depend greatly on the register file circuitry used. This pa-
per compares various RF circuitry techniques for their energy ef-
ficiencies, as a function of architectural parameters such as the
number of registers and the number of ports. The Port Priority Se-

lection technique was fo_und to be the most energy efficient. T.heone word line for every port to control the connection of the cell to
plependencg of register file access energy upon technology scallnqhe bit lines of the corresponding port [8], [10], [6]. Multiple word

is also studied. However, as this paper shows, it appears that Noneyines"can go high at the same time in case of simultaneous access
of the;e will be enpugh to prevent centralized register f|Ie§ from through several ports to the same cell. Therefore the cell must be
becoming the dominant power component of next-generation Su'capable of driving significant current which is proportional to the
perscalar computers, and alternative methods for inter-instruction number of read ports. To protect the data stored in the cell dur-
communication need to be developed. Split register file architecture ing such multiple read accesses, an additional buffer is typically

is analyzed as a possible alternative. inserted between the cell flip flop and the read pass transistor fur-
ther referred to as a decoupling buffer. Because of this decoupling
Introduction buffer, the read bit line cannot serve as a write bit line, and thus the

total of N,caq + 2Nwrite bit lines are needed.
Current microprocessor design has a tendency towards wider in-1 1 Read access energy

struction issue and increasingly complex out-of-order execution.
This leads to growth of the on-chip hardware, and, consequently, an ~ We will consider four terms in the read access energy: the word
increase in dissipated power. In [8] the authors have described andine energy,E.i,cqd, bit line energy.Eu »..a, S€nse amplifier en-
analyzed those portions of a microarchitecture where complexity ergy, Esa, and energy for driving control signalByon tro:-
grows with increasing instruction-level parallelism. Among them 1.1.1. Word Line Energy. Assuming a word line swing
are: register rename logic, wakeup logic, selection logic, data by- of Vi4, we have for the word line energyyi recaa =
pass logic, register files, caches and instruction fetch logic. These
structures are usually centered on multiported memory macros ““ o ) ]
whose storage size and the number of ports grow with increasing Pacitance per unit width, and’,q. is the width of the cell read
issue width. pass transistor. Here and in the following the valuéigf, s, is
tional approaches, grows quadratically in the number of ports [10]. Viense Can be developed in at |ea§le%°d time, wherele; o4 iS
Therefore, taking into account growth both in storage needs and thea typical CPU clocking period for a given technology |ev@},,c1q:
number of ports, we should expect that the power portion of multi- is the metal word line capacitance per unit length, Hnd,; is the
ported on-chip memories will grow rapidly in the future. cell width. If the number of ports is large enough, then the cell
In this paper we concentrate on the power dissipation of an in- sizes are determined by the bit line and word line crossing area,
teger RF. The developed approach can also be applied to other CPUherefore Weeir = (2Nwrite + Nread) * Whitch-
on-chip multiported memories. Our model will express the RF ac- 1.1.2. Bit Line Energy. In estimating bit line energy we assume
cess energy in terms of the read and write port numer,,; and that the word line is pulsed for the minimum time required for read-
Nurite, the number of registersy,..,, and several other relatively  ing data from a cell [4]. There is, however, a limitation on how
simple system and technology parameters. It tries to find the lower short the word line activation pulse can be. We assume that for ro-
bound of the RF power that can be approached by different imple- bustness reasons, the word line activation pulse cannot be made any
mentations. Such a model is badly needed for architectural studies.shorter thanTPilﬂ, whereT,.,i0q is the CPU clocking period. If
where we are mostly interested in relative energy (power) estimatespjt |ines are so short that the sigril.... can be developed in a
that would allow us to compare energy complexity of different ar- shorter period, then weaker cell transistors should be used to avoid
chitectures. . . energy waste, or a word line swing control circuitry can be used, as
The organization of the paper is as follows: Sections 1 jn[s5].
through 5 give an energy analysis of various RF circuitry tech- | addition, a safety margin must be provided to ensure that the
*This work was supported in part by the National Science Foundation under Grant word line pulse is long enough even under process corner condi-
No.MIP-95-03682. tions. We assume that3®% margin is sufficientMargin = 1.3
which means that if the bit line signdk; = Viense is sufficient
Permission to make digital or hard copies of all or part of thiswork for reliable sensing under nominal conditions, then the word line

1 Conventional approach

The conventional multiported memory cell for a RF typically uses
two bit lines per write port and one bit line per read port, as well as

2 .
ViaNbits (CgateWpass,r +WeettCmetar ), WhereCyq e is gate ca-

for personal or classroom use is granted without fee provided that should be activated for a longer interval, such that the bit line
copies are not made or distributed for profit or commercial signal Vyr = MmarginViense is developed under nominal con-
advantage and that copies bear this notice and the ditions. Assuming that bit line loads are entirely cut off during
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reading, and that the precharge transistors are the only current
source that drives bit lines during the precharge phB$gyeaa =
Vaa Mmargin Vsense Coi,read Nbits. The bit line capacitance is es-

timated ascbl,read = Nreg (Cmetachell + Cdraianass,r)y 1200~

where H..;; is the cell height. If the number of ports is large 1000~
enothv tIl]erj%[cell = (Nwrite + Nread + 2) * Wpitch: with the
constant "2’ standing for the power and ground lines.

Energy can be reduced if the bit line precharge voltage is
Via — Vra or higher, wherd/rg is the threshold of the n-channel
read pass transistor. In this case the bit line is discharged only if 200
zero is read from the cell. If zero is read on the averag®.in, 0
percent of all read accesses, then the bit line energy is reduced by
the factorP,.r,. We have measured that for the Sparc-V8 archi- = g
tecture, on integer programéj — 75% of all bits read from the mber o pons ° ¢
RF were zeros (not counting bits read from regidt®). This re-
sult means that if we store in the cells the complement values o

data, and precharge bit lines to an appropriate level, we reducefront to back bars represent 1.—SA energy: 2.~word line energy plus
the average energy of read accesses by a factor of three or evenynarqy of control signals; 3.—bit line energy: 4.—sum of all compo-
four. We will extrapolate this result to 64-bit architectures, and use npents.

P.cro = 0.3 in the following.

1.1.3. Bit Line Signal. To reduce the bit line swing sufficient for
sensingViense, the bit line precharge voltag&®yrecharge, should for small register files the sense amplifier energy dominates.
be as close as possible to the sense amplifier (SA) threshold. How-1.2  write access energy
ever, Vprecharge Should be higher thamn,esno1a by @ sufficient ) ) )
margin to provide reliable operation in process corners and in the For write access energy we consider three terms: word line en-
presence of noise. To reduce the necessary margithesqge ergy Euiwrite, bit line energyEp write, and the energy dissi-
and Vinresnota MUst change in the same way as temperature and Pated driving control signalBic¢r,write- The termsEuy, write and
Vaa change, and with technology. We assume that with the use Ectri,write are estimated similarly to those in the read access [11].
of a feedback circuitry built of CMOS transistors only, the bias- ~ Writes to a cell are usually done by a full-swing differential
iNg Vprecharge — Vinreshota €an be controlled within a range of S|gpal to ensure fast write ngratlpn and robust noise margins [10],
300mV. This value depends on the range of technology devia- Which results in energy dissipation fy:,writeViy. The write
tions, temperature antly; changes, temperature gradients. It is €nergy can be reduced if after every write operation we equal-
not likely to scale down with the feature size or with,. ize the write bit lines through an equalizing transistor. In this

Another component to th... is noise on the bit lines. This ~ case, in the I|m|t,2we save half of the energy, so that.,rice =
scales down with/;, reduction, and we will use for estimates the 3 Cbl,write Nbits Vig-
0.1V44 value for the sufficient noise margin. Thus, we will use for
Vsense in single-ended sensing the estimbie,s. = 2%300mV +
0.1Vg4. For comparison, in the UltraSparc RF [1W); = 3.3V,
Vprecharge = 131‘/, Vihreshota = 0.70V andmense = 1.31V.

In the RF of iWarp [6]Vas = 5V andVsense = 1.5V

1.1.4. Energy of Sensing Circuitry. The typical sensing scheme is
basically an inverter with the input connected to the bit line. Since
the bit line voltage is close to the inverter threshold, there is a short-
circuit current flowing through the inverter while the SA is acti-
vated which can be estimated, assuming minimum size transistors,
aslsa = %Idsat. Here and in the following we assume that the
value of V4 scales according to the “High-Speed Scenario” [3],
and the drain saturation current per unit widthﬂ%ﬂ = 0.5mA, 0
independent of the feature size [3].

In order to save energy, it is desirable to activate SA's for as
short interval as possible. We assume, as for the word line, that
the shortest SA activation pulse we can afford without sacrificing Figure 2: Components to the write access energy of the conven-
robustness ,g%wd Then,Esa,inv = % VaaTperioalasat- tional RF architecture. From front to back bars represent 1.—word

1.15. Control Signals. We estimate the energy dissipated line energy; 2.—energy of write driver and precharge control sig-
driving SA and precharge control signals similarly to that of the N&lS; 3-—bitline energy; 4.—sum of all components.

Word line: ESA,ctrl = VdeNbits (CgatEWSA,ctrl + chllcmetal)1
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¢ Figure 1: Components to the read access energy for the conven-
tional RF architecture, the 0.5um technology; = 3.3V. From
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"umber of ports

) o _ Figure 2 shows the main components to the write access en-
Eprecharge,ctrt = VigNbits (% + chllcmetal)- Itis as- ergy. The average access energy per instruction is a weighted sum
sumed that the size of the precharge transistors is proportional to°f the read an?hwt“fte Ezﬁcegs energ\;/lgs. Whet hatve n:ﬁasured on 't';]te'
. : " Cuiread ger programs that for the Sparc - V8 architecture there are on the
the bit line f:apacnan(.:ev,vprechmge T 40Cgate ’ in orde.r for the average 0.95 RF read and 0.6 write accesses per instruction, there-
precharge time to be independent of the bit line capacitance. fore, Eaverage = 0.95E,cqd +0.60E,yire. The worst case energy
Figure 1 shows the main components to the read access energyer instruction is about twice as much as the average energy. To
versus the number of registers, and the number of ports. Here andgstimate the worst case access energy we assumed that every in-

in the following we assumeVy;;s = 64, Nycad = 2Nuwrite. FOr struction issued reads two operand from and writes a result to the
large register files the bit line energy is the dominant component;
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RF, besides the values read from the RF are such that read bit linesactivation period. Thus, we have for the bit line energy of the read
are discharged every other read access. accessEy read = Lot Vaa LEeriod Nyyy .

1.3 Possible improvements

4

There are at least two modifications to the conventional RF ar-
chitecture that could improve the energy efficiency. The first one
reduces the average energy of the write access, taking advantage
of the correlation between consecutive writes. If we choose not 1200~
to precharge write bit lines after writes, the energy is dissipated o,
only when the value being written by a particular port is differ-
ent from the previous value written through the same port, so that
Eyt,write = aCbl,write Vdil, whereq is the percentage of the writes
to individual cells in which the written value is different from the
previous value written by the same port. We have measured that for — ,,, |-
the SPARC-V8 architecture is in the range from 0.25 to 0.35 for L
most integer applications. 3
The second modification is to use a synchronous latch-type SA nUmber of pors
that eliminates the dc power component. For this kind of SA, when

used in the single-ended read scheme, the reference voltage must. . . .
be generated however. The power of the latch-type SA consists't:'gure 3: Comparative read access energy of the RF with the the

T double-ended sensing (1st bar); current-direction sensing (2nd bar),
of the power due to the short-circuit current that flows through the -4 the conventional RE architecture (3d baf); = 3.3V

SA while it is in a metastable state, and the power due to capaci-

tive loading. 1In [11] we give a simple estimate for the SA energy, Figure 3 compares the average read access energy of the RF
Esajateh = 15 VaalisatTperiod- i ) with the current direction sensing scheme (the 2nd bar) and that of

_ Overall, we observe an almog improvement in energy ef-  the conventional RF (the 3d bar). For small register files, where
ficiency compared to the. quglnal version for small RF's due to the the SA energy is the dominant component (Fig. 1) the use of the
use of a more energy-efficient sensing scheme, and @6tiim- current-direction sensing technique results in increased read access
provement for large RF’s due to energy savings during write 0per- energy while for large RF, where the bit line energy dominates, the
ation. read access energy is significantly reduced.

800 —

600 —

400 —

access energy, pJ

2 Current - Direction Sensing 3 Differential Sensing Scheme

In [1] the authors justify the use of the current sensing scheme 10 ¢ ifterential sensing scheme has the ability to sense small bit
increase sensing speed in the case of heavily loaded bit lines. Thisjjq swings, resulting in lower energy, and higher speed.

idea of using a very low inputimpedance SA is also very attractive  The derivation of the formulas for read and write access energy
from the energy prospective. of a double-ended sensing scheme follows the one for the single-

Dfue to Itqhe small impeltljancebat.the segsing ”ﬁde’ the Signa:.]f?ur'ended scheme in Section 1. The cell width in for the double-ended
rent from the memory cell can be injected into the sense amplifier goncing'is farger, howevaiooi = (2Noyite -+ 2N, cad)  Witen,

without the need for charging or discharging the bit line capaci- eqyiting in a higher energy for all signals running across the RF,
tance. As a consequence, the voltage change on the bit lines during; ,ch o L reads Botwrite, Beontrot. AlS0, additional pass tran-

cell access is extremely low, eliminating the source of most volt- gjgiors represent an extra load on read word lines, as compared to
age noise coupling problems, and yielding low power dissipation the single-ended scheme, though they do not need to be as large as
during the sensing operation. . in the single-ended scheme.

The word line ene_rgyEwl,T_ea(%, and the cont_rol signal en- In estimating the energy dissipated in bit lines we make the
ergy, Econtrol are estimated similarly to those in the previous  ggme assumptions as for the single-ended scheme in Subsec-
section. In [11] we derive a simple estimate for the SA energy, tjo 1.1, The bit line signal sufficient for reliable differential sens-
Esa = VaaTperiodlusar- The bitline energy can be estimated as  jng v, is much less than that in the case of using the single-
Eit,read = LeeuVaaTwi, Wherelee is the cell current during the  gnged sensing scheme. There are three components ¥o.the:
read accessy, is the word line activation pulse length. offset voltage due to transistor parameter mismatches, capacitive

To minimize t.h? bit line energy we neeq to minimize bm.t". asymmetry and the coupling noise. To be specific, we assume that
andT,,;. The minimum value of the SA input current sufficient e cross.coupled latch-type SA is used, because it is both energy
for reliable sensing/scnse is determined by the sensitivity of the  otficient and fast [4]. In [11] we show that the minimum sensing
SA which, in turn, depends on mismatches in transistor parame- signal for this kind of SA can be estimated & se = 150mV
ters in the SA. We will use the value @fc.sc = 100u in our of which a60mV component is assumed to scale down Witk
estimates [11] [5]. and a90mV is assumed not to scale.

~ As before, we require the sensing to be don&jn = Tpericd We should notice that with the use of offset-compensating tech-
time, tht;refore we need that the cell current be at I¢ast = niques or/and careful layout used for SRAM memories, the offset

e ———— Mmargin, Wherery is the bit line resis-  yoltage can be significantly reduced. However, taking into account
L G s )T the huge number of SA’s in register files, and area and/or power

tance, andrs is the sense amplifier input resistance. The esti-

mates for these values are given in [11]. We assume, as before, tha
the 30% safety margin should be provided to ensure that cell sup- Figure 3 compares the average read access energy of the RF
plies sufficient current even in the process corner conditions. The yith the double-ended sensing scheme (Lst bar), current-direction

rest.ri(.:tion on the minimum cell current above makes it sure that scheme (2nd bar), and that of the conventional RF (3d bar). The
sufficient current flows through the SA by the end of the word line 44 ple-ended sensing yields improvement in energy efficiency for

all RF sizes due to the reduced read bit line swing. The write access

enalties of these techniques, we assume that they will not be used
or RF’s in the nearest future.
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energy is slightly more than that in the conventional RF architecture that low-swing writes will become a common technique in multi-
because of the increase in capacitance of all lines running across theported register files.

RF. The primary disadvantage of the differential sensing approach
is the area penalty which is approximatély’s. The increase in
area results in higher energy dissipation of other components to
the total CPU energy, not taken into account in th_e_present model, The Port Priority Selection (PPS) technique [9] allows us to sig-
such as clock distribution energy and energy of driving longer data pificantly reduce the register file area and, consequently power, by

5 Port Priority Selection technique

busses. reducing the number of word lines and bit lines. The idea of the
PPS technique is based on the observation that when several ports
4 Low Swing Write Technique need data from the same location, we do not actually need to read

multiple copies of data from the cell. One copy would be suffi-
According to the two previous sections, the energy of the read ac- cient if we could distribute the data among all the ports that need it.
cess can be reduced by decreasing the swing on read bit lines. ThenBased on this observation, we can prohibit the simultaneous read
the write cycle energy begins to determine the average access enaccess of more than one port to the same cell. If more than one port
ergy per instruction. We saw in Section 1 that in the conventional tries to read data from the same cell, a special priority mechanism
RF architecture the energy during the write operation is dissipated chooses among these ports the one with the highest priority, and
primarily in write bit lines. Consequently, write swing reduction is  allows this port to access the cell. All the other ports get the data
essential for reducing the RF access energy. from the bit lines of the port with the highest priority. For efficient

One way to reduce the write swing is to use the Driving Source realization of the priority circuitry and the data steering mechanism
Line (DSL) cell architecture, [7]. The basic idea is to connect the we refer the reader to [9].
sources of the n-channel transistors in the cell to the source line,  Once the cell no longer needs to be capable of driving more
Fig.5. During reads the source line is driven low, and the cell op- than one pair of bit lines at a time, the decoupling buffer between
erates as a conventional cell. During write operation the source the cell flip flop and the read pass transistor which serves to protect
line is either left floating, or driven high, depending on the bit line the cell data in the conventional design is no longer needed. With
precharge voltage, so that a small swing on bit lines is sufficient to this removed, the same bit lines can be used both for read and write
change the potential at the nodes inside the cell. At the end of theoperations, assuming they are separated in time.
write cycle the source line is driven low, and the cell works as a
latch-type SA, latching the new data.

The write access energy consists of the same components as be-
fore, plus the energy for driving the source lines which is estimated . .
similarly to the word line energy. The energy dissipated in the cell Noread /2]
during low-swing write operation is estimated to be the same as that
of the latch-type SA. To estimate the bit line energy it is necessary
to know the bit line swing sufficient for reliable writes to a memory
cell, Virite. Itis estimated similarly td/;¢,s. for a latch-type SA
in the previous section. Some of the terms to ¥hg;:. for a cell
are larger, however, than the corresponding terms té’the.. for

select line

bitline # 1 bitline # bitline #

bitine #1 \ "read /2 (Nread/ 2 +1) N_read

a SA. In [11] we estimate the valdé, ;. for the RF cells to be s

250mV, of which al00mV component is assumed to scale down J i E*f r L o
with V4, while the otherl50mV component is assumed not to . = .

scale. B L 3l
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writes (Section 4) appears particularly natural. The only difference
between the read and write operations is that the source line is at
the ground during read operation, and it goes high during the write
operation (assumingq precharge of the bit lines). The use of the
Rumberofpor " o same bit Iine_ p_airs both for reads and writes allows us to reduce the
8 number of bit lines fron2NV,.cqq + 2Nwrite 10 2N, cad.
Figure 4: write access energy in the RF with the low-swing write technique (1st With the use of the PPS technique, the only information that
- VIR . - really needs to be passed to the cell through word lines during read
bar), and the original architecture (2nd bar). or write operation is the number of which of the bit line pairs the
. . . . cell needs to be connected to. In the linig,, V,..a word lines
Figure 4 compares the write access energy in the RF with the \,q pe sufficient to pass this information. In this case, however,
low-swing write technique and that of the conventional RF. We 0b- s jnformation would need to be fully decoded within the cell,
serve an improvement in energy efficiency of the write access for \\nich might not be area efficient and would cause extra delay in the
all RF sizes. The low-swing write technique can be combined with 4ccess time. As a compromise, partial port number decoding within
various read sensing techniques, as described before. We expecie cell allows us to reduce the number of bit lines and optimize the

cell area.

500 —

\[ﬁr ﬁ# AT The combination of differential reads (Section 3) and low swing
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In [9] the (&zged 4 1) — N,..q partial decoding scheme is

used, such that all bit line pairs are divided into two halves, and E=qwle
the signal on an additional select line (Fig.5) indicates to which, ™|

half of the bit lines the cell is to be connected, so that a total ofg
(% + 1) lines are needed. This scheme appears to be optimag™|
for a wide range of the number of ports. Therefore, we will assume}

this scheme in the following estimates. 1000 £-aw

access energy, pJ

The energy estimation for the RF using the PPS technique is, \
basically, the combination of the results for the differential read soof |
and low-swing write schemes. The cell width and height are sig- H
nificantly reduced compared to Sections 3 and 4. Nbw; = o1l HI BH
2Nreadeitch1 andHcell = (% +142+4 l)Wpitch1 where issuae width b

the term% stands for the number of one-hot word lines, ’

stands for the select line2” stands for power and ground lines,  Figure 7: Average access energy per instruction for the PPS (1st
and an additional1” stand for the source line. The port priority  bar) and the conventional RF architecture (2nd laar)ersus the

and data steering circuits consume additional energy which is esti-issue width0.5. feature sizeV;; = 3.3V'; b - versus issue width
mated to be of the order ah% of the RF array energy for a small ~ @nd technology feature size.

number of ports. Moreover, the asymptotic growth of the energy of

these units as the number of ports and registers in the RF grows is
less than that of the RF array energy. this range the PPS case grows at about square root of the conven-

tional RF architecture case.

The chart in Fig. 7a does not take into account technology scal-
ing, whereas machines with higher issue width are usually built on
more advanced processes. To take into account technology scaling
we plotted in Fig. 7b the average access energy as a function of
issue width and technology feature size. High-speed scenario [3]
scaling was assumed, and all other scaling assumptions are as stated
in the preceding sections. Fig. 7b shows that if every new machine
with higher IW is built using a more advanced process or, in other
words, if we are moving along the diagonal going through point
(A = 05u, IW = 1)to (A = 0.13,IW = 16) in the coordi-
nate plane, then the average access energy per instruction can be
moderated for the RF using the PPS technique.

If we are interested in dissipated power, however, we need to
take into account the increase in the clocking rate for smaller tech-
nology feature sizes. Also, we must be able to estimate the maxi-
mum sustained power of the RF, dissipated if the maximum number
of instructions, determined by the IW of the processor, are issued
every clock cycle. The result is that the maximum power grows
rapidly with increasing IW, even for the PPS RF architecture built
rising technology that tracks the growth in IW.

-
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access energy, pJ
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Figure 6: Average access energy per instruction of the RF using the
PPS technique (1st bar) and the conventional RF architecture (2nd
bar).

Fig. 6 compares the average RF access energy per instructio L
of the PPS RF architecture with the conventional RF architecture It Must also be stressed that all the analysis discussed above
(Section 1). The PPS RF architecture results in significant improve- ssumed the very aggressive energy management techniques de-
ments in energy efficiency for large register files. In addition, for SCribed in this paper, including pulse word line activation technique
large number of ports, the cell area is reduced almost three times,for reducing the bit line swing to the minimum, pulse activation of
resulting in reduction in energy of other components not taken into (€ Sensing circuitry, fully cutting off precharge during reading and
account in this model, such as clock distribution and data routing WW'iting, taking advantage of the statistics of the data stored in RF
energy. Thus the PPS register file architecture combined with dif- MeMOry cells, minimum transistor sizing wherever possible, use of

ferential reads and low-swing writes is a very worthy candidate for €dualizing transistors to save bit line energy during precharge, also
future low power register files. the short-circuit currents were assumed to be negligible. In real

wold CPUs the desire for speed will often not permit some of these

o . technigues, meaning that real register file powers are even higher.

6 Application to Superscalar Architecture The conclusion is that none of the known circuit techniques solves

. . ) the problem of rapid RF power growth for the machines with in-

In this section we apply the energy model to superscalar architec- ¢reasing IW. Neither does aggressive technology scaling solve the

tures to analyze th(_e dependence of the register file energy upon theproblem for high-speed microprocessors. This result should mo-

processor issue width (IW). We assume for the number of ports: {jate the development of inter-instruction communication mecha-

Nreaa = 2IW, andNy,ire = IW. To estimate the number of  pigmg alternative to the centralized register file.

registers we use the results in [2], where it was found that for a four-

issue and eight-issue machines the performance saturates &tound . ) . .

and 128 registers, respectively. Based on this data, and assuming’/ Split Register File Architectures

that40 registers is sufficient for a single issue machine, we extrap- ) ) ) i )

olate the dependence linearly to two- and 16-issue machines. Ina recent_work [12] we stut_iled split register flle_ archl_tectures as
The average RF access energy per instruction versus the micro-a" alternative to the conventional centralized register file architec-

processor issue width is plotted in Fig. 7a, both for the PPS and ture. Our a_pproach to the register f_|Ie decentrall_zatlon is bas_ed on

conventional RF architectures. The equations listed for each case® Nypothesis that there exist certain groups of instructions in the

are approximate curve fits for the regioW = 4 to IW = 16. In dynamic instruction sequence such that the inter-instruction com-
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munication is likely to be mostly local within each group. If this 8 Conclusions

is the case, then we can implement a CPU as a collection of pro-

cessing unit clusters and provide each cluster with a local physical In this paper we have developed energy models for multiported reg-
register file which will be small, fast and low-power. At run-time, isters files with a variety of architectural variations. The port pri-
instruction despatch logic tries to steer every instructions to the ority selection technique was found to be the most energy efficient,
cluster where instructions producing its register source operandsand seems to provide significant energy savings in comparison to
were executed, meanwhile exploiting as much of the available ILP traditional approaches, especially for large register files.

as possible. A desired result of such partitioning would be that in- Given the critical role played by centralized register files in
structions access local register files most of the time. Additional modern superscalar computer architectures, we used the developed
paths are provided for inter-cluster traffic. model to express the register file power as a function of processor

We verified the above hypothesis by considering an optimal issue width. Even assuming aggressive technology scaling to track
partitioning of instructions in the dynamic code sequence into the growth in register file requirements, the resulting power growth
groups such that inter-instruction communication across group is huge, and may begin to swamp the power budgets for future mi-
boundaries is minimized, while executing instructions from differ- croprocessors. This leads to the inescapable conclusion that the use
ent groups in parallel would exploit most of the ILP available in a of a centralized register file as an inter-instruction communication
program. A partitioning was constructed using an algorithm [12] mechanism is going to become prohibitively expensive. Alterna-
that approximately solves the problem of optimal partitioning of tive techniques involving more than just circuit tricks are going to
a program graph inta subgraphss{ equals the number of clus-  be necessary. Split register file architecture is studied as a possible
ters) such that the number of inter-subgraph edges (inter-clusteralternative, and is shown to hold certain promise. More detailed
RF accesses) is constrained to be below a specified imithe analysis of this approach is a target of our future work.
sets of instructions resulting from this partitioning are dispatched
to different cluster, and an execution-driven simulator measures the gaterences
achievable IPC for the specifiedandk. Some of the results for a . o
few integer benchmarks are given in Table 1. Entries in the Table [1] T. Blalock and R. Jaeger, "A H!gh-Speed Clamped Bit-Line
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imum achievable performance for the given number of clusiers  [2] K. Farkas, N. Jouppi, P. Chow, “Register File Design Con-
(when traffic constraink is disregarded). siderations in Dynamically Scheduled Processors.” Technical

Report 95/10, Digital Equipment Corporation Western Re-
search Lab, November 1995.
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W Cmax [3] C. Hu, “Future CMOS Scaling and ReliabilityProceedings
n: number k: constraint on inter-cluster RF accesses per instructio of the IEEE Vol.81, No.5, May 1993.
of clusters 020 015 010 0.05 [4] K. Itoh, K. S_asaki and Y. Nakagome, “Tr_ends in Low-Power
RAM Circuit Technologies.” In: Proceedings of the IEEE
2 0.99 0.98 0.96 0.82 Vol. 83, No.4, April 1995.
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8 0.91 0.74 0.60 0.45 Solid-State CircuitsVol.31, No.4, April 1996.
[6] R. Jolly, “A 9-ns, 1.4-Gigabyte/s, 17-Ported CMOS Register
Table 1: Performance and inter-cluster register file traffic on a per- File.” IEEE Journal of Solid-State Circuits/l.26, No.10,
instruction basis, for optimal partitioning of instructions. October 1991.
[7] H. Mizuno and T. Nagano, “Driving Source-Line Cell Archi-
The results show that even with the existing compiler which tecture for Sub-1-V High-Speed Low-Power Applications.”
performs conventional performance optimizations only, it is possi- IEEE Journal of Solid-State Circuitsvol.31, No.4, April
ble to partition instruction into a reasonably large number of groups 1996.
such that inter-instruction communication tends to be mostly local [8] S. Palacharla, N. Jouppi, J. Smith, “Complexity-Effective Su-
within each group, without a huge impact on IPC. The discovered perscalar Processor.” Ileroceedings of the 24th Annual In-
properties open up an opportunity for architectural solutions that ternational Symposium on Computer Architectysp. 206—

could keep the RF from becoming a bottleneck in the power budget 218, June 1997.

without using complicated circuit techniques. The actual amount [9] U.S. Patent No. 5,657,291, issued Aug. 12, 1997 to A.
of energy savings will depend on a particular implementation, and Podlesny, G. Kristovsky, A. Malshin, “Multiport Register File
its estimation is a target of our current work. _ Memory Cell Configuration for Read Operation.”

There are additional energy benefits of implementing & CPU 101 1. Tremblay, B. Joy and K. Shin, “A Three Dimensional Reg-
as a collection of processing unit clusters. First, the energy effi- ister File For Superscalar Processors.”Boceedings of the
ciency of bypassing can be improved if we implement full bypass- 28th Annual Hawaii International Conference on System Sci-
ing within each cluster only. Second, by steering instructions that encespp. 191-201, January 1995.
access the same registers to the same cluster we increase the prolfil] V. Zvuban. P. Ko ,e “The Eneray Complexity of Redister
ability that operand values of these instructions are correlated, and F.ilesy” Not;e bamgegCéE Technicaﬁné{e ortpNo 9y7-l2@cegw-
thereby reduce the average number of bit transitions at the inputs ber 1é97 P o
of functional units. Indeed, we observed% to 10% reduction in ) - ) ) )
the data switching activity at the inputs of functional units with the [12] V- Zyuban, P. Kogge, “Split Register File Architectures for

corresponding reduction in the data switching activity at the out- Inherently Lower Power Microprocessors,” IIHovv_er—Drlvep
puts of the functional unit of from2% to 14%. The reduction in Microarchitecture Workshop, in conjunction with ISCA'98
the switching activities at the outputs of local register files was even June 1998. available at http://www.cs.colorado.edgrun-
more significant, up ta7%, which could be used to further reduce wald/LowPowerWorkshop

the access energy to local register files.

310



