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» ATMI is an analytical model otemperature imicroprocessors, implemented as a set of C functions.

» ATMI is not a power model. ATMI takes power numbers as inpuil returns temperature numbers.
The user must provide power numbers.

» ATMI does not model a particular packaging and heat-sinkese are ATMI inputs defined by the
user.

1 ATMI modd

The processor and its packaging are idealized as depicteiduine 1. ATMI models two layers of different
materials. Typically, layer 1 is silicon and layer 2 is mebth layers have horizontal dimensiohsx L,
with L the width of the metal layer (or the square root of its aredjatTs, ATMI assumes a large silicon
chip, which neglects the impact of chip edges. The interfaaterial between the two layers is considered
infinitely thin and is modeled by a conductantegin W/m? K. If the actual thickness of the interfaceds
and its thermal conductivit;, the equivalent conductance is

The ambient medium is assumed to have a fixed and uniform tatope?,, ;. Planes: = 0, x = +L/2
andy = +L/2 are assumed thermally insulated. Heat can only escapegthtbe top plane = z, where

z=22
=z1+d conductance h2 (W/ K)
conductivity k2 (W/mK)
conductance h1 (W/m K)
z= 71
220 conductivity k1 (W/mK)

AN

heat flux g(x,y,t) (W/r )

Figure 1: ATMI model



| parameter | unit (SI) | meaning \

21 m layer 1 thickness
d=2zy — 21 m layer 2 thickness
k1 W/mK Layer 1 thermal conductivity
ko W/mK Layer 2 thermal conductivity
aj m?/s layer 1 thermal diffusivity
as m?/s layer 2 thermal diffusivity
hi W/m?K conductance between layers 1 and 2
ha W/m?K | conductance between layer2 and ambient
L m width

Table 1:The 9 ATMI parameters

the conductance is; in W/m?K. For example, to simulate a heat-sink of thermal resistahae K /W
and widthL, we define the equivalent conductance
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The heat generation by transistors and wires is simulatedbyimensional power densigyz, y, t) in the
planez = 0. That is, we assume that heat is generated in an infinitetylélyier. For more information on
ATMI theory, see references [9, 8All temperature numbers output by ATMI are on theplanez =0
and are relative to the ambient T,,,,,. The value ofT,,,; is not part of the ATMI model. Hence to get
absolute temperatures, the user should add her/hisIgyp value to all temperature numbers output by
ATMI functions. T,,, is a local ambient, defined as the temperature of the mediutapoaf layer 2. It is
assumed uniform and constant. Hence if layer 2 represemtsae-plate of a heat-sink cooled by convection
of air, T,» is the temperature inside the computer case, at the CPUIn linis typically several degrees
Celsius higher than the room temperature [7].
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2 ATMI parameters

The 9 ATMI parameters are listed in Table 1. They are defined@nstructure :

typedef struct {
double z1; /+ layer
double d; [/~ layer
double k1; /+ layer

thickness (m)x*/
thickness (m)=/
thermal conductivity (W/mK)x/
double al; /+ layer thermal diffusivity (m~2/s)*/
double k2; /+ layer thermal conductivity (W/mK)x/
double a2; /+ layer 2 thermal diffusivity (m~2/s)x/
double h1; /x layer 1/layer 2 thermal conductance (W/m"2Ky/
double h2; /+ layer 2/ambient thermal conductance (W/m"2K)
double L; /x width (m) =/
double MAXR; /+ not an ATMI parameter, for internal use/
} atmi_param;
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ATMI works with Sl units. In particular, distances are in metand temperatures in kelvins.
The user must set the 9 parameter values corresponding/toshproblem. For instance, modeling a
server processor will generally require different parangalues than modeling a laptop processor.
There are two ways to set ATMI parameters values. The firgttioim sets parameters values directly :

void atmi_set param (atmiparam =p,
double val_z1 ,
double val_d ,
double val_k1 ,
double val_al,
double val_k2 ,
double val_aZ2 ,
double val_h1l ,
double val_h2 ,
double val_L);

The second function sets parameters corresponding torsifiayer 1) and copper (layer 2) :

void atmi_fill _param (atmiparam =p,
double celsiuszone ,/* celsius */
double heatsinkresistance ,/x K/W =/
double heatsinkwidth , /* m =/
double copperthickness ,/x m */
double bulk_silicon_thickness ,/+* m =/
double interfacethickness ,/*x m x/
double interfacethermalcond /x W/mK */);

Silicon thermal characteristics depend on temperaturaveder, ATMI is a linear model (like many tem-
perature models) and neglects this effect. A solution thaifien used is to linearize the problem in a
temperature range, estimatagriori. Parametecelciuszoneshould be set approximately to the tempera-
ture of the point where we want to be accurate. If only a tewripee range is knowrgelsiuszonenay be
set to the middle of this range. For example, if temperataréhe chip is expected to be between 50°C and
100°C,celsiuszonenay be set to 75.

With functionatmifill_param parameter&; andh, are set indirectly by providing the interface material
thickness and thermal conductivity, and the heat-sinkntlaéresistance ik /W (more precisely, the sink-
to-ambient thermal resistance).

If the second layer is not copper but another material, ibssible to usatmifill_paramto set silicon
characteristics, and then to correct layer 2 parametetsatrtisetparam For example :

atmi_param p;
atmi_fill _.param(&p,85,0.3,0.07,0.005,0.0005,0.0001 ,4);
atmi_set.param(&p,p.z1,p.d,p.k1,p.al,200,0.0001,p.h1,p.hA)p.

Remark. ATMI does not model a particular packaging. There is not glsimterface material, or a single
heat sink. It depends on the type of system (embedded, lagasktop, server, etc.) and the associated
economic and technological constraints. Note that the-wrdkmbient thermal resistance depends on fan
speed. Moreover, the interface material characterisggsadie with usage [10].



3 ATMI corefunctions

We recall that all temperature numbers output by ATMI are lem pplanez = 0 and are relative to the
ambient. The ATMI model is based on a set of core functionsgha transient temperature responses to a
step power.

double atmi_rectangle (atmiparam =p,
double q, /x power density (W/m”~24y/
double a, /» rectangle width (m)x/
double b, /x rectangle height (m)=*/
double x,
double vy,
double t, / time (s), used if steady=0/
char steady);

This functions gives the relative temperature generatdinatt by a rectangle source&hen L = oo, i.e,
when layers 1 and 2 are infinite in theandy directions. The source is assumed to dissipate no power for
t < 0, and a constant and uniform power dengiyn 1 /m?) for t > 0. The rectangles sides are parallel to
thex andy axes, and parameteisandb are respectively the width (x) and height (y) of the rectargglurce.
Parametergz, y) are the coordinates of the measure point relative to themgt# center (the rectangle
center has coordinatés, 0), the rectangle vertices have coordinates. /2, +b/2)). If parameteisteadyis

null, the function gives temperature at timetherwise it gives the steady-state temperattire (o).

double atmi.images (atmiparam =p,
double power, /x power (W) */
double t, /+ time (s), used if steady=0/
char steady);

This function gives the temperature contribution from timédi value ofL (this contribution becomes null
asL — o0). Itis assumed that most power sources are located closettter of thel, x L square, which
is generally the case as the heat-sink is wider than the aidpttae chip is mounted at the center of the
base-plate. The value returneddtyniimagesmust be added to values returnedatgni_rect

For example, the steady-state temperature at a vertexi @b x 1 mm square source dissipating a
power density3 W/mm? can be obtained as follows :

double a 0.001; // source length

double q = 3e6; // power density

double temperature = atmirectangle(&p,q,a,a,a/2,a/2,0,1)
+ atmi_.images(&p,ga*xa,0,1);

4 Principle of superposition

4.1 Steady state

The relative temperature generated by a set of power soarcbe obtained by summing the relative tem-
perature generated by each source considered separatelgxample, the steady-state temperature at the
center of a square source in the presence of a second idesttizae can be obtained as follows :



double a 0.001; // sources length

double b 0.005; // distance between sources centers

double q = 3e6; // power density

double temperature = atmirectangle(&p,q,a,a,0,0,0
+ atmi_rectangle(&p,q,a,ab,0,0,
+ atmi_.images(&p,2qgrxaxa,0,1);

The ATMI software provides some functions that automatize grinciple of superposition. The fol-
lowing function gives the steady-state temperature fonagoalensity map consisting of a set of rectangle
sources :

1)
1)

void atmi_steadyrect(atmiparam =p,
int nrect, /* number of rectanglesx/
atmi_rect rc[], /* rectangles coordinatesx/
double q[], / power density in each rectangle/
double temperature[]);

More precisely, this functions returns in the arteynperatureghe steady-state temperature at the center of
each rectangle. Each rectangle geometry is described latfollowing structure :

typedef struct {
double x1;
double y1;
double x2;
double y2;

} atmi_rect;

where(z1,y1) and (z2,y2) are the coordinates of opposite vertices of the rectangle,those defining a
diagonal. The previous example could be treated as follows :

double a 0.001; // sources length
double b 0.005; // distance between sources centers
double q[2] = {3e6,3e6; // power density of each source
atmi_rect rc[2] = {

{—-al2,—al2,al2,al?,

{b—al2,—al2,b+al2,al?

}

double temp[2];
atmi_steady.rect(&p,2,rc,q,temp);
double temperature = temp[0];

However, the computation time of functiatmi_steadyrectincreases quickly with the number of rectangles.
If the power density map is very detailed, then it is betteude the following function :

void atmi_steadygrid (atmiparam *p,
int nx, /* number of blocks in the x direction/
int ny, /x number of blocks in the y direction/
double gridunit, /= block length (meters)x/
atmi_grid q, /* power density x/
atmi_grid temperature);




where a grid is defined as a 2-dimensional array :

#define ATMI_GRIDMAX 1024
typedef double atmi_grid [ATMI_GRIDMAX][ATMI _GRIDMAX];

In functionatmisteadygrid, the power density map consists of a gridhaf x ny square blocks whose side
length isgridunit, with nx andny less than ATMIGRIDMAX. The function returns in theemperaturegrid
the steady-state temperature at the center of each block.

4.2 Transient

The principle of superposition does not apply solely todyestate temperature, it also applies to transient
temperature. For example, the transient temperature aeihter of a square source which is on fons
and off the rest of the time can be obtained as follows :

double a = 0.001; // source length
double q = 3e6; // power density
double duration = 0.001;// power is on for 1 ms

double step.response {ouble t)

if (t <= 0) {
return O;
} else {
return atmi.rectangle(&p,qg,a,a,0,0,t,0) + atmimages(&p,gaxa,t,0);
}
}

double temperature fouble t)

{
}

double t;

return step.response (t)— step.response (+duration);

for (t=0; t<=0.01; t+=1le-4) {
printf ("%f %f\n”,t,temperature(t));
}

The ATMI software provides functions that automatize theegalized principle of superposition. These
functions can be used to simulate the temperature in a mmcepsor whose power density map can be
described by a set of rectangle sources. The user provides af arect rectangles numbered frof

to nrect — 1. Some of these rectangles can be definedemsors meaning that the thermal simulator

will compute the temperature at the center of each of thesangles. For example, to define a sensor in
rectangles #0 and #4, we do as follows :

atmi_rectset sensors;
atmi_rectsetinit(&sensors);



atmi_rectsetadd(&sensors ,0);// sensor 0 in rectangle 0
atmi_rectsetadd(&sensors ,4);// sensor 1 in rectangle 4

The following function initializes the thermal simulator :

void atmi_simulator.init(atmi_simulator =ts,
const char =xfilename,
atmi_param =p,
double timestep ,
int nrect, /* number of rectangle sources/
atmi_rect rc[], /x rectangles coordinatesx*/
atmi_rectset »sensors ,
double q[]); /* warm-up power densityx/

Parametetimesteps the time-step, which means that power density in eacmgt# is considered constant
between times: x timestep and (n + 1) x timestep, n being integer. The thermal simulator will give
temperature only in the rectangles declared as sensonsev@arametesensors

The thermal simulator initialization phase may take a ldngetif there are many rectangles and many
sensors. This is the time necessary to compute the tempenasponses for each (source,sensor) pair.
These temperature responses depend only on the ATMI pagesn&b if we want to run several simulations
with the same ATMI parameters, it is possible to compute lieenbal responses once and store them in a
file whose name ifilename The file is automatically created at the first executioatafii simulator init.

Before starting the simulation, the simulated chip mustuierpa meaningful thermal state. This is done
by applying warm-up power densitig (one value per rectangle). This initial power density fipked for
atime that is long enough to reach a steady state. The waipower density must be set carefully to obtain
meaningful simulation results. For instance, if warm-ugvpodensities are null, it means that the initial
temperature is the ambient temperature. But it may not beé whavant to simulate. Often, we want the
initial thermal state to be close to a steady state, bec&essirmulation will not be long enough to reach a
steady state. Moreover, modern processors feature thémno#ling mechanisms that prevent temperature
to exceed a certain limit. The corresponding warm-up povessily can be computed with the following
function which computes approximately the steady-stdeecedf thermal throttling :

void atmi_steadythrottle (atmiparam =param,
int nrect,
atmi_rect rc|],
atmi_rectset »sensors ,
atmi_rectset domain|[],
double wmax,
double q[]);

Here,param nrect rc[] and sensorsare the same parameters that are passed as inguhigimulator init.
Each sensor is associated witldl@main A domain is a set of rectangles that are throttled whevemer t
relative temperature at the sensor exceadsax The domaindomairji] for the i*" sensor is set with
atmirectsetadd Functionatmisteadythrottle takes as input the power density g[] corresponding to when
throttling is not engaged, and it returns in q[] the powerdignthat should be used as warm-up power
density.

For example, let us assume that we model a dual-core praosghol rectangles, where rectangles #0
and #1 model the first core and rectangles #2 and #3 model tbedeore. Let us assume that the ambient
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temperature is 35°C and that each core has an independettliiigrmechanism that prevents temperature
in any rectangle to exceed 90°C. We can do as follows :

double q[4] = {1.3e6,5e5,1e6,5€5 // power density when no throttling
atmi_rectset sensors;
atmi_rectset domain[4];// one domain per sensor
atmi_rectsetinit(&sensors);
for (i=0; i<4; i++) {
atmi_rectsetadd(&sensors ,i);
atmi_rectsetinit(&domain[i]);
¥
/I sensors 0 and 1 throttle rectangles 0 and 1
atmi_rectsetadd(&domain[0],0);
atmi_rectsetadd(&domain[0],1);
atmi_rectsetadd(&domain[1],0);
atmi_rectsetadd(&domain[1l],1);
/Il sensors 2 and 3 throttle rectangles 2 and 3
atmi_rectsetadd(&domain[2],2);
atmi_rectsetadd(&domain[2],3);
atmi_rectsetadd(&domain[3],2);
atmi_rectsetadd(&domain[3],3);
[/l compute warmup power density
atmi_steadythrottle(&p,4,rc,&sensors ,domain,9035,q);

Once the thermal simulator is initialized witimisimulatocrinit, each call to the following function
simulates a time-step :

void atmi_simulator.step (atmisimulator xts
double q[] / power density*/);

where parameter q[] is the power density in each rectangimglthis particular time-step. After each
execution ofatmisimulatorstep the temperature at each sensor is stored in the eragerature[]of the
atmisimulatorstructure, that ists.temperature[ilgives temperature at thi€ sensor.

The example at the beginning of Section 4.2 could be treatddllaws :

double a = 0.001; // source length

double q = 3e6; // power density

double duration = 0.001;// power is on for 1 ms
atmi_simulator ts;

atmi_rect rc[l] = {{—-al/2,—al/2,al2,al2};

double qO0[1] = {0}; // start with null temperature (=ambient)
double qvar[1] = {0};

atmi_rectset sensors;

atmi_rectsetinit(&sensors);
atmi_rectsetadd(&sensors ,0);

atmi_simulator.init(&ts ,NULL,&p,1le—4,1,rc,&sensors ,q0);



while (ts.t <= 0.01) {
printf ("%f %f\n”,ts.t,ts.temperature [0]);
gvar[0] = (ts.t< duration)? q : O;
atmi_simulator.step(&ts ,qvar);

}

atmi_simulator_.freemem (&ts);

The function

void atmi_simulator.-freemem (atmisimulator »xts);

permits freeing the dynamically allocated memory (it skooé used if we want to re-initialize the same
thermal simulator).

5 ATMI validation

The validation of ATMI consisted mainly in validating the thamatical solution. Having an exact mathe-
matical solution to a boundary-value problem does not guaeathe accuracy of the numerical evaluations
on a computer (numerical integration, truncation of inéirsums, etc...). Several examples are provided in
the ATMI package, that serve to validate the implementation

» The programexample_Goh.c reproduces the results published in the appendix of reterfi
» The programexample_Xu.c reproduces some of the results published in [11]

» The progranexample_Fisher reproduces Figure 3 in reference [4]

6 ATMI limitations

If there are not too many rectangles and sensors, ATMI isrgépdaster than traditional numerical methods
like finite-differences or finite-elements. However, theep and ease-of-use of ATMI was obtained by
sacrificing generality. The main approximation in ATMI isatrtoming from the model itself, described in
Section 1. In particular ATMI does not model chip edges. Manecisely, it is assumed that layer 1 width
equals layer 2 width, that id,. For example, to model 2cm x 2 em chip with a10 em-wide heat-sink,
parameter, must be set td.1. The chip dimensions are ignored. One advantage is thatseredoes not
need to worry about the origin when specifying rectangledioates. What matters is the relative position
of rectangles. However, the user must be aware of this fiioitaof ATMI.

Another limitation is the number of layers in ATMI, i.e., tdayers (or four, considering that conduc-
tancesh; and hy simulate thin layers). Also, the heat-sink fins are not mededxplicitly, but with an
effective heat-transfer coefficieht (this simplification is commonly used when modeling tempagin
microprocessors [11, 5]). Another limitation is the linegproximation coming from fixed thermal charac-
teristics for silicon. These are not the only approximaionATMI (among others : ignoring the heat path
from the chip pins to the board, assuming a constant andramifonbient temperature, etc...).



7 Advanced use

With a little physical intuition, it is possible to adapt thdel to situations that depart from the strict ATMI
model.

The ATMI package provides a few examples of this. The progeaample_Xu.c reproduces results
of [11]. However, the physical system modeled in [11] doesfit@xactly the ATMI model. The system
modeled in [11] features more layers than ATMI, and the Isa#t-base features a vapor chamber. Never-
theless, the results output leyample_Xu.c are reasonably close to those published in [11]. The presenc
of the vapor chamber allows to define an isothermal plane &temperature equals the total power times
the heat-sink thermal resistance. We use this temperadufé were the ambient,,,,;,, and we add to it the
relative temperature numbers given by ATMI. Layers thaeextcthe number of layers in the ATMI model
are collapsed in a single infinitely thin layer modeled witigmeteths.

The programexample_Goh.c shows that neglecting the chip dimensions has little impadempera-
ture, provided the measure point is not too close to a chig.etfpwever, this may not be the case if the
measure point is close to an edge.

The programexample_chipedges.c in the ATMI package gives the steady state temperature @eihter
of a square source onlam x 1 ¢m chip. The chip and packaging dimensions are given on Figugizer
ATMI parameters aré; = 120 W/mK, ko = 400 W/mK andhy = 200 W/m?K.

We consider 3 possible source dimensionsym, 2 mm and3 mm square side, 3 possible source lo-
cations, center, edge, and corner (cf. Figure 3), and 3rdiifevalues for the interface material thermal
conductivity,k; = 1,3,10 W/mK. The power dissipated by the source is constant and eq@altavhat-
ever the source dimensions. Figure 5 shows the temperditmeed with ATMI xample_chipedges.c)
and that obtained with the finite-element tool FF3D [2] (thesimwas generated wigmsh[1]).

For ATMI, we simulated the chip edges as described in Figur&é4en the source is located at the
chip center, we use directly the temperature given by ATMMva are far from chip edges. However, when
the source is located close to an edge, temperature in tlieessuunderestimated by ATMI. The method
used inexample_chipedges.c is based on the method of images [3]. By adding a source invegereate a
symmetry that forces the heat flux to be parallel to the plamesponding to the chip edge, which simulates
the presence of an edge (see Figure 4). However, if we contipeitemperature contribution from the image
source using the normal value bf, we increase the global heat-sink temperature, which isvhat a chip
edge is supposed to do (a local modification of the geometmaierial characteristics generally has little
impact on temperature at remote locations). Instead, weurhe image source contribution using a very
large value forh,. This way, the contribution we compute is mainly due to thg adge. This intuitive
method is approximative.. Nevertheless, as can be seergarers, it gives a good estimation of the impact
of edges.

This method was not implemented as an ATMI function. We dofeek chip edges are a fundamental
constraint. If one is doing research to solve a severe teatyperproblem, it should be possible to assume
that the chip floorplan can be reorganized to put high poweasity regions away from edges, or that the
chip can be enlarged to have a strip of non-dissipatingosiliaround. Still, if one wants an approximate
estimation of the impact of chip edges, one can manipulatéllASore functions as illustrated in program
example_chipedges.c.
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