POWER, THERMAL, AND RELIABILITY
VIODELING IN NANOMETER-SCALE
MICROPROCESSORS

POWER IS THE SOURCE OF THE GREATEST PROBLEMS FACING MICROPROCESSOR
DESIGNERS. RAPID POWER VARIATION BRINGS TRANSIENT ERRORS. HIGH POWER
DENSITIES BRING HIGH TEMPERATURES, HARMING RELIABILITY AND INCREASING LEAKAGE
POWER. THE WAGES OF POWER ARE BULKY, SHORT-LIVED BATTERIES, HUGE HEAT SINKS,
LARGE ON-DIE CAPACITORS, HIGH SERVER ELECTRIC BILLS, AND UNRELIABLE
MICROPROCESSORS. OPTIMIZING POWER DEPENDS ON ACCURATE AND EFFICIENT
MODELING THAT SPANS DIFFERENT DISCIPLINES AND LEVELS, FROM DEVICE PHYSICS, TO

NUMERICAL METHODS, TO MICROARCHITECTURAL DESIGN.

«» s x s sSystem integration and perforimplications of power consumption
mance requirements are dramatically in-Figure 1 illustrates the relationships
David Brooks creasing the power consumptions amghong power consumption, temperature,
) ) power densities of high-performance micneliability, and process variation. Shaded
Ha[\[a[d U[]WE[SHV processors; some now consume 100 wditsxes indicate attributes that do not
High power consumption introduces chasignificantly influence others. Dashed boxes
. lenges to various aspects of microprocessdicate the processes by which one attri-
R[]hﬂl‘t P DICk and computer system design. It increaseshihée affects others. Dynamic and leakage
cost of cooling and packaging desigpower consumption are at the roots of many
RUSS JUSBI]I] reduces system reliability, complicates pgweblems.
. } er supply circuitry design, and reducesRapid changes in dynamic power con-
Northwestern UﬂWEfSl[V battery life. Researchers have recently drdnption (indicated by a solid box in
icated intensive effort to power-relatdeigure 1) can result in transient voltage
. design problems. Modeling is the essenfiaktuations as a result of the distributed
Li Shﬂ“g first step toward design optimization. In thisductance and resistance in off-chip and
. . . article, we explain the power, thermal, amh-chip microprocessor power delivery net-
I]”EE"S UﬂWEfSl[V reliability modeling problems and surveyorks. Theseldl/dt effects, indicated by
recent advances in their accurate adashed boxes in Figure 1, can change logic
efficient analysis. combinational path delays, resulting in
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has a tremendous impact on the fault
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and electricity cost microprocessor permanent faults. Modeling
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properties is thus essential for reliability,
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Figure 1. Power and its implications.
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Process variation

faults power consumption, and performance.
} + Process variation greatly influences the
~ = = = other power-related integrated circuit (IC)
Permanent | o | o . : . .
@dt/' (ﬂea}r/w faults Wear) characteristics explained in this article. It
T T influences transient fault rate via changes to
_*_\ y critical timing paths; permanent fault rate
Dynamic power (o Leakage power via changes to numerous parameters such as
consumption | Ve consumption wire and oxide dimensions; leakage power
i |—V + + consumption via changes in dopant con-
= = =N N centration; and dynamic power consump-
Reduced ! (Heat)—> Temperature <—(Heat) tion Y P P
| frequency | 8 i . . .
;q_ i/ i \—+ As Figure 1 illustrates, the relationships
* .- - N (o T among power, temperature, and reliability
i ity | i I are complex. Controlling power, tempera-
Parformance |e— Carrier mobility, Carrier plex. Lo gp >mp
i csholdhciEER | conceniiEt ture, and reliability requires modeling and
. . — Se— —
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optimization at multiple design stages as
well as runtime support.

Power modeling
Architectural power modeling before the

timing violations; this results in transienegister-transfer level (RTL) has gained
faults or requires decreasing the procegmmminence with the rising importance of
frequency. High dynamic power consumnergy-constrained portable devices and
tion implies high current density, resultinthermally constrained high-end machines.
in accelerated wear and permanent falltsderstanding the power characteristics
due to processes such as electromigrataomd ramifications of early-stage design
Dynamic power consumption producedecisions is essential, because architectural
heat, which increases microprocessor tetaeisions can have a huge impact on overall
perature. The effects of leakage powvpmwer efficiency, and serious missteps made
consumption are similar, with the exceptiaat the architecture level are often too
of dl/dt-related problems. In general, leakiifficult to correct at later stages in a design
age power variation is smaller than dynanpimject.
power variation. Both dynamic and leakageArchitectural power simulators are often
power consumption decrease battery lifghtly coupled with existing cycle-level
spans in portable devices and increase semahitectural performance models. Micro-
electric bills. architectural utilization information, in-

Both dynamic and leakage power increa$eding bit-level activity in some cases, is
temperature. Temperature profiles dependmbined with energy models for the power
on the temporal and spatial distribution afonsumption of microarchitectural blocks
power as well as the microprocessor’s camider various usage scenarios—for example,
ing and packaging solutions. High tempepower consumption with various amounts
ature increases charge-carrier concentfaactivity after applying power- or clock-
tions, resulting in increased subthreshadting techniques. Collecting utilization
leakage power consumption. In addition, information is not particularly challenging,
decreases charge-carrier mobility, decreasmgve focus on the more difficult task of
transistor and interconnect performanceeveloping power models for microarchi-
and decreases threshold voltage, increasantural blocks. Most existing efforts in this
transistor performance. Finally, temperatusieea can be broadly characterized as either
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tend to be reused in newer designs wiitt,t) is the power density of the heat
relatively small changes. As such, they samerce. To solve this differential equation
quite useful for exploration of the desigming numerical methods, we apply a finite-
space of existing microarchitectures that difeerence discretization method to decom-
similar to the original analyzed desigpose the chip and package into numerous
However, the models rely on complethiscrete thermal elements, which may be of
circuit simulation, which is generally slowonuniform sizes and shapes. Adjacent
In addition, flexibility is a major problemthermal elements interact via heat diffusion.
especially if a new process technologyE@ch element has a power dissipation,
a new microarchitecture is under investigamperature, thermal capacitance, and ther-
tion. Simple linear scaling of architecturlal resistance to adjacent elements. Thus,
parameters might not be accurate, and the

use of newer technologies often brings evehdT ()/dt + AT (1) = Pu(t) (5)

larger errors. . .
W]here thermal capacitance mairis anN

Microarchitects have widely used bo N di | o th | ductivi
analytical and empirical models to explo>r<e dlagona matrix, therma conc uctivity
g\trle is anN X N sparse matrix (t)

power-efficient architectures, and thedk

models are a critical building block fo;?ndP areN X.l tempgrature and'power
\(/?]ectors, and(t) is the unit step function. In

temperature and reliability modeling an . .
P y g is tutorial, we assume thatis constant

research. However, architects must uncfvt\e”rt—hin an analvsis interval but mav var
stand the limitations of the modelin y y y

infrastructure before attempting a detailg) tween analysis intervals.

quantitative evaluation. Later, we'll high- i hermal analvsi
light some future directions in the area feady-state thermal analysis ) )
power modeling that have the potential to Steady-state thermal analysis characterizes

address the accuracy and scalability conclffperature distribution when heat flow
of existing modeling approaches. does not vary with time. For microproces-
sors, steady-state thermal analysis is suffi-

Thermal mudeling and a"a|ysis cient for applications with stable power

IC thermal analysis requires the simuIB[Ofiles or periodically changing power

tion of thermal conduction from an IC’sprOfIIeS that cycle quickly.

power sources—that is, transistors aquorsteady—statethermal analysis, we drop

interconnects—through cooling packa e left term n .Equatlon 5 expressing
emperature variation as a function of time

layers to the ambient environment. Model-
. o t. Thus,
ing thermal conduction is analogous to
modeling electrical conduction—with ther-

mal conductance corresponding to electrical
_conductance, power dissipation Co”eSpo_”dTherefore, given thermal resistance ma-
ing to electrical current, heat capacifyiy o and power vectd?, the main task of
corresponding to electrical - capacitanggeaqy-state thermal analysis is to invert
and temperaj[ure corre.spondmg to voltaggyatrixA. The computational complexity of
The following equation governs thermakeady-state thermal analysis is thus de-
conduction in chips and cooling packagegsrmined by the size of matfixwhich is in
turn determined by the discretization gran-

IAT=P—>T=A’1P (6)

rcaT (Y =V x [K(F)VT (T,1)] ularity of the chip and the cooling package.
at 4)  Accurate IC thermal analysis requires fine-
+ p(rt) grained discretization. The size of makrix

is typically large. Matrices may be inverted
wherer is the material densityis the mass using direct or iterative methods. Matrix
heat capacityT (r,t) and k(f) are the inversion using direct methods, such as LU
temperature and thermal conductivity afecomposition, is sufficient for small ma-
the material at position and timet, and trices, such as those associated with models



that model functional units with singledynamic thermal analysis problem into the
thermal elementddowever, it is intractable frequency domain

for large matrices. Iterative methods permit

the solution of larger problems. Recently, C[sT(s) — T(07)] = AT(s) + P/s
researchers have used multigrid relaxation . -1 )
for steady-state IC thermal anaffsBach ~ 1(8) = —A (I —sCA™)
relaxation stage is responsible for eliminat- x[P/s + CT(07)]

ing errors in the frequency band corre-

sponding to the stage’s discretization gr@xpandingl(2 <CA%Y)?*ats5 0:
ularity. Although multigrid methods often

permit rapid convergence for linear systems L& N

our recent analysis shows no significantT(S) =—A 1{Z(SCA 1)
performance improvement from using mul- k=0 (9)
tigrid relaxation for steady-state IC thermal B

analysis, compared to an otherwise identical x[P/s + CT(0 )]}
iterative solver.

. . Thus, IC runtime temperature can be
Dynamic the_rmal analysis o accurately represented as an infinite series in
Dynamic thermal analysis is used Qe frequency domain. Because the long-
characterize the runtime IC thermal profilgne-scale impact of high-frequency com-
when transient variations are significarHonentS is negligible, truncating Equation 9
Researchers have applied time-domain g ignoring high-frequency components
frequency-domain methods to this problerp-,ekjs an analytical approximation.
Time-domain methods use numerical Time-domain and frequency-domain
integration to estimate the runtime IGnethods are each best suited to different
thermal profile. The targeted time interV‘"i‘hodeling scenarios. Time-domain methods
is partitioned into several time steps. If thg|y on numerical integration. Their run-
size of each time step is small enough, Njgy times increase with increasing time
can accurately estimate IC thermal trangiale, In addition, because approximation
tion within each time step using the finitearror accumulates, the accuracy of time-
difference temperature approximation fungomain methods generally degrades as time
tion scales increase. Therefore, time-domain
methods are most suitable for short-time-
h[Pu(t) — AT(1)] scale thermal analysis—that is, up to a few
c (7) tens of milliseconds. Frequency-domain
+ T(b) methods, on the other hand, approximate
an IC runtime thermal profile using
whereh is the time step size. Numericanalytical solutions, avoiding the need for
integration comprises a broad family efumerical integration. However, the one-
methods, which are typically classified ¢ime computational cost of deriving the
the basis of the approximation error bounenalytical approximation is high. Moreover,
Well-known numerical integration methodsequency-domain methods ignore high-
include Euler's method, the trapezoidal metihequency components, introducing short-
od, Runge-Kutta methods, and Runge-Kuttime-scale errors. Therefore, frequency-
Fehlberg methods. Fourth-order Runge-Kutimain methods are more appropriate for
methods are popular because of their accutang-time-scale thermal analysis—that is,
and speed. more than a few milliseconds.
Frequency-domain methods estimate a run-
time IC thermal profile using approximatédaptive thermal analysis
analytical solutions, thereby avoiding repeatedhe major challenges of numerical IC
numerical integration. As Equation 8 showthermal analysis are high computational
we use the Laplace transform to translate tiienplexity and memory usage. High

T(T +h) =
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flow can thus guarantee convergence and
correctness. The major challenge of existingr1g,,, — Aewm 6 (10)
thermal-leakage analysis flow is high com- n

tational lexity, which significantl . .
putational complexity, which -sighitican %{hereAEM is a constant determined by the

thermal analysis and power analysis physical characteristics of the metal in-
' rconnect)] is the current densitfaegy is

A recent study shows that highly efficielft N a=v
and accurate temperature-dependent Ieaﬁgﬁeacwat'on energy of electromigratfon,

power analysis is possible using coarse-gré%_@& empirically determined constant, and

thermal modeling. Leakage power depends 'S the temperature.

mainly on IC thermal profile and circuit 1hermal cyclingefers to IC fatigue
design style. Despite the nonlinear dependelfibires caused by thermal mismatch de-
of leakage power on temperature, within tfgrmation. In- the chip and package,
operating temperature ranges of real ICs, udy§§acent material layers such as copper and
a linear leakage model for individual fundowk dielectric have different coefficients
tional units results in less than a 1 percent efghrthermal expansion. As a result, runtime
in leakage estimation and permits more thHiermal variation causes fatigue deforma-
four orders of magnitude reduction in analydign, leading to failures. The following
time relative to an approach relying ofduation gives the MTTF due to thermal

detailed accurate thermal analysis. cycling:
Power- and temperature-related MTTE. — Arc 11
microprocessor reliability T = Toverage — Tammen)®

As Figure 1 shows, power and its by-
products are now a great threat to the
reliability of microprocessors. High poweavhereArc is a constant coefficieMyerage
consumption translates to high temper& the chip average runtime temperature,
tures: a recipe for permanent faults due TQ,,iendS the ambient temperature, and q is
electromigration and other failure processge Coffin-Manson exponent constant.
Rapidly changing power consumption of Time-dependent dielectric breakdewn
components supplied by resistive and ifers to deterioration of the gate dielectric
ductive power delivery networks results [iyer. This effect is a strong function of
transient voltage fluctuations and therefaggmperature and is becoming increasingly
transient faults. Soft errors are also becosfominent with the reduction of gate-oxide
ing an increasingly important source of Igelectric thickness and nonideal supply
reliability problem&.However, the focus of yoltage reduction. The following equation

this article is power consumption, and moglyes the MTTF due to time-dependent
soft errors are orthogonal to power COgielectric breakdown:

sumption.
] 1 (a—bT)
Modeling permanent power- and temperature- MTTFrpps = Atpps (—)
related faults A (12)
For IC permanent faults, major failure e

mechanisms include electromigration, ther-
mal cycling, time-dependent dielectric
breakdown, and stress migratfdf. whereArppg is a constany is the supply
Electromigratiomefers to the gradualvoltage; and, b, A, B and C are fitting
displacement of the atoms in metal wir@arameters.
caused by electrical current. It leads to voidsStress migratioefers to the mass trans-
and hillocks within metal wires that resuftortation of metal atoms in metal wires due
in open- and short-circuit failures. Théo mechanical stress caused by thermal
following equation gives the mean time tmismatch among metal and dielectric
failure (MTTF) due to electromigration: materials. The following equation gives the
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MTTF due to stress migration: reliability estimation is a goal that remains
just slightly out of grasp, but toward which
MTTFsw = Asm|To — T| " research is rapidly progressing.
Easu (13)
X @ kT

Modeling transient power-related faults

whereAgy is a constantT, is the metal In recent years, there has been increased
deposition temperature during fabricatioflterest in microarchitectural support for an
T is the runtime temperature of the metdicreasingly important reliability concern,
layer, n is an empirically determined®OWer supply noise. The circuits on high-
constant, and.sy is the activation energyPerformance chips place stringent demands
for stress migration. on the power delivery infrastructure re-
Equations 10 to 13 indicate that IC faulgPonsible for satisfying current demands
processes are strongly influenced by teffd maintaining reference voltages. Power
perature, and in many cases are expong#ply integrity is essential because even
tially dependent on it. As a result, it appedfynor deviations in power or ground
that detailed and accurate thermal modelifgference levels can introduce noise or delay
is necessary for reliability estimation. Soffi0 critical signal transitions, leading to an
of these fault processes are also acceletdte@foverable error. Noise reduction is
by increases in other parameters relatedlificult due to parasitic inductance in the
power, such as current density and voltagewer delivery system. Whenever the pro-
The most dangerous fault processesCRSSOr current demands vary, the transient
microprocessors accelerate as a resulto@fl causes voltage fluctuations given by the
wear, and this complicates reliability modell known equatiok 5 L(dI/dt), wherel
eling and analysis. Several researchers Igdit¢ value of the inductor adtidt is the
assumed that microprocessor fault proce$atss of change of the current. This relation-
are Poisson processes and have used &pp-gives inductive noise its informal name,
nential distributions to model them. Expothe dl/dt problem.
nential distributions are mathematically Interest in microarchitectural support has
convenient because they permit the additigfPwn because of the increasing difficulty
of the rates of different fault processef mitigating noise through conventional
operating on different components to dé&venueS-*" Traditionally, microarchitects
termine the failure rate of the entirdave addressed inductive noise by reducing
microprocessor. However, they do neffective inductance or by adding capaci-
model wear, which is generally requirdéance on die or in the package to dampen
for accurate reliability modeling. out the noise. However, the voltage noise
The log-normal distribution better mod<olerance of future processors will decrease
els prominent microprocessor fault pr@t a rate that outstrips our ability to remove
cesses because it models the increasthdrparasitics or add capacitance. In partic-
failure rate with increasing wear. Howevelar, current processor designs use consider-
this property complicates system-level ma@dble on-die capacitance; they might devote
eling. There is no straightforward methogls much as 15 to 20 percent of die area to
of deriving a closed-form expression for thecoupling capacitors. Although on-die
failure rate of a microprocessor composedapacitors are very effective at dampening
numerous components for which lognductive noise, they consume leakage
normal fault process models are usguhwer and die area because they are
Therefore, some microprocessor reliabilitpplemented as nonswitching transistors
estimation work assumes exponential fawith large gate capacitances. Furthermore,
processes, which may be inaccurate; otinefuture designs, absolute voltage tolerance
work uses Monte Carlo simulatibror will decrease as the supply voltage scales,
techniques based on statistical curve fittimgnd load transients will increase as total
each of which may be slow. At presempwer increases. Consequently, the rate of
efficient and accurate system-level lifeticieange for load curremti{dt) will increase,



and the allowable variation in supply

voltage will shrink. 100 - -
Microarchitectural techniques seek to =3 . f\mm mmm

limit inductive noise by controlling the rate o el O A e R A

at which load current changes. They do this o

essentially by smoothing out or altering the R iss | L2 miss L1 miss L2 miss

processor's current profile to eliminate < 1.05 YNy Y

problematic load transients. These tech- = 1.00 - ot

niques can reduce the burden on traditional > 0.95 m

circuit and package solutions for inductive 0.90 : :

noise. 100 200 300 400

Time (CPU cycles)

Impact of frequencylhe severity of in- (@)
ductive noise depends not only on the

magnitude of transient current, but also on 2100 e fe e e e b e
the frequency range over which it changes. S 50 ‘ } ‘ } { } l J l }
Conventional power supply systems consist 3 L L e

of a complex network of die, package, and 0

motherboard capacitances, inductances, and = 110 - - - - :
resistances. Specific current variation pat- <8105 /"\\ /’\\ /’\\ /’\\ /f\\
terns excite these elements to different S 1.00 A A Y A S A
degrees. Mid-frequency noise in the range § 0.95 JoNS N\ N\ Y

of 50 to 200 MHz and high-frequency 2 090 T .

100 200 300 400

noise near the processor clock rate have .
Time (CPU cycles)

achieved the most attention in the literature. (b)
Mid-frequency noise is associated wit"~

pacllzage mdUthance thst reacts \;1VIth die & Figure 2. Noise impact of different current consumption patterns: an
package capacitors whenever the proce execution sequence from 164.gzip, which does not hit a resonant

current varies Wlthlh _the prOblﬁma“C Tr_e frequency (a), and a trace from a dl/dt microbenchmark, which features
quency r_ange. Variations at these critic severe |LP variation and mimics a resonant pulse (b).
frequencies are problematic because t

allow resonance to build in the power
delivery network, producing violent swings
in supply voltage. High-frequency noise = .
produces sharp, localized fluctuations in df-this simple model, the R, L, and C values
chip supply voltage. These high-frequen‘é not correspond to any specific physical
noise patterns arise when processor ex&@ments in the real system, rather they are
tion resources have abrupt changes &ffective values that consider the composite
current demand that cannot be adequat&ifects of all elements in the network.
serviced by neighboring on-chip or in- The dominant characteristic of mid-
package capacitors and solder bump céigguency models is resonance. The most
nections to the off-chip network. We focuroblematic load profile is a pulse pattern at
here on mid-frequency noise becausethe natural frequency of the RLC network,
provides the greatest opportunity for archiamelyfs 5 1/2r(LC)*2. In current pro-
tectural solutions. cessors this translates to alternating patterns
of on/off activity on the order of many tens
Mid-frequency modelResearchers in thgo about one hundred processor cycles.
electronic packaging community have ch&igure 2 illustrates this phenomenon, show-
acterized the overall response of the powwy the impact of a nonresonant current
delivery system as a second-order linksd and a resonant current pulse train,
systeni® which we can essentially represemhich has a far more significant noise
as a single lumped resistance-inductaniogpact. Architecture-level phenomena such
capacitance (RLC) underdamped netWorkas cache misses and variations in instruc-
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tion-level parallelism (ILP) can producemance and power. This involves combining
bursty current behavior at this frequenanalytical and empirical transistor models,
range if they are sequenced in an ucifcuit structure characteristics, and statisti-
fortunate manner. cal principles that relate physical uncertainty
Microarchitectural simulators with supto architecturally visible characteristics.
port for cycle-by-cycle power estimates can
model the impact of mid-frequency inYariation under statistical distributions
ductive noise. In essence, the processorBhysical variation at the transistor level
total current load can be assumed to be ¢ésn be modeled according to statistical
instantaneous power divided by the ide&lationships. Researchers and microarchi-
supply voltage. In an actual circuit, a retcts often use a combination of analytical
supply voltage droop would cause curranbdels and Monte Carlo simulations to give
draw to decrease, making division byodeled transistor parameters the appropri-
a constant value a conservative estimate. statistical distributions. Dopant ion
However, dividing by varying voltage woulcbncentration is normally modeled as
be unnecessarily pessimistic. This instargasaussian distribution. Under this model,
neous current can be related to varyitigere is no correlation between any pair of
supply voltage through filter techniques thainsistors in the design. On the other hand,
use convolution to relate a history of curregate length has strong spatial-correlation
consumption to voltage® or through propertied? Because of localized imperfec-
circuit simulation that directly models théons in lithography, neighboring transistors
RLC networlk’ In either case, models caare likely to have similar gate-length devia-
be extended to capture higher-order powtems. As the distance between transistors
delivery system effects through use of a mioieases, correlation decreases liffearly.
complex convolution filter or a detailedhis is most frequently analyzed using

circuit model. Monte Carlo simulations. The die is mod-
) o eled as a collection of grid sections. All
Mudellng process variation transistors within a section are assumed to

Parameter variation is an unavoidabiave identical parameter variation. Research-
consequence of continued technology sk have used several methods, including
ing. The impact of random and systematigerarchical methodsnd convolution ker-
variation on physical factors such as gats’* to assign parameter deviations to
length and interconnect spacing will haveighboring blocks. An alternative to using
a profound impact on performance aniflonte Carlo simulations is to model
power consumption. In current designsystematic components of leakage variation
foundry-induced physical deviations alreatfyough an empirically derived gate-length
produce significant die-to-die variation. Ideviation modeP. This approach is useful
particular, industry data for a high-perfoifor average case studies but cannot capture
mance processor in 180-nm technologyobabilistic aspects of leakage variation.
shows that individual dies produced with
the same fabrication equipment can haveflelsting Vr variation to microarchitecture
much as a 30 percent die-to-die frequencyPerformance and power variations at the
variation and a 20 leakage power variatransistor level are dominated by effective
tion.2! The International Technology Roathreshold voltage, which is in turn de-
map for Semiconductgnstp://www.itrs. termined by drawn gate length and dopant
net) predicts that manufacturing variabilitgoncentratio®® Process variations in either
will have an increasing prominence iof these physical factors will cause devia-
future designs. tions inVyy and lead to conflicting impacts

Current architecture-level models farn performance and leakage p&ieower
process variation have focused on deviatieffective threshold voltages caused by short
in effective threshold voltage,)  and gate lengths or over-doping decrease delay
attempt to relate physical uncertainty im a roughly linear fashion but lead to an
this highly influential parameter to perforexponential increase in subthreshold leakage



current. Deviations that increagaeduce In the near future, several problems are
leakage with the penalty of increased delikely to arise in these modeling domains.
Although v; variation can also affect Inthepower-modelimgalm, the move to
dynamic power, its impact on leakag&noscale technologies will break down
power dominates and has been the primdirgditional circuit-scaling theory, exacerbat-
focus of power models for parametérg the difficulties associated with analytical
variation. dynamic- and leakage-power modeling.
At the gate level, we can model the effeEtgthermore, asymmetric and heteroge-
of varying threshold voltage analytically Beous chip-level multiprocessors (CMPs)
empirically. Analytical models use devitdll lead to an increased diversity in
models to relate physical variation in criticglicroarchitectures and accelerator cores,
parameters, namely gate length and cditing the utility of empirical modeling
centration of dopant ions to calculatBPProaches. As more designers explore
effective threshold voltage. Based on &&Ny-core and heterogeneous core systems,
effective threshold voltage, we can comp@fgver-modeling tools will need to incorpo-
the leakage current using Equation 3.  fate better estimates for interconnect and
Likewise, we can use the well-knoviPmbinatorial logic structures. To address

Alpha power law to model the effect dhese challenges, future power'-modeling
threshold voltage on transistor delay: ~ @PProaches might rely on a mixture of
analytical and empirical modeling tech-

td oc Vpp / (Voo — V™) (14) niques, to leverage the advantages of both.
Increasing IC integration and power

Together, these equations govern tHensity will bring newthermal-modeling
relative impact of process variation at t§gallenges. Moreover, the changes that
transistor level and form the basis fé¥ew fabrication processes, materials, and
analytical models. For leakage, existif@oling solutions bring to thermal models
architectural models provide baseline le¥®ll require advances in analysis to permit
age power on a component basis. TgHiciency and speed. For instance, the
analytical models project how leakage scdfe@'mal properties of stacked 3D ICs will
For performance, the impact &, can differ greatly from conventional 2D ICs,
also be related to architectural structufd high power density remains one of the
Within each pipeline stage, the number 8faior 3D integration challenges. I.ncreaslng
critical paths determines the minimurfflicroprocessor power density will require
frequency of the stagjen essence, a |argélovel coellng solutions such as mlcroc.han—
number of critical paths increases tf§! cooling or nanotube thermal vias,
probability that one of the paths will p&equiring multiresolution modeling down
slow and hence decreases the clock freqigfe micrometer or nanometer scale.
cy. Architectural models for critical path MOSt system-levebllablhty 'modelare
count can be derived from circuit StruC(jenved using statistical techniques based on

ture? In particular, we can use hardwar_%mp'”cal models. These statistical approx-

description language (HDL) descriptions éﬂlatmnsd canl_cli)etneﬂt %rear;tly ;‘rom cah?ra—
processor designs to count critical paths ign and validation. - Technology scaling
rther increases the importance and chal-

each stagé.Spice-based empirical mOde‘gnges of reliability modeling. Reduced

offer another alternative. Detailed simul?— : B o
. . oo eature size will increase the vulnerability
tion on either complete circuits or repre-

. : . .~ of individual devices and interconnects.
sentative sections can determine the |mp4?ﬁt . .
Is will require models that capture the

on power and performance. .
system-level impact of nanoscale compo-
nents while permitting efficient analysis.
Continued technology scaling anéHowever, increasing integration density
emerging directions in design wiltomplicates the development of accurate
change the problems of power, thermahicroarchitectural reliability models. Future

reliability, and process-variation modelin@MP architectures also present additional
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opportunities for per-core power-down and
dynamic voltage and frequency scaling,
leading to additionall/dt noise challenges. 4.

To effectively modeprocess variations
architects will need to improve the accessi-
bility of their models and adjust them to
keep pace with manufacturing trends. 5.
addition, architects will have to develop
unified models that better capture couplings
between power, performance, and reliability
aspects of variation. Although Monte Carlo
variation analysis is relatively easy to apgly
for power-performance studies, it does not
offer the same intuition and insights that
analytic models can. Mathematical models
that are easily parameterizable but can
capture probabilistic characteristics such as
mean, variance, and skew could be extreme-
ly beneficial.

Power-related design challenges have
become a critically important topic for8.
computer architects and system designers.
Microarchitectural design requires detailed
models of power-related phenomena. As
advanced design techniques and fabricatién

Power Electronics and Design (ISLPED 04),
|IEEE CS Press, 2004, pp. 212-217.

J.A. Butts and G.S. Sohi, "'A Static Power
Model for Architects,” Proc. Int’l Symp.
Microarchitecture (MICRO 00), IEEE CS
Press, 2000, pp. 191-201.

W. Ye et al.,, "The Design and Use of
SimplePower: A Cycle-Accurate Energy
Estimation Tool,” Proc. 37th Design Auto-
mation Conf. (DAC 00), ACM Press, 2000,

pp. 340-345.
D. Brooks et al, "“New Methodology
for Early-Stage, Mlicroarchitecture-Level

Power-Performance Analysis of Micropro-
cessors,” IBM J. Research and Develop-
ment, vol. 47, no. 5-6, 2003, pp. 653-670.
K. Skadron et al., “Temperature-Aware
Microarchitecture,”” Proc. Int’l Symp. Com-
puter Architecture (ISCA 03), IEEE CS
Press, 2003, pp. 2-13.

P. Li et al.,, "Efficient Full-Chip Thermal
Modeling and Analysis,” Proc. Int’l Conf.
Computer-Aided Design (ICCAD 04), IEEE
CS Press, 2004, pp. 319-326.

Y. Yang et al, "Adaptive Multi-Domain

process changes reveal new power-relatedThermal Modeling and Analysis for Inte-

phenomena, power, thermal, reliability, and
process-variation models will require ongo-
ing improvement. MICRO
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