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Abstract 
In this paper a methodology developed for the generation 

of transient compact models of packages and heat sinks from 
measured thermal transient results is described. The main 
advantage of generating dynamic compact models solely 
from measured results is the time-gain: the lengthy transient 
simulations, suggested by the DELPHI methodology can he 
omitted. After summarizing the procedure of generating the 
compact models of packages and heat sinks from 
measurements the use of the obtained dynamic compact 
package models in board level simulators, extended with the 
feature of calculating with compact models is presented. 

1. Introduction 
Compact thermal models of packages can be used not 

only for the characterization of packages, but they can he 
very useful substitutes of the detailed models in various 
simulations. Today board level simulators are being 
upgraded to simulate the behavior of printed circuit hoards 
populated with packages, substituted by the compact models 
of their steady state or time dependent thermal behavior [ I ] .  
Compact models can he used also to model the packages in 
system level CFD simulations. 

The hest way for the creation of boundary condition 
independent compact models is a subject of dispute in the 
scientific literature for several years now, since the paper of 
Lasance et al [2]. This paper introduced a method that 
became later known as the DELPHI methodology. This 
methodology was elaborated for steady state representation 
of the packages only. It became extended with the procedure 
of adding capacitances to the steady state model in [4]. 

The steps of the DELPHI methodology are simulation, 
measurement, data fitting and optimization. To obtain data 
about the behavior of the package at various boundary 
conditions first of all a detailed structural model of the 
package has to be created. This model has to be simulated by 
a thermal solver. The appropriate set of boundary conditions 
for the simulation was defined in 121. The simulated results 
have to be validated with and fitted to the measured results 
such, that some of the boundary conditions are used for the 
model fitting, some others are used for the validation of the 
model 131. The compact model is constructed of a few circuit 
elements. The structure of this model is the descendent of 
the detailed model: in first approximation terminals (ports) are 
needed everywhere where boundary conditions are applied 
in the detailed model, but the optimization procedure may 
simplify the structure considerably. 

The main advantage of the DELPHI methodology is 
delivering relatively accurate compact models for all 
boundary conditions. Especially the junction temperature 
accuracy is good for all the boundary conditions. But the 
creation of these models requires the generation of a detailed 
physical model, which is rather time consuming in case of 
complex structures. This is why in spite of all the advantages 
of the DELPHI method several other methods are appearing 
in the literature continuously, some of them have been 
obtaining really big attention like 151, or 161. 

A group of the altemative methods wishes to eliminate 
the need of building the detailed model and the simulation. A 
typical representative is presented in [7]. The problem of this 
entirely measurement-based method is that the evaluation 
algorithm requires highly accurate measurement results, 
which is in general not easy to obtain. 

In our recently developed methodology we combine the 
optimization strategy of the DELPHI methodology with the 
idea of using only measured results for the generation of the 
boundary condition independent dynamic compact models 
(DCMs) of 181. 

2. The suggested methodology for DCM generation 
In this method we try to keep all the advantages of the 

DELPHI method, while dropping the disadvantage: the need 
for detailed model generation, and the need for the extremely 
time consuming thermal transient simulation, and the need 
for model validation and model fitting. 

The steps of our methodology are as follows: 
1. Obtain all the transient curves that are needed for the 

optimization from high accuracy and high-resolution 
thermal transient measurements. For these 
measurements a limited subset of the boundary 
conditions, defined by the DELPHI methodology should 
be applied. Those, that were defined and recommended 
for the validation of the simulated detailed model of the 
package, namely, the double cold plate measurements 
defined as DCPI, DCP2, DCP3 and DCP4 in [3], see 
Table I. 
Use a further developed version of the DOTCOMP tool 
described in [3] for fitting compact models to these 
measurements. 

3. Verify the compact models with another set of . 
measurements with further, new boundary conditions. 

The most critical part of the procedure is the verification 
of the measurements with new boundary conditions, since 
the measurements that are easy to realize are only those 
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DCPI, DCP2, DCP3 and DCP4 measurements that were used 
for the generation of the model. The realization of new, well- 
defined and reproducible boundary conditions is not easy in 
practice. 
Table I. The prescribed heat transfer coefticient values in 
the dual cold plate measurements 

B e 0  
Teflon 

A possible solution is to connect well-defined heat 
transfer coefficient values to the various package surfaces 
by e.g. heat sinks. The disadvantage of the method is that we 
need a series of heat sinks that have to be connected, 
mounted, dismounted to the package, rendering the 
measurement unreliable. A better solution is connecting 
controllable thermal resistances to the surfaces by the 
method presented in [9]. In this active heat sink realization 
the current of the Peltier cell is controlled such, that the ratio 
of the temperature drop on the Peltier cell and the heat flux 
crossing the cell is kept at a prescribed constant value, 
realizing this way an electronically adjustable constant heat 
resistance between the device and the ambience.The main 

[ml [W/Km2] @A=280 [m’] 
0.72 3.8E+05 0.0095 
0.19 9.1EN2 3.9 

results designated hyfree refer to the measurement results of 
the free standing package. 

SOT-93 
parkwe 

me 
\ 

Figure 1 The package to be characterized 

Figure 2 The applied DCPI, DCPZ and DCP3 
measurements, respectively 

can be realized between the package and the cooling mount, 
that is, several thermal boundary conditions can he realized 
without dismounting the measurement arrangement, 
increasing strongly the reliability of measurement. 

A pragmatic idea for the verification measurements is 
presented in [IO]. This suggests finding the compact model 
of a heat sink with the same measurement and optimization 
method that is followed for the package. After this, connect 
the heat sink to the package, apply the same set of boundary 
conditions and find the compact model of the package + heat 
sink structure. If the compact model of the combined 
structure produces the same transient curves as the 
connected individual compact models of the package and the 
heat sink, then the compact models are considered verified. 

3. Experimental results 
The methodology of creating dynamic compact models is 

demonstrated for the case of of a SOT-93 package of an M N  
bipolar power transistor (BD245), presented in Figure I. The 
characteristic faces of the package are named top, bottom 
and leads. For the model generation the thermal transient 
measurement results obtained in the DCP1, DCPZ and DC3 
double cold plate arrangements from the DELPHI boundary 
condition set, (see Table I) were used. 

The actual realizations are shown inFigure 2. For the test 
set the transient results of 3 further arrangements were used: 
small and large refer to the application of a small and large 
heat sink on the top of the package, respectively, while the 

I I thickness I nominalHTC 1 Rth[WW] I 

A power step of 12 W was applied and the first 100 sec 
period of the thermal transient was captured real-time, with a 
high initial time resolution (1 p e c )  and high temperature 
resolution, measuring VEB “on-the-fly” as described in [ I  I]. 
The measurement was followed by a post-processing step in 
the measurement software, automatically generating the 
descriptive functions of the packaged device, like the: 

transient response curves, 
time constant spectra ofthese, 

The measured transient curves are shown inFigure 3. 
The DOTCOMP tool [3] was used to optimize the model. 

The input data to this program are the heat transfer 
coefficients on the characteristic faces and the total heat 
capacitance of the system. We found that the easiest way to 
create these input data is starting from the structure 
functions, introduced in [12], and discussed recently in [13]. 
The structure functions are graphic representations of the 
one dimensional equivalent detailed thermal RC: network of 
the measured system. The heat transfer coefficients, the 
partial thermal resistance and the total system capacitance 
values can be directly read from them. 

the cumulative and differential structure functions. 
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Figure 4 Cumulative structure functions of different 
thermal measurements on a BDZ4S transistor. DCPl and 
DCP3 are the modeling boundary conditions, large, small 

and free heloug to  the testing boundary condition set. 

It is easier to identify the interface between the sections 
using the derivative of this function, the differential sttucture 
function. In this function the peaks correspond to regions of 
high thermal conductivity, like a heat sink, and valleys show 
regions of low thermal conductivity, like die attach, see 
Figure 5. Characteristic points can be easily identified on the 
curves, these are points P, and 1 to 7. All curves nearly 
coincide from the junction to a peak near point P, this is the 
section of the common heat flow path. In case of this 
package there is a main heat flow path from the junction 
towards the copper base, which ends in the botfom face. The 
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peak at P repments the mass of this copper base. At the 
ambience the thermal capacitance grows to infinity, the 
position of 1 and 4 shows the junction-to-ambience values 
for DCPl and DCP3. From the P point we obtain R , ~ l . l  
KIW, and a cumlated capacitance for the whole package of 

Figure S Differential structure functions from the same 
measurements of the BD245 transistor. DCPl and DCP3 

are  the modeling boundary conditions, large, small and free 
belong to the test boundary condition set. 

The distance o f P  to I along the x axis gives the case-to- 
cold-plate thermal resistance for DCPl which is Ra1=0).45 
WW , and ahout the same is obtained for DCPZ. The P to 4 
distance gives R,h,=2.0 WW for DCP3. From the material 
parameters and the physical dimensions we can calculate the 
a effective heat transfer coefficients. The bottom face is 
approximately 280 nun2, and the top face is approximately 200 
nnn’, consequently from Rth, and Rth, we get an a of 8000 
WIKm’ towards one side of the cold-plate. This is much 
helow the a heat transfer coefficient value represented by the 
B e 0  ceramics, so this value really shows the heat removal 
capability of the cold-plate. 

The DOTCOMP program starts with the generation of the 
steady state model, and extends it to a dynamic model by 
adding capacitances to it, according to the procedure 
suggested in [4]. For the steady state model it assumes the 
model topology suggested in [3] and shown inFigure 6. 

Figure 6 The initial model topology suggested by the 
DOTCOMP tool, J refers tn the junction 
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The tool first requires the steady-state temperatures of 
the model set and the a values, represented by the R1 and R2 
resistors in Figure 7. The a values for the leads resistor were 
not obtained from DCP4 type (leads only) measurement, as 
suggested by the DELPHI methodology, since it was easy to 
calculate it from the wire eeometw. 

SOT-93 

a 
r "  

(as hootprint) 

Figure I The dynamic compaci model optimized by 
DOTCOMP for the SOT-93 package from the measured 

data 

As a result of the optimization process we obtained that 
the face-to-face resistances are high and can be omitted, see 
Figure 7, as we expected for this package structure. For the 
resistor values we got RB=1.3 WW, R ~ 7 . 0  WW, Rp=18.05 
WW. 

These values were subdivided in the transient 
optimization process into two parts, giving the optimal 
locations for the capacitors for the best fit of the transient 
curves. The transient curve fitting was not extended to the 
time range below 0.1 ms, CO was added manually for model 
consistency at short times. 

The comparison of the measured curves and the ones 
calculated with the dynamic compact model by the board 
level solver of [ I ]  is presented inFigure 8, where the applied 
power was 12W, dcplm and dcp3m are the measured and 
dcpls anddcp3s are the computed curves. 

4e.c 1.-4 000 ,  0.0, 0.1 1 30 100 

Time 151 

Figure 8 Comparison of measured (dcplm, dcp3m) and 
simulated (dcpls, dcp3s) thermal transient curves 

A characteristic feature of compact modeling is presented 
in Figure 9 the compact models provide a good 
approximation of the behavior of the modeled system, but 
with the limited number of time constants of the DCM model 
the curves can not he as smooth as the ones they 
approximate. 

The presented methodology can be followed for the 
generation of dynamic compact models of heat sinks as well. 
In case of heat sinks the use of a small transistor is 
recommended that we use for powering and measuring the 
temperature of the heat sink [IO]. 

Differential stmctm tunct~on(sI 

Figure 9 differential structure functions calculated from 
the measured and simulated C U W ~ S  of Figure 8 

If we have heat sinks with known compact models we can 
validate the package compact models with new 
measurements, that are compared to new simulation results. 
In the new measurements we use the heat sinks as new 
boundary conditions to the package. These themial transient 
curves have to be validated with the simulated results of the 
package + heat sink combined DCM that is obtained by the 
direct connection of the appropriate terminals of the compact 
models of the package and the heatsinkThe results of this 
comparison are presented inFigure 10. 

Figure 10 Non-fitted measured and simulated results for 
the package + heat sink structure, for two diflerent heat 

sink models, the package model is that of Figure I 
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To obtain these curves we used a very simple model for 
the heat sinks: a parallel R,&, pair between the thermal 
ground and the sink surface node is connected with an Rrhi 
element, representing the interface thermal resistance, to the 
package surface node. Such a simple model is shown in 
Figure 11 and Figure 12, where the actual value ofR,hj=O. 

The agreement of the measured and simulated curves for 
the package + heat sink combined structure is very good for 
the case of the large heat sink, which shows that the package 
model is good. The small difference in the measured and 
simulated curves in case of the package + small heat sink 
arrangement can be attributed to the improper 
characterization of the small heat sink with the very simple 
model. 

compact moaels of packages 

............. 

............. 

Other dissipating olsments 

Figure 11 The concept of co-simulation of a detailed board 
model with dynamic compact models of packages and cooling 

assemblies such as heat-sinks 

Figure 1 1  presents the board-package DCM co- 
simulation concept of [ I ] .  The board model is populated with 
packages, some of them represented with their dynamic 
compact package models and some of these are terminated 
on their top surface with compact models of cooling mounts. 
The heat exchange between the packaged devices and the 
board takes place through the footprints of the packages. 
Further heat removal to the ambient can be modeled by heat 
transfer coefficients on the package surfaces (representing 
e.g. natural convection) or by the compact models of heat 
sinks, connected to the compact models of the packages. 

In Figure 12 a simple model of a PGA package and a 
cooling mount are presented. The model library entry of the 
package is completed with the geometry of the footprints 
such as shown in Figure 13. In Figure 14 a simple, but 
demonstrative simulation example is shown: a steady-state 
temperature distribution of a board with two such PGA 
packages, dissipating both 1W. The package on the right is 
equipped with a cooling mount, resulting in less heat 
transferred to the hoard and lower junction temperatures. 
The same behavior can be observed on the junction 
temperature transients of Figure 15. Note Figure 15 in that the 

initial parts of the simulated transients coincide for shorter 
times, when the thermal wave propagates inside the package. 

With the methodology of creating dynamic compact 
package models as well as compact models of cooling 
assemblies, we can create model libraries for thermal 
simulators that can co-simulate the detailed model of a PWB 
and the compact device models attached to it, like the 
THERMAN thermal simulator tool [14]. 

PINS I 
l l r n  

BOTC 

Figure 12 Compact model example ofa PGA package and a 
finned cooling mount 

Beard 
Undedill 

f ootprinw 

Figure 13 Footprint geometry of the PGA package shown in 
Figure 12 

Figure 14 Steady-state temperature distribution of a PWB 
showing also the junction temperatures in the packages. 

The package on the right bas an attached heat-sink model of 
Figure 12. 
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4. Conclusions 
We have presented a methodology for creating dynamic 

compact thermal models of packages andor  cooling mounts 
entirely from measured thermal transient results. The idea is a 
derivative of the DEPHI methodology, adapted for 
convenient time dependent model generation. The main 
advantage of the presented methodology is that it does not 
request the creation of the detailed compact model, and the 
lengthy transient simulation is also substituted by fast 

Figure 15 Thermal transient responses obtained by the 
two models as calculated by THERMAN [lb[14]. 

The use of the method is presented on the creation of a 
dynamic compact model for a SOT93 package. For the 
creation of the DCP model of the package the used 
measurement and model identification technique was the one 
developed within the PROFIT project [ 151. 

Models of cooling mounts are easily created similarly, 
from the structure functions derived by the evaluation of the 
measured high-resolution thermal transients. 

The modeling approach presented here is another 
example of using slructure functions: the major structural 
elements of the packaged device can he identified from them 
and the starting element values of a dynamic compact 
package model can also be found on them. The package 
models can he fine-tuned by proper fitting tools. In case of 
cooling assemblies the element values of a simple but 
sufficiently accurate compact model can he read directly from 
the structure functions obtained from measured thermal 
transient responses. 

Attaching compact models of cooling assemblies to 
compact models of packages increases the accuracy of 
board-level simulators at virtually no cost in terms of CPU 
time, since during the co-simulation with the detailed model 
more than 99% of the CPU power is spent on solving the 
latter. 

Acknowledgments 

This work was supported by the PROFIT IST-1999-12529 
Project of the EU and by the INFOTERM 2/018/2001 NKFP 
project of the Hungarian Government. 

References 
1. M. Rencz, V. SzCkely, A. Poppe, B. Courtois: Ci)-simulation 

of dynamic compact models of packages with the detailed 
models of printed circuit boards, SEMCON Wesi' 2002, July 
16-18 2002, San lose, CA, USA, Proceedings pp 285-290 

2. C. Lasance, H. Vinke, H. Rosten, K-L Weiner: A Novel 
Approach for the Thermal Characterization o F Electronic 
Parts, Proc. of SEMITHERMXI, San Jose, CA, pp. 1-9. 1995 

3. C. Lasance, D. den Hertog, P. Stehouwer : Creation and 
Evaluation of Compact Models for Thermal Characterisation 
Using Dedicated Optimisation Software, Proc. of 
SEMTHERMXV, San Diego, CA, pp. 189-200, 1998 

4. F. Christiaens, B. Vandevelde, E. Beyne, R. Mertens, 1. 
Berghmans: " A  Generic methodology for Deriving Compact 
Dynamic Thermal Models, Applied to the PSGA package " 
IEEE Trans. On Componenrs, Packaging and Manufacturing 
Technology, PartA Vol21,No.4 Dec.1998 pp 565-576 
Bar-Cohen and W.B. Krueger: "Thermal characterization of 
chip packages - evolutionary development of compact 
models", SEMI-THERM'97, 28-30 January, 1997, Austin, 
USA, Proceedings pp. 180-197 
Bosch E., 2001, Thermal Compact Models: An Alternative 
Approach, Proc. 71h THERMINIC Workshop, pp. 191-196 
M. Rencz, V. SzCkely: Dynamic thermal multiport modeling 
of IC packages. IEEE Transactions on Components and 
PackDging Technologies.Vol.24, No 4, Dec.2001,pp 596-604 

8. M. Rencz, G.Farkas, A. Poppe,V. SzCkely, B.Courtois: A 
methodology for the generation of dynamic compact models of 
packages and heat sinks tiom thermal transient 
measurements,28"1EEE/CPMT/SEMI(IEMT)Sym 
lose, CA, July 16-18,2003, paperNo.SZ04-Pl 

9. V. SzCkely, A. Nagy, S. TOrCik, G. Hajas, M. Rencz: 
Realization of an electronically controlled thermal resistance. 
Microelectronics Journal, Vol31, Nolo, pp 727-734,2000 

IO. G. Farkas, A,Poppe, E.Kollar, PStehouwer: Dynamic 
compact models of cooling mounts for fast board level design, 
Proc. of the 1Vh SEMITHERM, San Jose, CA, USA, March 
1 I-13,2003, pp 255- 262 

11. Poppe, V. SzCkely: Dynamic Temperature Measurements: 
Tools Providing a Look into Package and Mount Structures, 
Electr. Cooling Magain, Vo1.8, No.2, May 2002. 

12. V. SzCkely and Tran Van Bien: "Fine structure of heat flow 
path in semiconductor devices: a measurement and 
identification method", Solid-Sfate Electronics, Vol. 3 1, 
pp.1363-1368 (1988) 

13. M. Rencz, V. SzBkely, A. Morelli, C. Villa: Determining 
partial thermal resistances with transient measurements and 
using the method to detect die anach discontinuities, 
SEMITHERM, March 1-14 2002, San Jose, CA,USA, 
Proceedings pp 15-20 

14. V. Szekely, A. Poppe, M. Rencz, M. Rosental, T. TeszCri: 
THERMAN: a thermal simulation tool for IC chips, 
microstructures and PW boards. Microelectronics Reliobilip, 
Vol. 40, pp. 517-524,2000 

IS. H. Pape et al. : Thermal transient modeling and experimental 
validation in the European project PROFIT, Proc. of the IVh 
SEMITHERM, San Jose, CA,USA, March 11~.13,2003, pp 
247- 254 

5.  

6. 

7. 

484 2003 Electronics Packaging Technology Conference 

Authorized licensed use limited to: Mentor Graphics. Downloaded on January 13, 2010 at 09:12 from IEEE Xplore.  Restrictions apply. 




