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ABSTRACT

As thermal problems become more evident, new palsiesign
paradigms and tools are needed to alleviate therorporating
thermal vias into integrated circuits (ICs) is @mpising way of
mitigating thermal issues by lowering the therneslistance of the
chip itself. However, thermal vias take up valeatiluting space,
and therefore, algorithms are needed to minimizsr thsage
while placing them in areas where they would mdle= dgreatest
impact. With the developing technology of thremensional
integrated circuits (3D ICs), thermal problems expected to be
more prominent, and thermal vias can have a laimgpact on
them than in traditional 2D ICs. In this paperrthal vias are
assigned to specific areas of a 3D IC and useddjosiatheir
effective thermal conductivities. The thermal v@acement
method makes iterative adjustments to these thermal
conductivities in order to achieve a desired maxmtemperature
objective. Finite element analysis (FEA) is useddrmulating
the method and in calculating temperatures quicklysing each
iteration. As a result, the method efficiently &sles its thermal
objective while minimizing the thermal via utilizan.

Categories and Subject Descriptors

B.7.2 [Integrated Circuits]: Design Aids -Placement and
routing; B.7.1 [Integrated Circuits]: Types and Design Styles —
Advanced technologies

General Terms
Algorithms, Performance, Design, Experimentation

Keywords
3-D IC, 3-D VLSI, thermal optimization, temperatutieermal
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1. INTRODUCTION

As the technology node progresses, chip areas amdlengths
continue to increase, causing such problems aseased
interconnect delays, power consumption, and tenyeraall of
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which can have serious implications on reliabilipgrformance,
and design effort. Three dimensional technologgnapts to
overcome some of these limitations by stacking ipleltactive
layers into a monolithic structure, using speciabgessing
technologies such as silicon-on-insulator (SOlwafer bonding
[1]. By expanding vertically rather than spreadiogt over a
larger area, the chip space is better utilizeder@gunnects are
decreased, and transistor packing densities areased, leading
to better performance and power efficiency [2]. spiee the
advantages that 3D ICs have over 2D ICs, thernfattsf are
expected to be more pronounced because of highererpo
densities and greater thermal resistance along tiisatpation
paths. With the advent of better processing teldyies for 3D
ICs, design tools are needed to realize their fiollential and
overcome thermal and efficiency issues. Currersige tools
used for 2D ICs can not be easily extended to 3B |2]
especially when taking into account thermal effects

The idea of using thermal vias to alleviate therpralblems was
first utilized in the design of packaging and pethtcircuit boards
(PCBs). Leeet al. studied arrangements of thermal vias in the
packaging of multichip modules (MCMs) and foundttha the
size of thermal via islands increased, more heatoval was
achieved but less space was available for routdg Li studied
the relationships between design parameters andthéenal
resistance of thermal via clusters in PCBs and aqgiok [4].
These relationships were determined by simplifghgvia cluster
into parallel networks using the observation theathtransfer is
much more efficient vertically through the thickadhan laterally
from heat spreading. Pinjakt al performed further thermal
characterizations of thermal vias in packaging [5].

Chianget al first suggested that “dummy thermal vias” can be
added to the chip substrate as additional eletlyritsolated vias

to reduce effective thermal resistances and paientiermal
problems [6]. A number of papers have addressegadtential of
integrating thermal vias directly inside chips t&duce thermal
problems internally [6,7,8,9]. Because of the malglectric
layers, thermal problems are greater and thernaal @an have a
larger impact in 3D ICs than 2D ICs. In additianterconnect
structures can create efficient thermal conduits greatly reduce
chip temperatures.

It has become of particular interest to design cigffit heat
conduction paths right into a chip to eliminatediied hot spots
directly. Despite all the work that has been danevaluating
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thermal vias, thermal via placement algorithms lacking even
with 2D ICs. As circuits and temperature profilesrease in
complexity, efficient algorithms are needed to aately

determine the location and number of internal tteéres. The
thermal via placement method presented in this pamses
designated thermal via regions to place thermals vaand

efficiently adjusts the density of thermal vias each of these
regions with minimal perturbations on routing. time design
process, thermal via placement can be applied pliseement and
before routing.

2. THERMAL VIA REGIONS
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X

Figure 1. Uniform density of thermal viaswithin aregion.

N

In order to make the placement of thermal vias nmoa@ageable,
certain areas of the chip are reserved for platiegmal vias. In
thermal via regions as shown in Figure 1, a unifalensity of
thermal vias is used, and the thermal via placenadgarithm
determines the density in each of these regiomsa 8D IC as
shown in Figure 2, these regions are evenly pldmidieen the
rows in a standard cell design.
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Figure2. Thermal mesh for a 3D IC, with thermal viaregions.
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The thermal via regions are composed of electyidatilated vias
and are oriented vertically between the rows. déesity of the
thermal vias determines the thermal conductivitytiaf region
which in turn determines the thermal propertiethefentire chip.
They are generally obstacles to routing exceptégions which
require only a low density of thermal vias. Placthermal vias in
specific regions allows for predictable obstackesduting. The
density of these routing obstacles is limited iy particular area
so that the design does not become unroutablalsdtallows for
regularity and uniformity in the entire design pees.

The value of the thermal conductivit§, in any particular
direction corresponds to the density of thermalsvihat are

arranged in that direction. Increasing the nundfehermal vias

in one direction does increase the thermal condbgctin the
other directions but at an order of magnitude Id3st simplicity,
the interdependence can be considered to be ragligind the
K's in the x, y, and z directions can be considered to be
independent to a certain extent.

Current integration technologies for producing 3Cs Iresult in
the layers being closely stacked together and #wgd space
being tightly compressed in the direction. In addition, the
location of the heat sink in relation to the heairses produces a
heat flux that is primarily downward in directioritkvvery minor
lateral components. Furthermore, with the thermal regions
being oriented vertically, lateral thermal vias Wbinave little
effect. As a result, lateral thermal conductitign thex andy
directions) are generally unchanged by this methechuse the
thermal gradients in the verticak) (direction are almost two
orders of magnitude larger than in the lateral dioms. In this
paper, the method will be developed for all thrgedfions, but
for the reasons outlined above, only verticallyeoted thermal
vias will be considered in the implementation aeslits.

3. TEMPERATURE CALCULATION
At steady state, heat conduction within the chipstate can be
described by the following differential equation:

0T 0T 0T
ny+ Kyy+ K2¥+Q(x,y,z)-0 (1)
where T is the temperaturek,, K,, and K, are the thermal
conductivities, andQ is the heat generated per unit volume. A
unique solution exists when convective, isothermahd/or
insulating boundary conditions are appropriatelplag. The
nature of the packaging and heat sink determinesbthundary
conditions. The FEA method from [10] was usedténperature
calculations in these experiments. An overviewhef method, as
applied to 3D ICs, is presented in the remaindéhisfsection.

3.1. FEA Background

In finite element analysis, the design space & fiiscretized or
meshed into elements. An example of an 8-node heehal
element is shown in Figure 3. The temperaturesa@ilated at
discrete points (the nodes of the element), ande¢hmperatures
elsewhere within the element are interpolated usingeighted

average of the temperatures at the nodes.
4
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Figure 3. An 8-node hexahedral element.

For an 8-node hexahedral (rectangular prism) elemére
following interpolation function is used:

Tloyd= (K = Y e @



where N ]=[N; N, Ns |, {}={t; t tg} ", 1 is the
temperature at nodeandN,; is the shape function for nodeThe
shape functions are determined by the coordinatesthe
element’s centerx{ Y., z), the coordinates at the nodes, ¥;,
z), the width,w, height,h, and depthd, of the element.
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e

From the shape functions, the thermal gradieg}, §an be found
as follows:
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Similar to circuit simulation using the modified dal

formulation, stamps are made for each element ddeédito the
global system of equations. In FEA, these stanmescalled
element stiffness matricesk], and can be derived as follows
using the variational method for an arbitrary eletigpe [11]:

[ke]= [J] [eT [0 e Jov ©
K, 0 0

where[D]: 0 Ky 0 | andK,, K,, andK, are the thermal

0 0 K,
conductivities in the, y, andz directions.

3.2. Application of FEA

For a right prism with a width of, a height oh, and a depth o

as shown in Figure 3, the element stiffness magixgiven in
Equation (6) as an 8x8 symmetrical matrix with r@msl columns
corresponding to the nodes 1 through 8 [10].

[+A +B +C +D +E +F +G +H]

+B +A +D +C +F +E +H +G

+C +D +A +B +G +H +E +F

+D +C +B +A +H +G +F +E

k] = (6)
+E +F +G +H +A +B +C +D

+F +E +H +G +B +A +D +C

+G +H +E +F +C +D +A +B

+H +E +D +B +A

+G +F +C

Kehd , Kywd  Kwh o Khd  Kywd  Kowh

where A= ,B=
9w oh od 9w 18h 18d
c=- Kehd _ Kywd L Kawh D= Kehd _ Kywd L Kawh
18w 18&h 36d ' 18w oh 18d
Eo Kehd Kywd Kwh ___Khd N Kywd  K,wh

18w 18h ad
G=_K«hd Kywd  K,wh =
36w 36h  36d

18w  36h  1&d
Kend  Kywd K, wh
36w 18 1ad

For the entire mesh, the elements are alignedyiidgpattern with
nodes being shared among at most 8 different elesmeiihe
element stiffness matrices are combined into a alatiffness
matriX, [Kgonal, by adding the components of the element
matrices corresponding to the same node togetfi¢re global
heat vector, {P}, contains power dissipated or rgeateration as
represented at the nodes. This is produced byidishg the heat
generated by the standard cells among its clogeltsn A linear
system of equations is produced,q[KJ{T} = {P} with {T}
being a vector of all the nodal temperatures.

3.3. Isothermic Boundary Conditions

Isothermic boundary conditions are applied to theba matrix

using the following procedure [11], and this resuit a reduced,
nonsingular system of equations. Rows and colurtiret

correspond to fixed temperature values within thabg matrix

are eliminated, as are corresponding values irptwer vector,
and the remaining values in the right-hand sidetoreare

modified using the fixed temperature values. Ba@neple, given
the following system:

A1l T R

- - @)
Ao1iAxn (T, P,

A1, A, Az, and A, represent arrays of elements in the global
stiffness matrix. Tare the unknown temperatures, andie the
fixed temperatures. jRire the known power values corresponding
to the unknown values,;Tand B are the unknown power values
corresponding to the known values;. T This system can be
reduced as follows:

[A1fTa} ={R} - [AsfTo} (8)

Ai1 is a nonsingular matrix, ;Tcontain the unknowns, and the
right-hand side is vector of constants so thisdineystem of
equations can now be solved.

3.4. Meshingthe3D IC

In this method, 3D ICs are meshed into regionsnfefes) as
shown in Figure 2. Vertically (in the direction), the chip is
separated into bulk substrate, layer, and intezfl@jements. The
bulk substrate is located at the bottom attachetthe¢oheat sink.
Above the bulk substrate elements are the layeriaied-layer

elements. In a 3D IC, the inter-layers are comgadganter-layer

vias and bonding materials that connect the laj@ysther, and
the layers contain the device and metal levelsandistors, the
primary sources of heat, are located at the botibeach layer in
the row regions. In standard cell designs, ceals @aced into
rows with inter-row spaces between them. Theser-imw

regions are necessary to accommodate interconrtigseen

different layers. Some of the inter-row regions cserve as



thermal via regions. They can be represented wjikcial
elements in the FEA mesh with variable thermal cotidities.

4. ITERATIVE THERMAL VIAMETHOD
For a given placed 3D circuit, an iterative metheas developed
in which, during each iteration, the thermal cortilities of
certain FEA elements are modified so that thermablems are
reduced or eliminated. Thermal vias are geneyicatlded to
elements to achieve the desired thermal conduetvitThe goal
of this method is to satisfy given thermal requiests using as
few thermal vias as possible, i.e., keeping therntaé
conductivities as low as possible.

4.1. Updating the Thermal Conductivities
During each iteration, the thermal conductivitigsttlermal via
regions are modified. These thermal conductivitieflect the
density of thermal vias needed to be utilized witthe element.
The new thermal conductivities are derived fromealement FEA
equations. Using Equation (6), we get:

(ke ={p} ©)
where {} are the nodal temperatures in the element grjdafe
the fractions of the nodal heat that transverse {rarticular
element. Under the reasonable assumption thhtdpes not
change between the old and new values, we getdite@ving
expression:

[kC]new{t}new = [kC]old {t}old (10)

If we multiply Equation (10) by%[l -1-111-1-1 1]

Mg 1-111-1-1, and X111 -1 -1 -1 -1,
wd wh

respectively, we obtain the following relations:

K ReWALRew = K Cld ptold (11)
Kyoatpe” = KAt (12)
K Dewatnew =  ld a0l (13)
Where At = (50— 1o~ 9%+ (W4 eV g0ew e ghew

Atgld :tgld —tfld _tgld +t§|d +t2|d _tgld _tgld +t?|d

At;ew: tSeW+t1neW—t2eW—tgeW+tEeW+thW—tgeW—t9eW

At;ld =t8ld +tfld _tgld _tgld +t2ld +tgld _tgld —t?ld

At?ew = t86W+ t]l'-'IeW+ tgew+ tgew_ tzew_ tgew_ tgew_ tyew

Atgld =t8ld +tfld +tgld +t§|d _tgld _tgld _tgld —t?ld
The thermal gradientgew = {0 9,"*" ¢,"*"% and gow = {8,
9,°¢ g%, are functions of the positionx,(y, 2), in the element,

and at the center of the element, Y., z.), they are equal to:

Id
new Athw old At)?
— ’ = 14, 15
Ox aw Ox aAw ( )
thew At0|d
new _ 2ty od _ 7y
- ’ - 16, 17
=Y T (1647
new old
ghew = At old _ Atz (18, 19)

4d V¢ 4d

Onew IS the desired new thermal gradient, apg is the original
thermal gradient of the element. The niig can be found by
combining Equations (11)-(19):

KneW: K)?IdAt)(()Id - K)?Id g)C()|d (20)
X
AthW g)r(vaw
old p;old old ,old
new _ Ky Aty - Ky gy (21)
y Athew gnew
X X
Id Id Id ,old
KQeW: K(z) Atg - K(z) gg (22)

Atr;ew ng'IeW

{9 9,"" 9,"} is chosen so that its component magnitudes are
closer to some ideal thermal gradient valig,, than g%, g,°,
9.2 using the following equations:

old| \?

Ox
9% | = Gideal (23)
X V1 ea Yideal

old
9y

9y™"! = Gideal (24)
‘ y“‘ cea Gideal

old
9z

97°"| = Gideal (25)
Z% ea Yideal

where ggea IS @ nNonnegative value and is a user defined
parameter between 0 and 1. If the magnitude obttehermal
gradient is belovgigeq, the value is increased towagge, for the
new thermal gradient. If the magnitude of the dermal
gradient is abovegjseq, the value is decreased towag,. If the
magnitude of the old thermal gradient equls,, then the value
isn’t changed. This causes thés to be decreased when the
thermal gradient is belowises and increased when the thermal
gradient is abov@ges. This process works to eliminate major
sources of thermal impedance in areas of greagst thansfer,
but when the element is not on a critical heatismlpath, theK’s
are decreased to eliminate unnecessary thermal vias

Combining Equations (20)-(25) yields the formulased for
updating the thermal conductivities during eactatien:

g0 La

ke = kg = (26)
Yideal

goId
y

Kye"= K| = 27)
Gideal

goId
z
K7o"= K3 (28)

Yideal

The ideal thermal gradientg,ea, Must be chosen and adjusted
specifically to satisfy some desired thermal oliject Initially it
is set to the magnitude of the average thermaligmgdand in
order to achieve a desired maximum temperatures itpdated
during each iteration according to the followingiation:

ideal

Gideal = Jideal — 2 (29)

Tm ax




Table 1. Thermal Conductivities of Thermal Vias Regions

Layer Interlayer Chip Average
Thermal Percent Thermal Percent Thermal Percent
Conductivity Thermal Conductivity Thermal Conductivity Thermal
Vertical | Lateral Via Vertical | Lateral Via Vertical | Lateral Via

Minimum 111 2.15 0% 1.10 1.10 0% 1.11 2.06 0%
Midrange 100.33 3.21 25% 50.71 1.31 12.5% 96.13 53.0 23.9%
Maximum | 199.55 5.75 50% 100.33 1.65 25% 191.14 5.40 47.9%

where Trir?aefl is the desired maximum temperature dpgy s the lateral directions for thermal via regions havirggtically oriented

maximum temperature from the last iteration. K& timaximum
temperature was too low in the previous iterati@pey IS
increased. Likewise, if the previous maximum terapge
exceeds the desired maximum temperatgge, is decreased to
lower the thermal effects.

4.2. Thermal Via Density

As stated earlier, the thermal conductivity of arthal via region
is determined by its density of thermal vias. Aftkermal via
placement determines the thermal conductivities,thiermal via
densities can be derived. Individual thermal \des assumed to
be much smaller than the thermal via region, ananged
uniformly within the thermal via region, and charte effective
thermal conductivity of the thermal via region. e€Tpercentage of
thermal viasm, (also called thermal via density) in a therma vi
region is given by the following equation:
m= M

wh

wheren is the number of individual thermal vias in theiom,
Auia is the cross sectional area of each thermalwis, the width

(30)

of the region, andh is the height of the region. The relationship

between the percentage of thermal vias and thetiefevertical
thermal conductivity is given by:

Kgﬁ =mKyjq + (1_ m)KIZayer (31)
where K,y is the thermal conductivity of the via materialdan
K,2¢ is the thermal conductivity of the region withoahy
thermal vias. Using this equation, the percentzfgldermal vias
can be found for an,™" provided thak,® < K,""< Ky

K new _ Klayer
_ V4 Z

m K. _Klayer
via z

(32)

In this implementation, only the vertical thermanductivities
will be optimized using Equation (28). Equatio2§) and (27)
will not be used for updating the lateral thermahductivities
because the thermal vias are only oriented velidal these
experiments. During each iteration, the new varttithermal
conductivity is used to calculate the thermal vémsity, m, and
the lateral thermal conductivities for each thermialregion. The
effective lateral thermal conductivity can be founding the
percentage of thermal vias:

el = | Jm
K" = K§ﬁ - ﬁ_m)K|;)é?;| + 1-ym  Jm
i SR

layer .
KIateral Kvia

(33)

Figure 4 and Table 1 show the relationship betwbenthermal
vias density and the thermal conductivities in thetical and

thermal vias. In Figure 4, Equations (31) and (&8)e used to
plot the relationship between the percentage afrbkvias in a
thermal via region and its effective thermal cortdifies. As
you can see, the vertically oriented vias (as showRigure 1)
produce a much greater effect in the vertical tlconductivity.
In Table 1, the minimum, midrange, and maximum rtiadr
conductivity values are given. In the midrangeecdle average
of the minimum and the maximum thermal via dengélpues was
used.

The Relationship between Thermal Via Density and Thermal Conductivity
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Figure 4. Percentage of thermal viasvs. thermal conductivity.

5. IMPLEMENTATION

In the thermal via placement method shown in Fighrethe

thermal gradients are used to update the thernmalumtivities of

the thermal via regions. The thermal gradientarapared to an
ideal thermal gradient value which is modified darieach
iteration so that the maximum temperature convetges given

a ideal

ideal maximum temperaturé, 5, .

MAX TEMP OPTIMIZATION( T,d¢a)

{
SET K's TO MININUM
CALCULATE THERMAL PROFILE
WHILE NOT CONVERGED
FOR EACH THERMAL VIA REGION
{
) K= K( 9gll Gigea)"*
CALCULATE THERMAL PROFILE
Oideal = Jideal Trﬁgfl ! Trax
}
}

Figure5. Thermal via optimization to a max. temperature.



Table 2. Relationship between Thermal Via Density and Thermal Effects

Benchmark Circuit Thermal Via Densities of Thermal Vias Regions
Minimum (0%) Midrange (23.9%) Maximum (47.9%)
name ce l IS n etS Tave Tm ax gave Tave Tm ax gave Tave Tmax gave
struct 1888 1921 154 58.9 186E+Q5 10.9 35.0 5t64E| 10.4| 31.3| 4.08E+04
biomed 6417 5743 14.4 46.0 1.72E+05 10.5 241  409E 10.0| 20.2| 3.37E+04
ibm01 12282 11754] 142 451 1.71E+05 10.1 262 ExD& | 9.6 22.7| 3.36E+04
ibm04 26633 26451| 13% 540 151E+05 10.0 2b5 E0Z | 9.6 21.4| 2.98E+04
ibm09 51746 50679] 13.8 53.0 1.56E+05 10.2 2b.8 E4BB | 9.8 21.4| 3.04E+04
ibm13 81508 84297 14.4 478 1.84E+05 10.3 2B.6 BtB4 | 9.7 19.3| 3.55E+04
ibm15 158244| 161580 151 528 2.01E+D5 1p.5 2B.5 78E504 9.9 20.6| 3.83E+04

The thermal via placement algorithm is initializey setting all

K’s to their minimum values and by calculating tleenperature
profile. The temperature profile is calculated ngsiFEA,

described earlier in Section 3. This gives theperatures of the
nodes and thermal gradients of the elements. dh garation of
the main loop, the thermal conductivities of theerthal via

regions are modified, and the temperature proffléhe chip is

recalculated. For each thermal via region, theicadrthermal

gradient,g, at the center of the element is calculated. i@

magnitude of the thermal gradient, a new vertidadrmal

conductivity is calculated using Equation (28) wittset to 0.5.
If the new thermal conductivity exceeds the minimwm

maximum value for that element, it is modified be tvalue of the
bound that it exceeds. Using the new vertical rtiabr
conductivity, the thermal via density and laterdiermal

conductivities are also updated using Equationy &84 (33).

TheK'’s are adjusted so that the maximum temperatureappes
a specified value by modifying the ideal thermadient during
each iteration based on the current maximum terhpera The
algorithm terminates after the 1-norm of the chaing€’s is less

than some sma#l > 0. The value oﬂ',iﬁgf' should be less than the

maximum temperature when all tKés are minimized and greater
than the maximum temperature when all Kie are maximized.

In these experiments, th idéex"’" values were obtained by using

the maximum temperatures from the case wherealhtrmal via
regions were given the midrange values as showialie 1. This
gives a maximum temperature value that is greaijyced from
the case where no thermal vias were used and m®val
comparison to the case where all the thermal \geones are given
the same via density. In practice, it would befuls® use the

maximum allowable operating temperatureTi2' .

6. RESULTS

The program was written in C++ and run on an |Rehtium 4
2.8 GHz machine with Linux. The conjugate gradsiver with
ILU factorization preconditioning from the LASPagiackage
[12] was used in our program to solve the FEA systeof
equations. The thermal via placement method wstedeusing
benchmark circuits from the MCNC suite [13] and M-

PLACE benchmarks [14].

The bulk substrate thickness was set to B@0 the layer
thicknesses were set to firid, and the interlayer thicknesses were
set to 0.pm. Four layers were used, and the chip size wasl fi
at 2cm x 2cm with the cell sizes adjusted accotginghermal

via regions were even distributed between the reamnd given
10% of the total chip area. The thermal conduttiof the silicon
in the bulk substrate was set to 150W/mC, and lieental vias
were assumed to be copper with a thermal condugctiof

398W/mC. The thermal conductivities used in thyetaand inter-
layer elements are shown in Table 1. Thermal ggions had
variable thermal conductivities ranging from thenimum to

maximum values given in Table 1. All other elensensed the
thermal conductivities corresponding to the latenaidrange
values.

A random power distribution was used with 90% oé ttells
having power densities ranging from 0 to 2 X ¥/m? and 10%

of the cells having power densities ranging from’ to 4 x 16
W/m?.  The bottom of the chip was made isothermic viita
ambient temperature to represent the heat sinktfedop and
sides of the chip were made insulated in ordeinlgte the low
heat sinking properties of the packaging. The amtbi
temperature was set t6@ for convenience, but the temperatures
can be translated by the amount of any other arhbredesired.

In the first set of experiments, thermal via deasitwere
increased from their minimum to maximum values, &hd
change in the temperatures and thermal gradiersoiserved as
shown in Table 2. In this tabl&,,. is the average temperature,
Tmax IS the maximum temperature, agg. is the average thermal
gradient. The thermal via regions were given #mae minimum,
midrange, and maximum thermal conductivity valuesnf Table
1. The minimum values correspond to the case whertermal
vias are used. The maximum values correspond tdnman
thermal via usage. In the midrange case, theriaalegions were
given thermal via densities that were the averdgaeominimum
and maximum values. In Table 2, we can seen th#teathermal
via densities of the thermal via regions were iases, the
temperatures and thermal gradients decreased.teffy@eratures
and thermal gradients in the minimum and maximusesalefine
the bounds on the thermal values that can be autafrom
adjusting the thermal via densities. At the midearwith an
average thermal via density of 23.9% in the thermmlregions,
the maximum temperatures were 47.1% lower and Weeage
temperatures were 28.3% lower than in the caseenm@ithermal
vias were used.

In Table 3, thermal via placements were obtainemhgushe
maximum temperatures from the midrange case (iteT2bas the
objective. In this tableK,,. is the average vertical thermal
conductivity of the thermal via regions, amd is the average
density of thermal vias in the thermal via regiofifie thermal via
placement method was very accurate in achievedh#éxsimum



temperature objective. Maximum temperaturdsg,,, were
obtained within an average of 0.05% of their dekiideal
maximum temperatures. On average, thermal vieeplaat used
only a thermal via density of 11.9% in the thermial regions in
order to obtain these maximum temperatures. Thaans that
50.3% fewer thermal vias were needed with therrizapiacement
than in the midrange case to obtain the same mawimu
temperatures. These maximum temperatures weré&dlawer
than in the case where no thermal vias were uskd.these
experiments, thermal via regions were assignechlty 0% of the
chip area, and thermal vias required only 11.9%hif area. In
all, thermal vias occupy only 1.19% of the totalpcarea, and it is
expected that routability would be minimally affedtfrom this
small amount of blockages.

Table 3. Thermal Via Placement

Bench- Max. Temp. Optimization toqax of Midrange

mark Run
Circuits | Kave m Tave | Tmax Qave Time

(sec)

struct 349| 85%| 114 350 7.97E+Q4 3.9
biomed 50.1 9.2% 109 2401 6.91E+(Q4 18|2
ibm01 57.1| 14.1% 10.3 26.2 5.58E+(Q4 1941
ibm04 51.6| 12.7% 10.3 26.5 5.16E+(Q4 4311
ibm09 51.1| 12.6% 103 26.8 5.40E+Q4 61/5
ibm13 59.8| 14.8% 10.3 23.6 5.85E+Q4 134.0
ibm15 459 11.3% 10.9 26.5 7.44E+Q4 191.5

0.015

0.015

Figure7. Thethermal profile of struct after thermal via placement with thermal vias regions superimposed.



Temperature profiles before and after thermal Vacgment are
shown in Figures 6 and 7 for the struct benchmarkFigure 6,
the heat sink is located at the bottom of the chifg temperature
contours are superimposed on the standard celed ifRlicates
areas of high temperature, and blue represents avedow
temperature. As you can see, the temperaturesaseras you go
away from the heat sink toward the upper layers tamérd the
middle of the chip. After thermal via placement si®wn in
Figure 7, the temperatures are greatly reduced.

In Figure 7, the thermal via regions are superiradosn the
resulting temperature profile after thermal via cplment is
performed. Thermal via regions are representesirad| squares
arranged in a grid pattern. The percentage ofrthkvias in the
thermal via regions is represented by its color. refl square
represents a thermal via region with maximum thérmas

utilized. A blue square represents a thermal egion with

minimum thermal vias utilized. The colored con®around the
thermal via regions represent the temperaturese heat sink is
located at the bottom, and the thermal via regioere of greatest
strength at the bottom of the chip where the thegradients are
the highest and the most impact can be made ircirglthermal

problems. However, at the top of the chip wheeetémperatures
are the highest, the thermal vias are minimallydusén these
areas, the thermal gradients are quite low arld litipact can be
made there.

7. CONCLUSION

An efficient thermal via placement method was pmése that
attempts to overcome the thermal issues productteidesign of
3D ICs. The resulting placements have lower teatpees and
thermal gradients with the use of thermal vias ke minimum.
In these experiments, thermal via placement use3%@dewer
thermal vias to obtain the same 47.1% reducticthénmaximum
temperatures that were obtained using the simpéthod where
all regions were blindly given the same midranga densities.
The iterative method modifies the thermal conduiitis of
thermal via regions in order to satisfy a maximwmperature
requirement.  Each thermal conductivity corresponds a
particular percentage of thermal vias in the thérme region.
There is a tradeoff between reducing thermal effentd the
percentage of thermal vias used as seen in Tablén@re is also a
tradeoff between routing space and thermal via espahich
results in a tradeoff between thermal problems emdability.
An important observation is that placing thermalsvin areas of
high temperature such as on the upper most layelitia impact
in reducing thermal problems. This algorithm pkateermal vias
where they will have the most impact using thertrargradient
as a guide. High temperatures can only be redogedleviating
the high thermal gradients leading up to them. Thermal
resistance of these heat conduction paths is negumi lowering
the thermal conductivities of elements along it.
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