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ABSTRAT

In this paper we presenta methodto efficientlyidentifythe on-

chip hot spotsin ULSI circuits. A setof mathematicaformulae
were derivedin analyticalformssothatlocal tempeatureinfor-

mationcan be fetched quickly. Theseformulaewere basedon

the Greens functionanderror functionapproximation,andthe
resultingequationswetre further simplifiedto a tractablelevel

by assertingdifferent constaints. Experimentalresult shows
that this methodis able to accumatelylocatethe hot spotswith

little time compleity. It is particularly usefulfor tempeature-

driven circuit maco placemenin early chip designphase for

which a large numberof designiterationsis neededand simu-
lation efficiencyis mud required.

|. INTRODUCTION

Overtheyears the state-of-the-artechnologiedave continued
to pushthe ULSI chipsto higherclock speedandpackingdensi-
ty. Thespeedequirementausesarge powerconsumptiorand
high packingdensityresultsin large power density(power per
unit area).Onedirectimpactof theincreasingoower densityis
thedramaticon-chiptemperatureise. For a chip undernormal
operatingcondition, the temperaturgise canbe asmuchasa
few tensof degreesabove the ambienceWithout goodthermal
engineeringsignificantlynon-uniformtemperaturelistribution
canleadto considerabl®n-chiptemperaturgradient. Thetem-
peratureiseandtemperaturgradienthasstrongeffectsonboth
chip performanceandreliability. Although mary researchef-
forts have beenfocusingon the developmentof low power and
new packagedesignfor betterIC reliability, thermalproblems
continueto grow anddemandmoreattention.
Someresearchvork hasbeendoneearlierto addressheelec-
trothermalproblemsin the device level andthe small-scalén-
tegrated(SSI) level by developingthe computeraideddesign
(CAD) tools [1][2]. The attemptat providing the electrother
mal simulationcapability at the VLSI level wasintroducedin
ILLIADS-T [3]. Most of the existing electrothermasimulators
focuson accuratelycalculatingthetemperatureat the expense
of simulationtime. In this paperwe present new fastthermal
analysismethod,which hasbeenincorporatednto the thermal
simulationframeworkin ILLIADS-T . It focuseson the on-chip
hot-spotidentificationin an extremely efficient way. The hot
spotinformationcanbeusedto pinpointthelocationswith high
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temperaturesor reliability concerns.It canalsobe usedto fa-
cilitate the adaptve meshgeneratiorprocesdor the numerical
3D thermalsimulatorin ILLIADS-T.

Il. THERMAL ANALYSIS FRAMEWORK

A. Badground
The generaheatdiffusionequationfor temperaturealculation
is [4]
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subjectto the generakthermalboundarycondition:

aT(x,y,21)

k(%2 T)—3-
{

+hT(xy,zt) = fi(x,y,2). (@)
In (1) and(2), T is temperatureg is power densityof the heat
source(s)k is thermalconductvity, p is densityof material,cp
is specificheat,h is heattransfercoeficient betweerthe objec-
t undersimulationand the ambience,fi(x,y,2) is an arbitrary
function, andn;j is the outward directionnormalto the surface
i. The detailsof the boundarycondition specificationcan be
foundin [3].

B. Fastthermalanalysis(FTA)

For aVLSI chip containingalarge numberof heatsourcesthe
exact numericalmethodcan be very expensve. In the early
chip designphase especiallywhen no specificpackagenfor-
mationis givenor thethermalboundaryconditionsarenotfully
characterizeda fastthermalanalysismethodemphasizingon
the hot-spotidentificationis, therefore muchneeded We have
developeda new fastthermalanalysis(FTA) tool to meetsuch
needs.

The FTA approachis basedon the factthat, the dimensions
of the gate-lvel or subcircuit-level heatsourcesn aVLSI chip
are small comparedwith the chip size. Thusall heatsources
canbeviewedaslocatedin arelatively infinite body. Consider
apointsourcein achipasshowvn in Fig. 1(a). SincelCs havea
passvation layer, thetop of the chipis insulated.We therefore
have a boundaryvalue problemwith infinite dimensionin the
x-y planewhile with semi-infinitedimensionin thez direction.
Moreover, the boundarycondition(BC) atz= 0 is % =0.
To find the temperaturesubjectto this specificgeometryand
BCs,we usethemethodof imagesanalogouso theelectromag-
neticsproblemq5]. We addanidenticalheatsourcesymmetric
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Figurel: Methodof images.

with respecto z = 0 andremove theinsulatingboundary Now
theproblemin Fig. 1(a)is transformedo thatin Fig. 1(b).

The Greens function solution G(r,t|r’,T) to the heatdiffu-
sion equationfor the point sourcein Fig. 1 canbe derived as

G(r,t|r’,T) = Gx- Gy - G, where
_ (x—x)?
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wherea is the thermaldiffusivity. We formulatethe resulting
temperatureise above the ambienceat obsenationpointr due
to parallelepipedheatsourcewith dimensionsaax b x cas

Lol Lo

wherethe coordinateorigin hasbeenchosento be at the cen-
ter of the sourceand P is the sourcepower. To proceedwe
integrate(4) by usingerrorfunctions:

aPy
k(abc)

G(r,t|r', T)dvdt, (4)
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wherethe obsenationpointis setto beonthechip surface(z=
0),and

San) = lert; ) vert; S )

Gly,b1) = %[ f(z\;/zl +erf( \727”))] and

G(0,c,T) = erf( (t T)). (6)
Defining 41 = 2(a/2+x), 42 = 2(a/2—X), B1 = 2(b/2+Y),

B, = 2(b/2—Yy), and C = 2c¢, alongwith the changeof vari-
ables,(5) canberecastas

AT(oy01) = 4,(‘2:;@/[ (4r)+ef(4f)1
lerf( 4—\/ﬁ)ﬁLerf W) erf( \/_)dr (7)

In orderto perform the integrationin (7) analytically we
piecavisely linearizethe errorfunctionsby [6]

erf(x) 2x//T for x< /T2,

1 for x>+/m/2.
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By definingta = 42/ (410), tap = 42/ (4T001), tpy = B2/ (4TO0),
te = B2/(4T), andtc = C?/(4m), we have the approxima-
tionsin Tablel, wherem= 0 for 4, > 0 andn = 0 for B, > 0,

Figure2: Transformationconstrairntheobsenationpointto the
first quadrant.

Figure3: Transformationronstrairt,; to belargerthanty;.

otherwisem = 1 for 4, < 0 andn = 1 for B, < 0. To obtain
the analyticalsolutionof (7), we needto reducethe numberof
possiblepermutationg120)of ta1, ta, th, the andtc. To achieve
this, we asserthefollowing six constraints:

1. x>0y>0

2. (34023 N= 22> =ta >t

3 S+y) >y =B B =t >ty

4. 28+X)>2x= B> CP=ta >t

5 284y >2c= B> =ty >t

6. ta1 >tpy

Constraintg2) and(3) arestraightforvward algebraically Con-
straints (4) and (5) are valid becausethe thicknessof heat
sourcesis in the order of 0.1um which is much smallerthan
the physicaldimensions(i.e., a x b) of a logic gateon chip.

Constraint(1) is equivalentto transformingall the obsena-
tion pointsto thefirst quadranby usingthesymmetricproperty
asgraphicallyshovn in Fig. 2. To satisfy Constraint(6), we
usethe coordinatetransformatiorasshowvn in Fig. 3. With the
above specifiedconstraints(7) nowv becomegractable.In oth-
erwords,the precedencef ta1, ta, thi, th2, andt; mustbelong
to oneof the eightcaseshown in Fig. 4. We have derivedthe
analyticalsolutionsfor all cases.Propersolutionswill be used
during simulation,dependingon the geometryandthe size of
the heatsource,aswell asthe relative locationsbetweenthe

heatsourceandthe obsenationpoint.

For a VLSI chip with n heatsourcesthe temperatureise at
the centerof sourcei is obtainedby consideringthe heatdif-
fusion from sourcei, plusthat from othern— 1 sourcesusing
superposition:

n—-1
ATE=AT(O) + Y AT(riot), )
k=1



Tablel: Errorfunctionapproximations.
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Figure5: FTA example.

where AT? is the temperatureise at the centerof sourcei,
ATi(0,t) is the temperaturgise dueto i itself, and ATi(rk,t)
is thetemperatureise dueto sourcek. AT;(0,t) and ATi(r,t)
canbothbefoundby combining(7) with oneof theeightcases
in Fig. 4. Take Fig. 5 asan example,whereone sourcewith
power B is locatedat (0,0) while the otheronewith power B
is at(3,2). To find thetemperaturegise at the centerof sourcell
duetosourcd (i.e., AT(rg,t) in (9)), weobsenrethatit belongs
to casel wheretgy > tpg >ty > tap > te. Thustheintegration
in (7) at steadystate(t — ») canbecalculatedas

ATi(%3,0,0) = %:LC)(M* \/@)'(4+2Iog(%)) _

(Viozte + viake) -2Iog(%) for m=1andn=1, (10)
where(x,y) = (3,2). Similarly, thetemperatureise at the cen-
ter of sourcell dueto selfheating(i.e., ATi(0,t) in (9)) canbe
foundsinceit is justaspecialcase(tay = tap > th1 =t > tc) of
case3: ,
| a c

ia [2+Iog(g)— H].
Finally, the steady-statéemperatureise at the centerof source
Il canbeobtainedaccordingto (9), as

AT”(0,00) =

(11)

AT = AT (0,0) + ATi(3,2,0,). 12

Mathematicalformulation of the FTA methodis basedon
the closed-formGreens function with the assumptiorof semi-
infinite boundarycondition. In practice this assumptioris not
totally valid dueto the existenceof packageandheatsinkin a
chip. Therefore thetemperatureise in (9) bestrepresentshe
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Figure6: Chip structureandheatsourcelocations.

relative valueinsteadof the absolutetemperatureise. Howev-
er, the FTA methodprovidesa quick estimateof the tempera-
turedistribution. Thisis particularlyusefulwhenthe numberof
heatsourcess largeor whenalargenumberof repeatedhermal
simulationsareneededlt is alsousefulwhenthe chip package
specificationis notknown in the early designphase.

I1l. EXPERIMENTAL RESULTS

Among differentthermalsimulationmethodsthe FTA method
is primarily usedfor fasthot-spotidentification. In orderto
obsene how accuratelythe FTA methodcan identify the hot
spots,we performedthefollowing experiment.Considera chip
containing 10 heatsources,all with dimensionsof 50um x
50um. The sourcesare confinedwithin the area(sourcearea)
with dimensionsf 500um x 500um, andthedistancebetween
the boundaryof the sourceareaandthe chip’s bondingpadis
500um asshowvn in Fig. 6. The heatsourceswere randomly
placedandthe powervaluesfrom 10 mW to 100mW wereran-
domly assignedo the sourcesandthis processwas repeated
for 50 times(i.e., 50 tests). We claim thata violation happens
in atestif thehotspotidentifiedby the FTA methodis different
from theoneidentifiedby our numericaimethoddevelopedear
lier. The numberof violation andthe violation rateamong50
testsusingthe FTA methodare showvn in the secondandthird
rows of Table2 for differenth (heattransfercoeficientin (2))
values.AThgy_spa representtheaverageadifferenceof theactual
temperaturesf thetwo distincthot spotsidentifiedby the FTA
andnumericalmethodsfor all violatedtests. The datashovn
in Table?2 revealthata violation occursonly whenthe two hot
spotshave very closetemperatur&alues whichis insignificant
for reliability concerns.

To demonstrat¢he advantageof FTA whenthe problemsize



Table2: Violation rateby usingthe FTA method.

[ h[W/m?-K] [ 5,000 [ 8,000 | 10,000 15,000 [ 20,000 | 25,000 [ 30,000 | 35,000 ]
# violation 4 5 5 4 4 6 3 3
Violation rate (%) 8 10 10 8 8 12 6 6
ATha_spt [ °CI 11 0.83 0.6 0.8 0.35 0.75 0.21 0.16
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Figure7: Speedumf FTA over numericalmethod.

increaseshoth FTA andnumericalmethodareusedto identify

the on-chiphot spotsamongall heatsourcesThe speedugac-
tor of FTA over the numericalmethodwith increasingnumber
of heatsourcess plottedin Fig. 7. In the numericalsimulation,
onegrid line is assignedor eachheatsourcein bothx andy di-

rections.Thisis to assigna minimum numberof gridsrequired
to calculatethetemperaturef heatsources.

Another experimentis performedon a prototypechip with
theunit-level layoutshowvn in Fig. 8. Eachunit containsseveral
functionalunit blocks(FUBSs),andthe powervaluesweregiven
for all FUBs. Therearetotally 510FUBsin this chip. Thesym-
bolsH andC in Fig. 8 representhe mostsignificanthot and
cold spotsidentifiedby FTA, while H andc representhe less
significanthot andcold spots.The hot spotsarecausedorimar
ily by placingtwo or more high power-densityFUBs in close
proximity. Theresultagrees/ery well with the detailednumer
ical simulationwith packagemnodeling [7], which is computa-
tionally expensve. By usingFTA in theearlychipdesignphase,
it is possibleto interchangehelocationsof hot andcold FUBs
in orderto ensuramoreuniformon-chiptemperaturgrofile and
thusbetterreliability.

As afinal remark,the efficiengy of the iterative meshgen-
erationtechniqueemployed by our numericalmethoddepends
on the initial guessof the numberand locationsof the mesh
grids[3]. Chip areawith largertemperaturegradientoftenre-
quiresmoregridsfor betteraccurag. Currentlythe FTA routine
hasbeenincorporatednto our numericathermalsimulatorasa
preprocessoto estimatethe temperaturgradient,which help-
s to determinea betterinitial guessof the grids andtherefore
facilitatea moreaccurateandefficient thermalsimulation.

Figure8: Unit-level layoutof a prototypechip.

IV. CONCLUSION

In this paper we presentedh novel thermalanalysismethod-
FTA. This methodwas developedto quickly find the on-chip
hot spotsfor potentialreliability concernsFTA is basednthe
Greens functionanderrorfunctionapproximation With prop-
er mathematicaimanipulationandconstraintassertionconcise
analyticalformulaewerederivedfor fasthot-spotidentification.
The FTA methodis ableto accuratelylocatethe hot spotswith
comparatiely little time complexity.
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