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ABSTRACT 

A detailed model of a die-up 256-pin Plastic Ball Grid Array (PBGA) package was created and validated against 

experimental data for natural convection and forced convection environments. Next, four compact models were 

derived; two Two-resistor models (one created through a two-point computational cold plate test; the other using 

the DELPHI optimization approach), a multi-resistor Star network model and a Shunt network model. The latter 

three models were derived using the methodology established by the DELPHI (Development of Physical models 

for an Integrated design environment) project. The four compact models and the detailed model were each 

placed in natural convection and forced convection (velocities of 1,2, and 4 m/s) environments. Good agreement 

was obtained for the die-junction temperature rise for both the detailed and the Shunt compact models. The Star 

and Two-resistor models were seen to be inferior in terms of accuracy. The Two-resistor model created using 

the DELPHI methodology was found to be superior compared to the one created with the computational cold-

plate test. The Star model showed little gain in performance as compared to the DELPHI Two-resistor model. 

INTRODUCTION 

Creating validated thermal models of electronic packages has always been a challenge in the electronics 

industry. Existing metrics such as junction-to-case thermal resistance and junction-to-ambient thermal resistance 

are sometimes useful as figures of merit, but have proven to fail spectacularly in many real environments [Dutta, 

1988]. This is because these measures typically are reported for ill-defined boundary conditions, and are also by 

definition subject to large variations depending on the environment.  

In order to improve the ability of design engineers to model electronic parts successfully, project DELPHI [2] 

(Development of Physical models for an Integrated design environment) was launched in 1993 by several 

European end-users with the specific aim of creating a methodology for the generation of thermal models that 

would be independent of the environmental boundary conditions [Rosten & Lasance, 1994].  

This project has produced an established methodology [Rosten, 1996; Parry, et. al., 1996] for creation of two 

types of thermal models - a "detailed" model (representing the package in sufficient geometric detail so as to 

capture all relevant thermal paths accurately; experimentally validated), and a "compact" model (a much 

reduced model consisting of a thermal resistance network that would still capture the thermal behavior of the 

parts accurately, and predict die-junction temperatures to a high level of accuracy; validated against the detailed 

model). A key advantage of a compact model is in the fact that a coarse grid is sufficient to obtain an accurate 

solution for its die-junction temperature. Thus, it allows the end-user to obtain an accurate die-junction 

temperature of several components simultaneously in a complete system level analysis. 

NETWORK COMPACT MODELS 

Network compact models can be classified according to their connectivity. The simplest true network model is a 

Two-resistor model (Figure 1). It consists of a resistance from the junction to the board (junction-to-board 

resistance), and one from junction to case (junction-to-case resistance). The appeal of a Two-resistor model is its 



simplicity. It is not expected to be highly accurate, but can still offer a tremendous improvement over traditional 

single resistance metrics [Joiner & Adams, 1999].  

 

Figure 1. Topology of a Two-Resistance Compact Model 

The next level of complexity is exemplified by the Star network model (Figure 2a). Instead of having just two 

surface nodes - top and bottom - the Star model is able to have a number of surface nodes by partitioning the 

top, bottom as well as the side surfaces of a package. The restriction is that all resistors must be connected to the 

junction node. 

 

Figure 2. Topology of a) Star and b) Shunt Compact Models  

Whereas the Star model is allowed thermal paths only between the junction and the surface nodes, a Shunt 

compact 

model (Figure 2b) can contain resistances between any two surface nodes ("shunt" resistances). Thus the Shunt 

model is expected to perform better than a Star compact model.  

PLASTIC-BALL-GRID-ARRAY (PBGA) PACKAGE 



The salient features of the Plastic-Ball-Grid-Array (PBGA) package (JEDEC, 1994) are shown in Figures 3 and 

4. The typical PBGA technology consists of a Bismaleimide-Triazine (BT) epoxy-resin circuited substrate 

material containing metal layers. A silicon die is bonded to the die-flag on the top side of the substrate with a 

silver-filled epoxy. After wire-bonding, the substrate is overmolded and solder spheres are attached to the 

bottom of the package to form the next-level eutectic (63Sn-37Pb) ball-grid array interconnection. The 256 

PBGA package has a 20  20 array with a depopulation of 12  12 rows in the center. The pitch is 1.27 mm. The 

overall package dimensions are 27  27 mm. 

The package substrate is 2-layer (top and bottom trace layers), with a 5  5 array of thermal vias connecting the 

die flag to a bottom spreader (embedded in-plane with the bottom trace layer). 

  

 

Figure 3. Cross-Sectional View of a typical Die-up Plastic Ball Grid Array (PBGA) Package 

OBJECTIVE 

For this study, a 256 pin Plastic Ball Grid Array (PBGA) with a die size of 10.16 mm  10.16 mm, and a power 

dissipation of 2 Watts is considered.  

The results for a 119 PBGA package have been reported [Shidore & Kromann, 1997]. In that study, a detailed 

model of the package was created and then a Star compact model extracted using the DELPHI optimization 

technique. Good agreement was obtained with the detailed model data. Since experimental data was not 

available to directly validate the detailed (and hence, compact) models of the 119PBGA, that particular study 

mainly served as a means to illustrate a specific stage within the supply chain integration path envisioned by 

DELPHI, in which an optimized compact model is created from a detailed model that is assumed to have been 

already validated.  

The substrate of the PBGA in the study [Shidore & Kromann, 1997] was represented in the CFD simulations by 

a block with volume averaged properties. Later observations have indicated that such a modeling approximation 

is not sufficiently refined for capturing the major thermal paths within a PBGA. 

Hence, in the current study a highly refined detailed model of the 256 PBGA was generated using a specialized 

IC Package modeling tool [Flomerics Inc., 1999a]. The model represented the major sub-elements of the 

package such as the die flag, trace layers, bond wires etc. in an explicit fashion, making only the minimum 

necessary approximations in the process.  

The detailed model was then simulated using a commercial CFD tool [Flomerics Inc., 1999b] under natural and 

forced convection environments, and validated against corresponding experimental data [Joiner & Adams, 

1999] Good agreement was obtained between simulation and experiment for all the conditions considered. 

Next, three different compact model topologies (all representing the same detailed model) were implemented; 

each progressively more refined than the previous one. The models were simulated in the above environments 

using a commercial CFD tool [Flomerics Inc., 1999b]. The results allowed new conclusions to be drawn 

regarding the advantages and disadvantages of using the various compact model topologies. 



CREATING THE DETAILED MODEL 

The detailed model is created with the help of a commercially available, specialized, IC package model 

generating tool [Flomerics Inc., 1999a]. The tool incorporates a parametric method to generate the detailed 

models, while embedding substantial modeling intelligence into the process. 

The detailed model generated represented each of the following package sub-elements explicitly - the die, die 

attach, die flag, each metal trace layer, thermal vias, bottom spreader, each solder ball, dielectric, encapsulant, 

and bond-wires. Figure 4 shows the detailed model construction. 

 

Figure 4a. Detailed Model of 256 PBGA (Isometric View) 

  



 

Figure 4b. Detailed Model of 256 PBGA (Side View) 

  

CREATING THE COMPACT MODELS 

Three topologies were considered for this study: a simple Two-resistor network, a Star network, and a Shunt 

network. Further, two varieties of Two-Resistor networks were derived based on two different approaches. 

Two-resistor Network Model 

The Two-resistor network consists of a junction-to-case resistance and a junction-to-board resistance (Figure 1). 

The ease of generation and implementation is an attractive feature of a Two-resistor model. It is not expected to 

provide high accuracy, but its performance is likely to be far better than traditional single resistor metrics]. 

Two kinds of Two-resistor networks were derived for this study. In the first case, the resistances that comprise 

the model were extracted from the detailed model by running two simulations that mimicked a cold plate test. 

Thus in the first simulation, an isothermal boundary condition was applied to the top surface of the package, 

while the bottom and sides were insulated. This forced all the heat to leave the package through the top surface. 

The second simulation reversed the heat flow path; i.e., the top surface was insulated and the entire heat flux 

was forced to exit the package through the bottom surface. The junction-to-case and junction-to-board thermal 

resistances could then be easily calculated by applying the one-dimensional version of Fourierôs law in each 

case. 



 

Figure 5. Two-Resistance Models for 256 PBGA derived from a) Computational Cold Plate Test, 
and b) DELPHI optimization method  

In the second case, the resistance values were extracted using the DELPHI optimization approach. In this 

approach, the detailed model is subjected to a range of heat transfer coefficients on its top and bottom surfaces 

(Lasance, 1999). These heat transfer coefficients are representative of most of the possible boundary conditions 

a package could be exposed to in real-world applications. The resultant data for fluxes is used to fit an optimized 

Two-resistor topology by the least-squares method. 

The values for the resistances derived for each of the approaches of creating the Two-resistor model are shown 

in Figures 5a and 5b. Note that the DELPHI optimized model yields significantly higher values for the 

resistances.  

The Two-resistor models are implemented in the commercial CFD tool by the means of a Block-and-Surface 

Resistance arrangement. The Blocks are high conductivity (isothermal) primitives that are present in order to: 

 represent the junction (and/or the case) nodes, and  

 provide the necessary "bulk" for the compact model to represent flow blockage correctly. 

Two Blocks are present in the model. The lower Block represents the junction node. The upper Block represents 

the case nodes. Surface Resistances in FLOTHERM are attributes that can be applied to any or all surfaces of a 

Block. Hence they are used to represent the resistances in the model.  

Using a single Block (lower Block) only is sufficient for the resistance model to predict accurate die-junction 

temperatures. However, the use of an additional upper Block has many advantages: 

 It allows for the creation of a node specific to the case zones. Hence, the case temperature can be 

directly read off as the temperature of the upper Block,  

 It allows the user to introduce a custom heat sink attach material as an additional Plate on the top of the 

upper Block, and  

 It also allows the user to place radiation panels on the case of the package. 

The disadvantage of introducing an additional Block is the increase in the number of grid cells associated with 

the compact model. On the balance though, the advantages often outweigh the disadvantages. 

The Star Network Model 

A Star network consists of a multiple number of thermal resistances connecting the junction and the package 

surface. (Figure 2a).  

In this study, the Star network of the 256 PBGA was created using a proprietary software package [Flomerics 

Inc., 1998] that implements the compact modeling methodology described by DELPHI. To begin with, the 

number, extent, and placement of nodes on the surfaces of the detailed model of the package needs to be 

selected. 

Accordingly, the detailed model was partitioned into 4 surface nodes: Top Inner, Top Outer, Bottom Inner, and 

Bottom Outer. The contribution of the sides was ignored. The node partitioning scheme is depicted in Figure 8. 



The extent for the inner nodes was chosen to coincide with the inner boundary of the solder ball peripheral 

array. It was felt that this would align the heat flux paths for the network more closely with those in the actual 

package.  

Next, the detailed model was solved for a pre-defined set of boundary conditions that were representative of the 

entire range of environments that a package could possibly be exposed to [Lasance, 1999]. A least-squares type 

optimization was then done to fit a user specified (in this case, a Star) network such that the errors in the fluxes 

at the various nodes were minimized. The die-junction temperature results were not used to optimize the model, 

thus avoiding the undesirable approach of using the parameter of interest itself (in this case the die-junction 

temperature) in the optimization process.  

It is important to note that the solder balls were excluded from the detailed model used for the optimization 

process. This meant that the thermal resistances due to the peripheral solder ball array and the package stand-off 

(at its center) were added as separate, external resistances to the derived topology. Figure 6 shows the final Star 

network for the 256 PBGA. 

After the values of the thermal resistances in the optimized network was calculated, a Block-and-Surface-

Resistance representation of this network was created within FLOTHERM according to the general principles 

outlined above. 

 

Figure 6. Star Compact Model for 256 PBGA derived using the DELPHI optimization method  

The Shunt Network Model 

The Shunt network model was derived by using a similar approach as used for the Star model, the difference 

being that the topology allows for interconnections between the various surface nodes. The Shunt network is the 

most refined of the three topologies considered in this study, and is expected to result in the best performance. 

The resultant, optimized Shunt topology derived for the 256 PBGA package is shown in Figure 7.  

 

Figure 7. Shunt Compact Model for the 256 PBGA derived using the DELPHI optimization 
method  



As before, the model is implemented in the commercial CFD tool by a combination of Blocks and Surface 

Resistances. A proper attachment of Surface Resistance attributes to the various Block surfaces allows the 

network resistances to be represented in the model. 

  

SETTING UP THE NUMERICAL PROBLEM 

To evaluate the performance of the models, simulations were conducted in an environment consisting of 4-layer 

board of dimensions 102  114 mm placed in a computational wind tunnel. The models were simulated in 

natural convection and forced convection (velocities of 1, 2, and 4 m/s) environments. Radiation was modeled 

from the top and bottom surfaces of the board and the top surface of the package. A diffuse-gray assumption 

was used for all radiating surfaces, and the value of emissivity was set to 0.8. 

The board was represented with each copper layer modeled discretely for maximum accuracy. Within each 

layer, the conductivity was set to the volume averaged value depending on the fraction occupied by the actual 

traces. 

The flow was assumed to be laminar for natural convection and a forced convection velocity of 1 m/s. It was 

assumed to be turbulent for velocities of 2 and 4 m/s. An algebraic turbulence model was used to describe the 

freestream turbulence. Wall functions were used to describe the turbulent boundary layer near solid surfaces.  

The detailed model grid size in the problem (half-symmetry) was 270,000 cells. An identical grid on the air-side 

was used for both the detailed and compact model simulations. The grid size within the compact model itself 

was much less compared to the detailed model. The total grid cell count for the compact model simulations 

ranged from 49,000 cells (Two-resistor model, half-symmetry) to 53,000 cells (Shunt model, half-symmetry). 

Thus utilization of compact models of the type described resulted in a factor of 5 savings in the problem size 

(and therefore roughly, the run times) over the use of the detailed model. 

RESULTS 

The Detailed Model 

The detailed model was first validated against experiment. The results are shown in Figure 8, while the error 

expressed as percentage deviation from experiment is shown in Figure 9. 

 

Figure 8. Detailed Model Validation 

The agreement is within 5% for all data points. This demonstrates the accuracy of the modeling approach 

embedded in the application-specific tool (FLOPACK) used for creating the detailed model for this study. 



 

Figure 9. Error in Detailed Model 

Having obtained an accurate detailed model, the compact model were next extracted.  

Two-resistor Network Models 

The Two-resistor models were evaluated against experiment. Figures 10 and 11 show clearly that the accuracy 

of Two-resistor models is not high. In particular, the model derived from a simple computational cold-plate tests 

under-predicts the junction temperature by as much as 60%. However, the model derived from the DELPHI 

approach reduces this maximum error to about 30%. Incidentally, the value of 30% as close to the maximum 

bound of error for a two-resistor model has also been recently reported elsewhere (Joiner & Adams, 1999). 

 

Figure 10. Performance of Two-Resistor Models  

  

The simplicity of the two-resistor model may allow it to be useful to be useful for some applications, especially 

if it is derived using an optimization approach. 

  



 

Figure 11. Error in Two-Resistor Models  

  

Star and Shunt Network Models 

Figures 12 and 13 show the results for the Star and Shunt models. The Star model is seen to over-predict the 

junction temperature by as much as 30% for the natural convection case. However, it agrees within 10% of 

experiment for all the forced convection cases considered in this study. 

Figure 12. Performance of Star and Shunt 
Models  

The Shunt compact model is seen to give the most consistent and accurate prediction for the junction 

temperature, within 10% for all the data points. However, the predicted temperature is below experiment for all 

the forced convection simulations, while slightly above experiment for the natural convection simulation. 



Figure 13. Error in Star and Shunt Models  

  

CONCLUSIONS  

A detailed model of a 256 PBGA package was constructed and validated against experiment. Agreement 

between the detailed model and experimental data was within 5%, demonstrating the accuracy of the modeling 

approach used. 

This detailed model was then used as a benchmark to evaluate the performance of four compact models, three of 

them derived using the methodology established by the DELPHI project.  

This models was then simulated in a numerical wind tunnel on a 4-layer board in natural and forced convection 

environments.  

Of the compact models derived, the Shunt compact model gave the best overall performance, agreeing within 

10% of experiment for all data points.  

The performance of the DELPHI-derived Star and Two-resistor compact models was less accurate with errors in 

junction temperature prediction ranging from a few percent to more than 30 percent. The Star model uniformly 

over-predicted the junction temperature, whereas the Two-resistor model resulted in a significant under-

prediction. The Star model agreed with experiment best for forced convection conditions. The Two-resistor 

model performed better under natural convection conditions. The DELPHI-derived Two-resistor model was 

found to be significantly superior as compared to the one extracted using a two data point computational cold 

plate test. 

In light of these observations, it appears that the Shunt compact model derived according to the DELPHI 

methodology performs acceptably well (within 10%) in predicting the junction temperature of the 256 PBGA 

package, although it tends to under-predict rather than over-predict this temperature. The Star and the Two-

resistor models however, show a considerably larger error. In terms of the error magnitudes, the Star model 

demonstrated little additional accuracy as compared to the DELPHI derived Two-resistor model for this 

particular package style. 
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