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Abstract:

This report describes STiMuL, a model and software for Stesidte temperature in multilayers. STiMuL
is primarily intended for modeling steady-state heat catidn in microprocessors and their packaging.
STiMuL can be used to model temperature in 2D and 3D circtat® 2D power density maps provided by
the user. It can also be used to obtain power density mapstémperature maps. The STiMuL software is
publicly available. This report describes the theoretivatel and its software implementation. It explains
how to use the software and provides some examples of titiliza
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STiMuL : un logiciel de modélisation de la temggrature en régime
permanent dans les multicouches - Description et manuel disateur

Résune : Ce rapport décrit STiMuL, un modele et un logiciel pourdaipérature en régime permanent
dans les multicouches. STiMuL est destiné principaleradatmodélisation de la conduction de chaleur
en régime permanent dans les microprocesseurs. STiMulLgbeuutilisé pour modéliser la température
dans les circuits 2D et 3D a partir de densités de puisdanceies par 'utilisateur. Il peut aussi étre utilisé
pour obtenir la densité de puissance a partir de la teatpés. Le logiciel STiMuL est un logiciel libre. Ce
rapport décrit le modele théorique et sa mise en oeuwyieikdle. Il explique comment utiliser le logiciel
et donne quelques exemples d’utilisation.

Mots-clés : microprocesseur, modele thermique, températurenr@germanent, conduction de la chaleur,
densité de puissance
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1 Introduction

STiMuL is a model and software for steady-state temperatunsultilayers. It is primarily intended for
modeling steady-state heat conduction in microprocessmilstheir packaging. STiMuL can be used to
model steady temperature in 2D and 3D circuits from 2D povesrsity maps provided by the user. It
can also be used to obtain power density maps from tempenataps. The STiMuL software is publicly
available.

Section 2 describes the theoretical model (which is basgutenous work [9]) and its implementation.
Section 3 describes the structures and functions of the 8Iisbftware. Finally, Section 4 gives some
examples of utilization.

2 Solving Laplace equation in multilayers

2.1 Analytical solution

The usual way to model heat conduction is to solve a partfédréntial equation (PDE) with boundary
conditions (BCs), i.e., a boundary value problem (BVP).

For the case of steady-state heat conduction in a homogsisatropic solid with thermal conductivity
independent of temperature and with no heat source ins&ledlid, temperaturé'(z, y, z) in the solid
verifies Laplace equation [6] :

5 0*°T  9*T  O*T
viT= Ox? +8y2 + 022
wherezx,y,z are cartesian coordinates. Some materials, like silicamgta thermal conductivity which
varies significantly with temperature, which makes the PDE imear. In this case, it is usual to approx-
imate the problem by taking a fixed thermal conductivity esponding to the temperature range of the
physical problem, so that linear equation (1) applies (othethods are sometimes possible, like Kirch-
hoff’s transformation [6, 5]).

If the solid is heterogeneous but consists of several homamgs regions, we must solve Laplace equa-
tion in each region, with boundary conditions (BCs) on thdazes of separation between regions (most
often, conservation of heat flux normal to the surface andiroity of temperature, but other conditions
are possible).

There are several possible methods for solving BVPs thabeapplied to heat conduction problems.
The most general methods are finite difference (FDM) andefieiément methods (FEM). These methods
are generally computation intensive because accuratelimgaé 3-dimensional heat conduction in regions
of high heat flux requires a large number of nodes.

If the shape of the solid is simple, it is sometimes possiblage analytical methods [6, 19], i.e., to
search for an explicit solution to the BVP. When they apphglatical methods are often faster than FDM
and FEM. Perhaps more importantly, analytical methodselegively easy to implement and are easy to
use.

There is a particular case which can be used to model heatuctiod in integrated circuits : the
multilayer. A example of multilayer is depicted in Figure 1. A multilayeonsists of several layers of
possibly different materials, each layer being a cuboid.laders have the same dimension in thandy
directions (cf. Figure 1). The BCs on the surfaces perpetali¢o thez axis can be “complex” ones, e.g.,
prescribed temperatuf®(z, y) or prescribed heat flux(z, y) - @, (whereq is the heat flux vector and,
is the unit vector(0, 0,1)). For the analytical methods to apply, BCs on the laterasigthat is, surfaces
parallel to thez axis) must be “simple” ones, e.g., uniform temperature dalzeatic.

When modeling heat conduction in integrated circuits aedt frackaging, it is usual to neglect the heat
escaping through lateral sides, hence we assume adializdioBlateral sides :

0 )
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X "complex" boundary condtiot
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Figure 1: Heat conduction in a multilayer can be solved withlgtical methods.
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whereL, andL, are the layers dimensions in theandy directions respectively (see Figure 1).

Many researchers and engineers have used multilayers ahdieal methods to model temperature in
integrated circuits and their packaging, e.g., [10, 1464,1B, 18, 7, 3, 9, 8, 5, 20, 23, 21, 24, 25, 26, 22]
(the list is not exhaustive).

There are several possible methods for obtaining an ekpliclytical solution to the multilayer BVP.
We used the integral transform method [19, 17]. For a rectemnghape and adiabatic BCs on lateral sides,
the appropriate transform is a double cosine transform :

Lo pLy z y
= / / T(z,y,z) cos(n—m) cos(m—m) dzdy 3)

0 0 Ly L,
The transformed temperatuﬁeis inm?K. The inverse transform involves an infinite summatiomamd

m integers [19, 17]. It should be noted that

Lw LI x

o*T x nm\2 [L= z
| W(m,y,z)co&(n—ﬂ')dx:—<—) /0 T(x,y,z)co&(nL—ﬂ)da:

(integrate by parts twice and use BCs (2)). Consequentytrgmsform of2Z js

Ox?
Lo Y 82 xT Yy nmw\ 2~
/0 | W(m, Y, 2) cos(nL—mw) cos(mL—yw) dzdy = — (L_r) Thnom(2) 4)
Similarly, the transform of(?f—f is
v 9°T x Y mm\2~
S\N— 3 - = |\ 57 Tn m
/ / o7 (z,y, )cos(an ) cos(mLy ) dxdy ( I, ) om (%) (5)
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Finally, the transform 0%27{ is
Lo pLy 92 2
z Yy T ~
/0 ; 687 (z,y,2) cos(nl%w) cos(ml%w) dxdy = %Tn,m(z) (6)

Summing equations (4), (5) and (6), Laplace equation (19ies

O Frm(2) =72 X Toom(2) @)
922 n,m\Z) = Tnm n,m\%

with v, ., defined as

n\2 m\ 2
= (224 (1) ®
Like Laplace equation (1), the ordinary differential eqoat(7) holds within a single homogeneous layer.
Its general solution is

Tngn(Z) = Anm X e’)’n,mz + Bnm % e—’ynymz (9)

The unknowns4,, ,,, and B,, ,,, are uniquely determined by specifying BCs on the planesniitig the
layer (perpendicular to theaxis). These two planes arezat zy andz = z; = z9 + L., whereL, is the
layer thickness.

We consider two types of BCs : prescribed temperature arstpbed heat flux in the direction. The
heat flux vector isf = —kVT according to Fourier's law, wherke is the material thermal conductivity
(W/mK). The heat flux in the direction is

or
= i _‘Z = —k—
RQ=q-u ER
Q is in W/m?. The double cosine transform ¢fis
~ T B
Qn,m(z) = —ka— = —k"’/n’m [An,m X e'Yn.nLZ _ Bn,m X e 'Y'n,'mZ:| (10)
z

The transformed heat flu@ isin W. As emphasized in [9, 17, 23], it is convenient to view thatieh

between(T,, 1, (20), @n,m (20)) and (T m(z1), @n.m(z1)) as a two-port network (akguadrupole[17]).
Note that4,, ,,, andB,, ,,, can be written

17~ Qvn m(Zo) _
An m = = |:Tn m - . :| Tn,m20
7 2 7 (ZO) k’Yn,m c
171~ @n m(ZO)
Bn m — - |:Tn m ) :| Yn,mZ0
: 5 | In, (20) + o e

In matrix form, we have

fmm(zl) - ( COSh('Yn,mLz) _k%lmn Sinh(fyn,mLz) ) fn,m(zo)
Qn,m(zl) _k’Yn,m Slnh(’Yn,mLz) COSh(’Yn,mLz) Qn,m(z())

This corresponds to the “T” network depicted on Figure 2, nelie andQ are equivalent to voltage and
current respectively. The thermal impedanégs,, andV;, ,,, of the “T” network are

RT n° 0385
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Figure 2: Network representation for a homogeneous layesinsformed temperature and heat flux are
equivalent to voltage and current respectively.

cosh(Vn,mL;) — 1

Hyom .
K k'\/n,m Slnh(’Yn,mLz)
1
Vn m = .
’ k'\/n,m Slnh(’Yn,mLz)

Figure 3 shows an example of multilayer and its network esjaivt. Power sources are planar, i.e., infinitely
thin (W/m?). The double cosine transform of a soude;, y) is equivalent to a current source in the
network representation. On this examplg, h; andh, are thermal conductancesWi/m?K. Thermal
conductances can be used to model heat exchange with theranm@dium or imperfect contact between
layers. In the network representation, a thermal condeetarin 1W/m? K is represented by an electrical
resistancéd /h independent of. andm. It should be noted that a thermal conductance can be viesad a
infinitely thin material layer. A very thin layer of thickng4.. (small) and thermal conductivity can be
approximated by a thermal conductance
k
h = I (112)

We can obtain the heat flux or the temperature at any intesiaggly by solving an electrical network.

2.2 Double cosine transform and its inverse

The solution we obtain in the transformed spéaem) is the exact solution to the BVP. As mentioned
previously, the inverse of the double cosine transform (8blves an infinite summation om andm
integers.

In order to decrease the computation time, the transformitaridverse can be implemented through
discrete cosine transforms, for which efficient algorithares known.

Let us considei (z,y), which represents either temperatdrér, y), heat fluxQ(z,y), or power
sourcesy(x,y). The transform ofV is

L, Ly X
Wom = / / Wi(x,y) cos(niw) cos(miw) dxdy
' o Jo L, Ly
We discretize the plan@, L] x [0, L,] into a regular gri0, - - - , N, — 1} x {0,--- , N, — 1} with N,
andN, integers. Each grid element is a rectangle of $izg/N,) x (L, /N,). If the grid element is small

enoughJ¥V (z,y) is approximately uniform in each grid element dig ,, is approximately equal to

INRIA
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planar sources q(X,y)

ambient T,
h
Lz, | A hi ,
2
ambient T,
q
1/h, 1/h, 1/h,

Figure 3: Example of multilayer and its network equivalétianar power sources arelivi/m?2.

— No 1Ny 1 L. L D FE G FE
W = W(i—,j=2) /L cos(n—m) cos(m—=—m) dzdy
i=0 j=0 ® v Jige i~y z Yy
N,—1Ny—1
S L, .L, nmw 1 mm, 1
= Cam Wi i~) cos(5— (i + 5)) cos(5—=(j + 5)) (12)
— Pt y N, 2 N, 2
i=0 j=0 :
with C,, ,,, defined as
L,Ly .
Chm = N’I'NZ 51nc(2zr)51nc(2£1)

wheresinc(z) = sin(z)/x for z # 0 andsinc(0) = 1. That is,VA[?,gl7m/Cn,m is the type-II double discrete
cosine transform (DCT) of”. W can be recovered froi’’ by a type-Iil double DCT :

Nm—lNy_l =,

L, L, 1 W, m nw . 1 mm,. 1
I~ ) = nOm : -~ = — 13
VIR =y L 2 wom g eos(q i+ ) e G 5)  (9)

with op = 1 ando,, = 2 forn > 0. In practice, DCTs are implemented as Fast Fourier Tramsf@FFT).
If we take N, and N, sufficiently large, we can obtain an arbitrarily accuratenetcal evaluation of the
multilayer BVP solution.

RT n° 0385
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exposed surfaces

multilayer 1 z
multilayer 2 | /

multilayer 3

z

Figure 4: Example of 3-multilayer stack. We assume the (yers are centered, i.e., their centers lie on
a straight line parallel to the axis.

2.3 Multilayer stack

The analytical method described in Section 2.1 applies tmlgyers having the samk, and L, dimen-
sions. This method does not apply to structures like the apécted on Figure 4. We call the kind of
structure depicted on Figure dnaultilayer stack or stackfor short. The analytical method does not apply
here because the transform (3) dependé pandL,,.

Nevertheless, as emphasized in [9], it is possible to ol#aimccurate solution by using successive
approximations. The method we have implemented is verylaing the one described in [9]. During an
iteration, each multilayer is solved assuming approxingds. Solutions obtained during an iteration are
used to refine the BCs for the next iteration, and so on.

To simplify the implementation, we made the following asgtions. First, we assume that all multi-
layers are centered, i.e., that their centers lie on a $tréiige parallel to the: axis. This assumption is not
essential, but is sufficient for modeling processors. Secee assume thdt, andL, increase witte, i.e.,
multilayer 2 is wider than multilayer 1, multilayer 3 is widdhan multilayer 2, and so on (cf. Figure 4).
Third, on theexposed surfacese., the surfaces that are exposed to the ambient meoaaausedjacent
multilayers have different widths (cf. Figure 4), we assua@nvective boundary condition :

Q(l’y) = hp ¥ (Tg - Tn(l’y)) (14)

whereQ(z, y) is the heat flux in the direction,n > 2 is the multilayer rank7? is the ambient temperature
in this region (assumed uniform all over the exposed sujfaGgz, y) is the temperature on the exposed
multilayer surface, andl,, is a thermal conductance (aka heat transfer coefficient)im?K.

The method we have implemented works as follows. The BC omihiéilayer side in contact with a
smaller multilayer (side 0) is a flux BC. The BC on the multéagide in contact with a bigger multilayer
(side 1) is a temperature BC.

The iterative algorithm computes temperature on side O cf eaultilayer. Initially, this temperature is
set to a constant value. Temperature on side 0 of multilayggtermines the BC on side 1 of multilayer
n — 1 and, through formula (14), the heat flux on the exposed saidémultilayern. During an iteration,
solving multilayern — 1 provides the heat flux in the non-exposed zone of side O ofileydt n. This
way, we can solve successively multilayer 1, multilayer fltidayer 3, and so on. We call this ateration.

On iterationj, the old temperatur&;_, (z, y) on side 0 is replaced with the newly computed temperature

Tj(xmy) = T(Jj,y)

INRIA
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In the good case, only a few iterations are necessary to ocgave the solution. However, as noted in
[9], there are cases where, instead of converging, temperdiverges. This happens in particular when the
thermal resistance of multilayeris larger than the total thermal resistance from multilay&r multilayer
n — 1. The solution proposed in [9] is as follows. Instead of replg the old temperatur®;_; (x, y) of
side 0 of multilayem with the new temperaturg(z, y), we have

Tj(x7y) = OénT({L', y) + (1 - O‘n)ijl(xyy)

with o, €]0,1]. The value ofv,, must be small enough to ensure convergence. However, ad indi@,

the convergence time can be much longer for smallewvalues. We implemented a heuristic that tries to
find good values fory,, automatically. We found that, sometimes, different maijtdrs in the same stack
require differenty,, values.

3 The STiMuL software

The StiMuL software is publicly available [2]. It is implemid as a set of C functions. It uses the FFTW
library [11, 1].
3.1 Grid functions

The basic structure of the STiMuL software is tineéd, which is a 2-dimensional array of floating-point
values defined as follows :

typedef double stml_realtype;

typedef struct {

int nx;

int ny;

stml_realtype Vv[STMLGRIDMAX][STML _GRIDMAX];
} stml_grid;

The software provides several functions for manipulatiridgy The following function function allocates
a grid of sizenz x ny floating-point values and returns a pointer to it :

‘stml_grid * stml_grid_new (int nx,int ny); (

The grid can be freed with the following function :

‘void stml_grid_free (stmlLgrid *g); (

The following function sets grig uniformly to valueval :

‘void stml_grid_set(stmlLgrid *g,double val); (

The following function sets a part of griglto valueval. The part is a rectangle defined by the coordinates
(i1, 1) and(i2, j2) of two vertices defining a diagonal of the rectangle (theanegle sides are parallel to
the grid ones) :

‘void stml_grid_rectangle (stmlgrid «g,int il,int ji,int i2,int j2 ,double val); [

The following function sets grig dimensions towx andny and resets its value uniformly to zero.

‘void stml_grid_reset(stmlgrid *g,int nx,int ny); (

A grid g can also be viewed as a grid of x ny square cells of unit length. In this case, the value
g.v[i][j] represents the value at the point of coordinates?, j + 3) in the grid, i.e., the value at the center
of the cell. The following function returns the value of ggdat the point of coordinate&e, y), where
z € [0,nz] andy € [0, ny] are floating-point values (the value is obtained by lineterjpolation) :

RT n° 0385
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double stml_grid_read (stmlgrid »g,double x,double y);

The following functions return respectively the averagaximum and minimum value of grig:

double stml_grid_average (stmlgrid *g);
double stml_grid_max (stmlLgrid *g);
double stml_grid_min(stml_grid *g);

The following function prints grigy on the standard output :

‘ void stml_grid_print(stml_grid *g);

3.2 Multilayer functions

The stmi_multilayer type is a structure representing a multilayer, as depictédgure 1.
The following function allocates a multilayer and returrgaanter to it :

‘stml_multilayer * stml_multilayer_new (double Ix , double ly,int nx,int ny); (

Parametergz andly are the dimensions in meters in theand y directions respectively (see Figure
1). Parametenz andny are the dimensions of the grids associated with the mudtilayThe larger
nx andny, the more accurate the solution. The following functiorefr@ multilayerp allocated with
stml_multilayer_new :

‘ void stml_multilayer_free (stmLmultilayer *p);

3.2.1 Defining active layers

Active layers can be of two sorts : temperature or source. félh@wing function defines an isothermal
plane of temperature(in °C) in multilayerp :

void stml_multilayer_.isotherm (stmlmultilayer «p,double t,const char *xname);

wherename is a string for identifying the layer. This function can beedgo set a temperature boundary
condition. The following function can also be used to defineraperature boundary condition but is more
general :

void stml_multilayer-temperature (stmimultilayer «p,stml_grid *g,const char »xname);

where, instead of being uniform, temperature is specifigd awigridg whose dimensionsz andny must
match the multilayer ones. Functior&nl_multilayer_isotherm and stml_multilayer_temperature
can be used only to define outside boundary conditionsthe first and/or the last layer in a multilayer.
They cannot be used inside the multilayer.

The following function defines a heat source plane :

void stml_multilayer_.sources (stmimultilayer *p,stml_grid *g,const char xname); (

where the planar sources are specified with a grigpresenting a 2-dimensional power density in watt
per meter square (parametersandny of g must match those of). Functionstml_multilayer_sources
can be used to define a heat flux boundary condition (i.e., vgberces lie on the outside boundary). It
can also be used to define heat sources inside the multilfyearametery is set to NULL, there is no
heat generation on the layer. This is useful when one wardbtin temperature on a plane with no heat
sources.

Each active layer is identified with a stringme, and different active layer must have different names.

INRIA
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3.2.2 Defining passive layers

Passive layers can be of two sorts : slab or interface. Thaxolg function defines a slab of thicknelks
in meters (see Figure 1) and whose material has a thermalictvity % in watt per meter and per kelvin :

‘void stmi_multilayer_siab (stmLmultilayer *p,double Iz ,double k) (

The following function defines an infinitely thin layer of adunctance: in watt per meter square and per
kelvin (Formula 11) :

‘void stml_multilayer_interface (stmlmultilayer =p,double h); [

Such infinitely thin layer can be used to simulate heat temisy convection on the outside boundary. It
can also be used to simulate an imperfect contact betweeslavs.
3.2.3 Solving the multilayer

Once all layers of a multilayer have been defined, the folhgafunction must be used to finalize the
multilayer :

void stml_multilayer_finalize (stmlLmultilayer «p);

This function prepares the multilayer for being solved anelaks its consistency. In order to be consistent,
a multilayer must verify the following conditions :

« The multilayer must have at least 3 layers
« The first and last layer must be active layers (as they deboadary conditions)
« The first or the last layer must be a temperature layer (afiserthere is not a unique solution)

« A temperature layer can only be the first or the last layehath (a temperature layer defines a
boundary condition).

 Active layers must be separated by one or several passigesla

Once the multilayep is finalized, it can be solved with the following function :

stmi_multilayer_solve (stmLmultilayer *p, const char xname, stmlgrid *g);

wherename is the active layer for which we search a solution, grislthe grid in which the solution will
be written (parametersr andny of the grid must match those gj.

If the active layer is a temperature layer, the solution iolei in g is the heat flux ini//m? on that
layer. If the active layer is a source layer, the solutioraot®d ing is the temperature in °C on that layer.

Once a multilayer has been finalized and solvgdh{_multilayer_solve may be called several times),
we may want to change some of its characteristics. In gertaiarequires to define a new multilayer. But
if we just want to change the values of an active layer, it isneressary to define a new multilayer. The
following function may be called instead :

void stml_multilayer_modify (stml_multilayer «p,const char *name, stmlgrid =g);

wherename is the active layer name ands the new active layer value.

RT n° 0385
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3.3 Multilayer-stack functions

A multilayer-stack, ostackfor short, consists of several multilayers, as illustrateBigure 4. The BCs on
the outside stack surfaces are all temperature BCs.

A stack is represented in the STiIMuL software by the tybe!_stack. The following function allocates
a stack and returns a pointerto it :

‘ stml_stack = stml_stacknew () ; (

The stack can eventually be freed with the following funetio

‘ void stml_stack free(stmLstack *s); (

The first multilayerp in a stacks is the multilayer with the smalle$t andly values. It is included in the
stack with the following stack initialization function :

void stml_stack start(stmlLstack s,
double Ix,double ly,
int nx,int ny,
stml_grid =g,double t,
const char xname);

wherelx andly are the dimensions of the first multilayer amd andny are its grid dimensions. Parameter
name is the name of the first multilayer. Griglis used to set the temperature BC for the first multilayer
(i.e., the BC on the top of the stack, see Figure 4). Tempegsfare in degrees Celsiusglfs setto NULL,
temperature is uniform and equal to parameter

Subsequent multilayers can be added to the stack with tleiolg function

stml_stackadd (stmlLstack s,
double Ix,double ly,
int nx,int ny,
double h,double t,
const char xname);

wherelx andly are the multilayer dimensionsyx andny its grid dimensionsh is the heat transfer coeffi-

cient (inW/m?K) of the multilayer exposed surface (see Figure 4 and Se2tRyrand is the temperature

(in °C) of the ambient medium at that surface. Paramétarsdt correspond té,, and7? in formula (14).
The only contraints when adding a multilayer to a stack hgqealneady one or several multilayers is that

the dimensionsz andly of the multilayer must be greater than the dimensions of tegipus multilayer

in the stack, and the name of the multilayer must be diffefiremt that of the other multilayers in the stack.
The following function adds an interface of conductahden W/m? K) to multilayername :

‘ stml_stack interface (stmlstack *s,const char »xname double h); (

The following function adds a slab of thickndsg(in m) and thermal conductivity (in W/mK) to multi-
layername :

‘void stmli_stackslab (stmlLstack *xs,const char xname double |z ,double k); (

The following function adds a source layer nameogne2 to multilayernamel :

void stml_stacksources(stmlstack xs,const char *namel,
stml_grid xg,const char xname2);

whereg is the power density grid if/m?2. A constraint is that a source layer must be preceded and
followed by a passive layer in the same multilayer (i.e. g sir an interface). The layer name can be any
string but "top” and "bottom”, which are reserved names.

Once all the multilayers constituting the stack have bedme@, the stack must be finalized with the
following function :

void stml_stack finalize (stmlLstack s, stmlLgrid *g,double t);

INRIA
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whereg is the temperature grid defining the BC on the bottom side@bthck (see Figure 4). {fis set to
NULL, temperature is assumed uniform and equadil to
Once finalized, the stack is solved with the following funati

void stml_stacksolve (stmlLstack »s,double eps); (

Parameteeps is used to control the accuracy of the solution : the smalier the more accurate. For
instance, if we want the relative error to be of the ordei@f? (and provided grid dimensions are set
accordingly), we should takers = 10~2 or smaller.

Once the stack is solved, the following function allows tad¢he solutions :

void stml_stacksolution(stmlLstack *s,const char *namel,
const char xname2, stmlgrid *g);

wherenamel is the multilayer namepame?2 is the active layer name in that multilayer, apnd the grid
where the solution is written. Hame2 is set to "top”, the solution obtained is that on the first\atayer.
The first active layer of the first multilayer is a temperatB€& hence the corresponding solution is the heat
flux entering the top of the stack. For example, if the firsttitayler is named "ML1", the heat flux on the
top of the stack is obtained witm!_stack_solution(s,” M L1”,”top”, g). For multilayers other than the
first one, the first active layer is a flux boundary conditioente the solution obtained is the temperature
on that layer. The last layer in a multilayer is named "bottpand it is always a temperature boundary
condition. For intancestmli_stack_solution(s,” M L”,” bottom” , g) permits obtaining the heat flux on
the last layer of the multilayer named "ML".

If we want to modify the values of an active layer without ridi@g a new stack, we can use the
following function :

void stml_stackmodify (stml_stack »s,const char xnamel,
const char *name2, stmlgrid *g);

wherenamel is the multilayer namenpame?2 is the active layer name in that multilayer, ands the
new value. For instance, if the first multilayer is named "MLdtm! _stack_modi fy(s,” M L1”,”top”, g)
changes the temperature BC on the top of the stack.

4 Examples

4.1 A simple multilayer

The example program of Figure 5 models a simple multilayesisting of a singld cm x 1 e¢cm x 1 mm

slab of thermal conductivit00 W/m K . A uniform power density of W/mm? is applied on the top side

of the slab and a uniform temperature26fC is applied on the bottom side. The program in Figure 5 gives
the temperature on the first side and the heat flux on the attesr s

4.2 Example of multilayer stack

Let us assume we want to model a processor and its packagaepagted on Figure 6. We can model it
with the program in Figure 7. We model power dissipation laysistors and wires with two square heat
sources lying on the same heat source plane (it should bd tiateit is possible with STiMuL to model 3D
circuits with several heat source planes). Eventually, utpat the temperature on the heat source plane.
The corresponding temperature map is shown in Figure 8.
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#include <stdio .h>
#include "stimul.h”

/l square layer of width 1 cm
#define WX 0.01
#define WY WX

// use grids of 100 x 100
#define NX 100
#define NY NX

int main ()

stml_grid *g = stml_grid_new (NX,NY) ;
stml_multilayer *p = stmlmultilayer_new (WX,WY,NX,NY) ;

Il first layer defines a heat flux of 1 W/mm®2 (top side)
stml_grid_set(g,1e6);
stml_multilayer_sources(p,g,"topside”);

Il second layer defines a slab of thickness 1 mm and thermahduwoctivity 400 W/mK
stmi_multilayer_slab (p,1e-3,400);

Il last layer defines an isothermal plane at 20 degrees Caksi(bottom side)
stml_multilayer_.isotherm (p,20,"bottomside”);

Il finalize multilayer
stml_multilayer_finalize (p);

/I get temperature at the center of the top side
stml_multilayer_solve (p,"topside”,g);
printf ("Temperature=_%f\n",stml_grid_read (g ,NX/2 ,NY/2));

/l get heat flux at the center of the bottom side
stml_multilayer_solve (p,”bottom.side”,qg);
printf ("Heat_flux .=.%f\n",stml_grid_read (g ,NX/2 ,NY/2));

stml_grid_free (g);
stml_multilayer_free (p);

Figure 5: Program of the example 4.1
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ambient: 30 d
500 W/m~2K
5 mm, 400 W/mK

0.05 mm, 5 W/mK | : 1 mm, 400 W/mK
0.05 mm, 5 W/mK i % 0.5 mm, 100 W/mK
0.01 mm, 12 W/mK I ’

10 W/m~2K

6cm
3cm

-————=1.6cm

4 mm x4 mm
1 W/mm~2

Figure 6: Example 4.2.
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#include <stdio .h>
#include "stimul.h”

#define AMBIENT 30

/1 use grids of 160 x 160
#define NX 160

#define NY NX

int main ()

stml_stack *s = stmLstacknew();
stml_grid *g = stml_grid_new (NX,NY) ;

/I set the two square heat sources in grid g
stml_grid-set(g,0);
stml_grid_rectangle (g,0 ,NX/2NX/8 ,NX/4 —1,NX/2+NX/8—1,1e6) ;

stml_grid_-rectangle (g,NX1,NX/2—NX/8 ,NX-NX/4 ,NX/2+NX/8 —1,1€e6) ;

I/l define 3 multilayers
stml_stackstart(s,0.016,0.016 ,NX,NY,NULL,AMBIENT, "ML1") ;
stml_stackadd(s,0.03,0.03 ,NX,NY,100,AMBIENT, "ML2") ;
stml_stackadd(s,0.06,0.06 ,NX,NY,100,AMBIENT, "ML3") ;
/1 first multilayer

stmli_stackinterface (s,"ML1",10);

stml_stackslab (s,"ML1",1e—5,12);

stml_stack sources(s,”ML1",g,"circuits”);
stmli_stackslab (s,"ML1" ,5e—4,100);
stml_stackslab (s,"ML1" ,5e—5,5);

I/l second multilayer
stmli_stackslab (s,"ML2" ,1e—3,400);
stmli_stackslab (s,"ML2" ,5e—5,5);

/1 third multilayer

stmli_stackslab (s,"ML3",5e—3,400);
stmli_stackinterface (s,"ML3",500);

Il finalize and solve
stml_stack finalize (s,NULL,AMBIENT) ;
stml_stacksolve (s,1e-3);

/l output temperature map of the source layer
stml_stack solution(s,”ML1","circuits”,g);
stml_grid_print(g);

stml_grid_free (g);
stml_stack free(s);

Figure 7: Program of the example 4.2
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Figure 8: Output of program 7.

4.3 Example: determining power density from temperature

Determining the power density map of a microprocessor @xgga given program is not straightforward.
Some researchers have shown that it is possible to obtaiempdensity indirectly by infrared thermal
imaging [12, 13], i.e., by deriving the power density mamira temperature map. A possible solution (the
one used in [12, 13)) is to obtain the thermal resistanceiratither by measurement or modeling, and
solve the system of equations.

STiMuL offers another possible method. The program in Feg@rshows an example of obtaining
a power density map from a temperature map. In this casegthpdrature map is used as a boundary
condition.

In general, power density is very sensitive to input paranssitemperature, thermal conductivity, etc.)
S0 in practice it is recommended to vary the inputs in ordeuantify the error interval.
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