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ABSTRACT 

 

AN ANALYTICAL AND NUMERICAL MODEL FOR DESIGN  OF 

NON-UNIFORMLY POWERED SILICON CHIPS 

BASED ON BOTH THERMAL AND DEVICE 

 CLOCK PERFORMANCE 

 

Publication No. ______ 

 

Abhijit D. Kaisare, PhD. 

 

The University of Texas at Arlington, 2007 

 

Supervising Professors:  Dereje Agonafer and A. Haji-Sheikh  

Silicon chips continue to grow in capabilities, complexity and performance. 

Silicon chips typically integrate functional components such as logic and level two (L2) 

cache memory in their architecture. This functional integration of logic and memory 

results in improved performance of the chip. However, the integration also introduces a 

layer of complexity in the thermal design and management of silicon chips. As a direct 

result of functional integration, the power map on a silicon chip is typically highly non-

uniform and the assumption of a uniform heat flux across the chip surface has been 

shown to be invalid post Pentium II architecture. 
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 The active side of the silicon chip is divided into several functional blocks with 

distinct power assigned to each functional block. Current research is focusing on 

microprocessor as a leading example as this work applies equally to other applications 

where silicon chips demonstrate non-uniformity. For instance graphic chips can exhibit 

non-uniformity so can ASICs. 

Initially, a numerical model is developed to minimize the on-die temperature of 

the package by optimizing the distribution of the non-uniformly powered functional 

blocks with different power matrices. In order to model the non-uniformly power 

dissipation on the silicon chip, the chip surface area is divided into different cases such 

as 3 x 3, 4 x 4, 8 x 8, 10 x 10 etc. of power matrix with a matrix space representing a 

distinct functional block with a constant heat flux. Using a FEM code, an optimization 

of the positioning of the functional blocks relative to each other is carried out in order to 

minimize the junction temperature Tj (temperature on die). The best possible Tjmax 

reduction could thus be found. Based on the data derived from numerical model, for 

different power matrices, trend for the data is evaluated which helps to draw design 

guideline for a typical die configuration (i.e. 30 x 30). 

This is followed with a development of an analytical approach to temperature 

distribution of a first level package with a non-uniformly powered die which is carried 

for the first time. Previously developed analytical model [18]  for two layer bodies is 

extended to this typical package which is a multilayer body. The solution is to begin by 

designating each surface heat flux as a volumetric heat source. An inverse methodology 

is applied to solve the equations for various surfaces to calculate maximum junction 
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temperature (Tjmax) for a given multilayer body. Finally validation of the analytical 

solution is carried out using developed numerical model. 

In the end, a multi-objective optimization is carried out embedding developed 

numerical model into silicon floor plan to developed compact model satisfying both 

electrical and thermal performance. Recommendations are provided for an architecture 

design regarding maximum separation of functional block with minimum on-die 

temperature. The commercial finite element code ANSYS® is used in this study. 



 ix 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS....................................................................................... iv 

 

ABSTRACT .............................................................................................................. vi 

 

LIST OF ILLUSTRATIONS..................................................................................... xi 

 

LIST OF TABLES..................................................................................................... xiv 

 

Chapter                                                                                      Page 

 

 1. BACKGROUND AND MOTIVATION....................................................... 1 

 

               1.1 What is Non uniform Power? ..................................................... 1 

 

               1.2 Need for architecture level thermal management  

                               and thermal  modeling................................................................        3 

   

 2.  LITERATURE STUDY................................................................................  6 

   

 3.  OBJECTIVE.................................................................................................         9 

 

               3.1. Description of a package..........................................................         9 

 

 4. DESIGN APPROACH AND MODELING METHODOLOGY.................       11 

                   4.1 Development of numerical model for thermal optimization  

                         of  non-uniformly powered microprocessors............................       11 

           4.1.1 Modeling  Methodology.................................         14 

   4.1.2 Optimization – procedure details……….......          15 

4.2 Development of analytical model for non-uniformly powered  

                  microprocessors ……………………………………………...         19                                    



 x 

                             4.2.1 Methodology – Uniformly powered die………… 19 

   4.2.2 Methodology – Non-Uniformly powered die ….   22  

   4.3 Development of numerical model using multi-objective  

optimization based on both thermal and device clock          

performance……….......................................................................    28 

 

                                    4.3.1 Modeling Methodology ....................................     28 

5 .RESULTS AND DISCUSSIONS  

 

5.1 Development of numerical model for thermal optimization of 

      non-uniformly powered microprocessors.....................................     37 

             5.1.1 Design guideline  .............................................     45 

5.2 Development of analytical model for uniformly and 

      non-uniformly powered microprocessors....................................     45 

5.3 Development of numerical model using multi-objective        

     optimization model for non-uniformly powered  

     microprocessors ...........................................................................      47 

     6. CONCLUSION AND FUTURE WORK  .......................................................      51 

Appendix 

 

 A.NOMENCLATURE ....................................................................................... 53 

 

REFERENCES .......................................................................................................... 56 

BIOGRAPHICAL INFORMATION......................................................................... 62



 

 xi

LIST OF ILLUSTRATIONS 

Figure Page 

 

 1.1 90 nm Intel Pentium Processor........................................................................      2 

 1.2 Impact of die power non-uniformity on cooling capability ............................      3 

     1.3  Type of power (a) Uniform power which is a traditional assumption ............      3 

           (b) Non-uniform power   

     1.4  Hot spots as a effect of Non uniform power (a) Intel Pentium  

            ®  III Processor and (b) Intel Itanium ®  Processor ........................………....     5 

 2.1  Skardon’s Model (Overall RC model, including both vertical and lateral .....      7 

  components) 

3.1  Model of  a Flip chip package used in this study.............................................    10 

     4.1  FEM Model of the package with number of elements = 4574 and  

            number of nodes = 29085 …………………………………………. ……..       12                                                                                       

     4.2   Divided die for various different cases of power maps   

            (a) 4 x 4 case and (b) 6 x 6 case  (c) 10 x 10 case and (b) 15 x 15 case …….    13 

     4.3   Flowchart for developing numerical model  ……………………………….    15 

     4.4   A test case with functional block with 16 design variables  

             for  4 x 4 power map ………………………………………………..........        18 

     4.5  Different test cases with groups of functional blocks of (a) 4 design 

            variables (b) 6 design variables (c)12 design variables for 

            6 x 6 power map …………..........................................................................       20                                

     4.6  Schematic of a two-layer body …………………………………………….     21           



 

 xii

      4.7    Schematic of the regions being studied ………………………………….      23 

      4.8    Step 1 (TIM II and Heat spreader) ………………………………………      26 

      4.9    Step 2 (TIM I and Die)  …………………………………………………       27 

      4.10  Values of TI and TII at interfaces from step 1 and step 2 ………………...      27 

      4.11  Flow chart for developing an analytical model  

               for non-uniformly powered microprocessor …………………..............…      28 

      4.12  Die photo of Compaq Alpha 21364  …………………………………….       30 

      4.13  Floor plan – Expanded view of Compaq Alpha 21364 with CPU core …      31 

      4.14  Functional blocks in a Compaq processor core with highest power……..      31 

      4.15  Planes selected in the floor plan of the Compaq core  

   processor for optimization …………………………………………..…         32  

       4.16  Pentium IV floor plan ( a) Pictorial view (b) functional block                      

   distribution ………………………………………………………………       33           

       4.17  Baseline case of the pentium IV architecture floor plan with  

                clubbing different functional blocks from the original floor plan ………      35 

       4.18  Interchanging locations of functional blocks (a) original floor plan  

               (b) Modified floor plan ………………………………………………….       36 

       5.1  Graph of minimum and maximum junction temperatures on  

              different power maps……………………………………………………..       40 

       5.2  Temperature distribution for 6 x 6 power map  

             (a) Original power map (b) Optimized power map)……………………….      41 

       5.3  Graph showing power distribution for 6 x 6 power map  

              (a) Original power map (b) Optimized power map  …………………….        41 

       5.4   Temperature distributions for different power maps  

               before optimization (a) 5 x 5 case (b) 8x 8 case  

              (c) 15 x 15 case  ………………………………………………………….       42 

        



 

 xiii 

      5.5   Temperature difference (Gradient) on overall die before optimization 

              (a) 5 x 5 case (b) 12 x 12 case ……………………………………….......       42 

      5.6   Temperature distributions for different power maps after optimization  

             (a) 5 x 5 case (b) 8 x 8 case (c) 10 x 10 case and (d) 15 x 15 case  ……..         43              

      5.7   Maximum junction temperatures (Baseline and Optimized) for  

             different power maps ……………………………....................................         44 

      5.8   Percentage variation changes in optimized temperature for different  

   cases of  power maps …………………………………………………..          44 

      5.9  Temperature distribution for distribution of uniform heat flux over a die  

 Surface ....................................................................................................           46 

      5.10 Validation of junction temperature (Tj) for die for numerical  

  and analytical model for different cases  ..............................................            47 

      5.11  Temperature distribution (Original Floor plan for Compaq  

   alpha Processor)  ..................................................................................            48 

      5.12  A floor map of Compaq Alpha core with 2 different architecture  

               arrangements (a) Best case  

              (b) Worst case after optimization study ..............................................              48                                   

      5.13  Identification of critical functional blocks in a given floor plan ........             49 

      5.14  Maximum junction temperature for the baseline case for a 

               given Pentium IV architecture ............................................................             50 

      5.15  Maximum junction temperature for the modified floor plan  

              (Changing the locations of functional blocks) for a given                               

              Pentium IV architecture  ......................................................................             51 



 

 xiv

LIST OF TABLES 

 

Table Page 

 

 3.1 Dimensions and material properties Data ......................................................   10 

4.1 Number of automatic design points as a function of the number  

       of input parameters .........................................................................................    19 

4.2  Range of values of different planes related to different functional  

  blocks used in the optimization study  ..........................................................     32 

4.3 Functional block distribution with their dimensions  

and power consumed .....................................................................................      36 

5.1 Results of various cases for two different power maps ..............................       39 

5.2  Junction temperature (maximum and minimum) and gradient 

 over a given die surface for different power maps ......................................       40 

5.3  Temperature values for the best case and worst case floor plans 

  with specific values of the planes selected for optimization ......................        49 

  

 

 



 

 1 

CHAPTER 1 

BACKGROUND & MOTIVATION 

1.1 What is Non-uniform Power? 

As the performance of microprocessor increases, the need to supply data and 

instructions to the core processor increases accordingly. In the past, these information, 

which normally reside in main memories are channeled to microprocessor via the bus, a 

parallel set of interconnects running between the microprocessor and the memory. In 

the recent Intel product generations, improved integrated circuit (IC) density makes it 

practical to integrate the Level Two (L2) cache into the microprocessor architecture. 

This integrated L2 cache stores the frequently used data thereby reducing the frequency 

of accessing information from the external main memories. 

Consequently, this speeds up data execution and enhances microprocessor 

performance. Although the integration of L2 cache into microprocessor architecture 

renders definite design advantages, it also poses other challenges in the thermal design 

of next generation processors, especially for those with significantly large integrated L2 

cache. One of the challenges is to design a thermal solution that meets the thermal 

performance of microprocessor with non-uniform power density within the silicon die. 

The non-uniform power distribution occurs when the central processing unit (CPU) or 

core processor region of the die dissipates a significant fraction of the total power while 
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the other cache regions of the die dissipate little or no power. This non-uniformity of 

power distribution results in a large die temperature gradient, with localized hot spots 

that are expected to affect the processor performance, product reliability as well as 

yield. This phenomenon [1] was reported in the design of Pentium® III XeonTM 

processor for 4-way and 8-way server systems where significantly large L2 cache was 

integrated to the silicon design. Figure 1.1 shows the 90 nm Intel Pentium Processor [2]. 

This is one of the example of Intel processor showing different functional blocks with 

non-uniform power. Figure 1.2 shows a plot of the overall cooling capability of 

different thermal solutions as a function of the density factor (DF), as a measure of the 

impact of power non-uniformity [2]. Figure 1.3 (a) shows the traditional assumption of 

uniform power while (b) shows a reality which is a highly non uniform power over a 

surface of die. 

                                            

Figure 1.1: 90 nm Intel Pentium Processor [2] 
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Figure 1.2:  Impact of die power non-uniformity on cooling capability [2] 

 

                                  (a)                                                                (b) 

                 Figure 1.3:  Type of power (a) Uniform power which is a traditional   

                 assumption(b) Non uniform power [2] 

 

1.2 Need for architecture level thermal management and thermal  modeling 

In recent years, power density in microprocessors has doubled every three years 

[3, 4], and this rate is expected to increase within one to two generations as feature sizes 

and frequencies scale faster than operating voltages [5]. As the total power increases, 
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the power density of the silicon chip is increasing as well. In order to keep transistors 

within their allowed operating temperature range, the generated heat has to be 

dissipated from its source in a cost-effective manner. These constraints limit the 

processor’s peak power consumption. Peak power consumption limits apply both to 

desktops and mobile computers. Increased power dissipation results in higher operating 

temperature, more expensive cooling mechanisms and reduced reliability.  

The integration level and the clock speed of high-performance microprocessors 

have increased so rapidly that the average power density of the advanced 

microprocessor chips is now more than 10 W/cm
2
. Many chips are now running at peak 

power of >30 W even at Vdd =3.3V. Furthermore, the average power density is expected 

to increase in scaling. [40] 

Power-aware design alone has failed to solve thermal management problem, 

requiring temperature-aware design at all system levels, including the processor 

architecture. Many low power techniques do not reduce power density in hot spots with 

having little impact on operating temperature. Temperature-aware design will make use 

of power-management techniques. In sub-100nm technologies, temperature plays an 

important role in performance and reliability. Localized heating occurs much faster than 

chip-wide heating; since power dissipation is spatially non-uniform across the chip as 

shown in figure 1.4, this leads to “hot spots” and spatial gradients that can cause timing 

errors or even physical damage. This means that power-management techniques, in 

order to be used for thermal management, must directly target the spatial and temporal 

behavior of operating temperature. Temperature-specific design techniques to date have 
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mostly focused on the thermal package (heat sink, fan, etc.). If the package is designed 

for worst-case power dissipation, they must be designed for the most severe hot spot 

that could arise, which is prohibitively expensive. To reduce packaging cost without 

unnecessarily limiting performance, it has been suggested that the package should be 

designed for the worst typical application [7,8,9]. It is therefore very important to create 

thermal compact model depends on architecture, power maps and floor plans [4] to 

solve thermal management problem. 

                                                   

                    (a)                   (b) 

              Figure 1.4:  Hot spots as a effect of Non uniform power (a) Intel Pentium ®   

              III Processor and (b) Intel Itanium ®  Processor [9] 

 

Hot spots 
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CHAPTER 2 

LITERATURE STUDY 

 Non uniform power phenomenon [1] was reported in the design of Pentium® III 

XeonTM processor for 4-way and 8-way server systems where significantly large L2 

cache was integrated to the silicon design. Previous work has been done in 

understanding the thermal solutions for the non-uniform power distribution within the 

silicon die. Some of the previous work includes Goh et al. [11] using genetic algorithm 

approach, Getkin et al. [12] using simplified fin modeling approach, Sikka et al. [13]   

using analytical temperature distribution method, June et al. [14] using cap-integral 

standoffs, Yu et al. [15] using fast placement dependent full chip thermal simulations . 

 Skardon et al. [7,8] developed a compact model as shown in figure 2.1 also 

known as “hot spots” which deals with temperature aware micro-architecture. This 

work describes a thermal-modeling approach that is easy to use and computationally 

efficient for modeling thermal effects and thermal-management techniques at the 

processor architecture level. This approach is based on modeling thermal behavior of 

the microprocessor die and its package as a circuit of thermal resistances and 

capacitances that correspond to functional blocks at the architecture level. This yields a 

simple compact model, yet heat dissipation within all major functional blocks and the 

heat flow among blocks and through the package are accounted for. The model is 

parameterized, boundary and initial conditions independent, and is derived by a
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structure assembly approach. It is based on a simple network of thermal resistances and 

capacitances, which are derived using area and floorplan information for the major 

functional blocks at the architecture level, and estimates of thermal resistance and 

capacitance for the microprocessor’s thermal package. 

                  

 

                         Figure 2.1:  Skardon’s Model (Overall RC model, including 

                         both vertical and lateral components) [7] 

 

Hot spot uses the duality between electrical and thermal resistances and 

capacitances to derive a dynamic compact model of the heat flow among the different 

architecture-level blocks within a microprocessor. [7] 

Wu et al. [21] mathematically estimated the active power of functional units in 

modern microprocessors. The method leverages the phasic behavior in power 

consumption of programs, and capture as many power phases as possible to form a 

linear system equations such that functional unit power can be solved. Suwa and Hamid 

[16] presented a multidisciplinary design and optimization methodologies in electronic 
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packaging which includes integrated multidisciplinary CAD environment and 

automated design and optimization techniques. Skardon et al. [7,8] shows that there is 

significant peak temperature reduction potential in managing lateral heat spreading 

through floorplanning. It was also suggested that potential warrants considerations of 

the temperature performance trade off early in the design stage at the microarchitectural 

level using floorplanning. 

There has not been a design guideline or compact model developed for thermal 

based optimization of functional block distribution in non-uniformly powered 

microprocessor. In addition there is no close form solution (Analytical model) available 

for temperature distribution for a first level package with non-uniformly powered die. It 

is also very important to develop a best known method to develop a compact model 

based on both thermal and device clock performance for a non-uniformly powered 

microprocessor.  
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CHAPTER 3 

OBJECTIVE 

(I) Development of numerical model for thermal optimization of non-uniformly 

powered  microprocessors. 

(i) Thermal based optimization of functional block distributions in a non-  

     uniformly powered microprocessors. 

(ii) Design rule for minimizing on-die temperature in a non–uniformly 

powered microprocessors.  

(II) Development of an analytical model for non-uniformly powered microprocessors. 

(i) Analytical approach to temperature distribution of a first level package 

with uniformly powered microprocessors.  

(ii) Analytical approach to temperature distribution of a first level package 

with non-uniformly powered microprocessors.  

(III) Development of numerical model using multi-objective optimization based on both 

thermal and device clock performance for non-uniformly powered microprocessors. 

3.1 Description Of A Package 

A schematic diagram of a typical package shown in figure 3.1 is used in this 

research. It has a heat sink of 64 x 64 x 6.35 mm attached to the spreader of 31 x 31 x 

1.8 mm to the silicon die with the help of TIM I and TIM II with a thickness of 0.025 
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mm. as shown in table 3.1. The various power maps used in this research are 

provided by Intel corp. 

 
 

 

Figure 3.1:  Model of a Flip chip package used in this study 

 

Table 3.1:  Dimensions and material properties data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Type Dimensions (mm) Thickness (mm) Conductivity (W/m°K) 

Die 10.17 x 10.62 0.75 120 

TIM I 10.17 x 10.62 0.025 1 

IHS 31 x 31 1.8 390 

TIM II 31 x 31 0.025 1 

Heat sink 64 x 64 6.35 390 

Heat sink 

IHS 

DIE 
TIM I & II 
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CHAPTER 4 

DESIGN APPROACH AND MODELING METHODOLOGY 

 

4.1 Development of numerical model for thermal optimization of non-uniformly 

powered microprocessors 

 

The objective of this study is to minimize the on-die temperature of the 

described package by optimizing the distribution of the non-uniformly powered 

functional blocks on the microprocessor. The different specific cases of power maps 

that will be used for the optimization are 4 x 4, 5 x 5, 6x 6, 8 x 8, 10 x 10, 12 x 12 and 

15 x 15. In order to model the non-uniform power dissipation on the microprocessor, 

the die surface area is divided into a given matrix with a matrix space representing a 

distinct functional block with a constant heat flux. Using a FEM code, an optimization 

of the positioning of the functional blocks relative to each other is carried out in order to 

minimize the junction temperature Tj. A Schematic diagram of a typical attachment 

shown in figure 3.1 is used for the analysis. It has a heat sink of 64 x 64 x 6.35 mm 

attached to the spreader of 31 x 31 x 1.8 mm to the silicon die with the help of TIM I 

and TIM II with a thickness of 0.025 mm. Geometry is created using given dimensions 

for die, spreader, heat sink and TIMs as shown in table 3.1. Die is divided into a matrix 

of above mentioned power maps to study the optimization of given power maps as 

described. A steady state thermal analysis is carried out to calculate the maximum 

junction temperature (Tj) for given power maps for both the test cases such as 4 x 4 and 
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6 x 6. Mesh sensitivity analysis is carried out with temperature varies in the range of +/- 

1 ° C; coarse meshing is used for the analysis. Figure 4.1 shows the finite element 

model of the package considered for this study.         

Parameters such as thicknesses of TIM I and TIM II, thermal conductivities of 

TIMs and convective transfer coefficient are calculated to satisfy the given package 

conditions. All the material properties are applied as per the material property data. 

Total power of 115 W is applied over a die as per the given power maps. A (h) of 1200 

W/m
2
 °C is used on the top of package for the analysis. This (h) is an effective heat 

transfer coefficient applied per unit area of the heat sink base (equal to the fin average h 

times the fin/base area ratio). Once baseline cases for given non-uniform power maps 

are carried out, an optimization study is carried out to see the effect of non-uniform 

power on the maximum junction temperature. Percentage variation in the optimized 

temperature is plotted against baseline temperature. Design guidelines are then 

suggested for any number of power maps. Tool Ansys Workbench is used for the 

analysis and optimization study. 

                    

 

 

 

 

 

   

 

 

 

                                 Figure 4.1:  FEM Model of the package with number  

                                of elements = 4574 and number of nodes = 29085 
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(a)                                                                                 (b)     

 

                             
        

(c)                                                                           (d) 

 

              Figure 4.2:  Divided die for various different cases of power maps   

             (a) 4 x 4 case and (b) 6 x 6 case  (c) 10 x 10 case and (b) 15 x 15 case  
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4.1.1 Modeling Methodology 

Maximum junction temperature is simulated for the different power maps as 

mentioned in above section as baseline case. Initially optimization study is carried out 

for test cases such as 4 x 4 and 6 x 6 power maps to define the number of functional 

blocks for any number of power maps. Figure 4.3 gives a flow chart which is used to 

develop this numerical model for thermal optimization of non-uniformly powered 

microprocessor. For optimization study a functional blocks of 4, 6 and 12 different 

individual powers are used as a design variable for 6 x 6 power map. Blocks of 16 

design variables are used for the case of 4 x 4 power map. Design Xplorer which is a 

module in ANSYS is used to analyze the optimization study. Functional block is a 

group of number of design variables i.e. different individual powers in a given power 

map. This analysis has no constraints placed on the redistribution of functional blocks.  

Figure 4.4 shows a solid model of divided die for four different cases. Figure 4.5 and 

4.6 gives the different cases considered for optimization for two different power maps 

such as 6 x 6 and 4 x 4. A functional block of groups of  4,6 and 12 design variables can 

be seen on a 6 x 6 power map and 16 design variable in case of 4 x 4 power map as a 

test cases for optimization study. This study is then extended for all other power maps 

to get an optimized junction temperature. The best possible Tjmax reduction could thus 

be found. In reality constraints must be placed regarding the maximum separation of 

any 2 (or more) functional blocks to satisfy electrical timing and compute performance 

requirements. 
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            Figure 4.3:  Flowchart for developing numerical model 

4.1.2 Optimization Details 

 For the Design Xplorer design-of-experiment method (DOE), which is a module 

in ANSYS [17] , the locations of the automatic design points are determined according 

to a DOE that is called a central composite design with a fractional factorial design. The 

number of generated automatic design points is calculated using the number of input 

parameters selected in the parameters view. Design Xplorer automatically generates the 

response surfaces as part of the execution process. The upper and lower levels of the 

DOE points depend on whether the input variable is a design variable (optimization or 

Geometry Creation 

FEM 

Boundary Conditions 

& 

 Material properties 

Steady state  

Thermal analysis 

Post Processing 

Tj Max 

(Original) Rint 

(Original) 

Optimization 

Coarse meshing 

Mesh sensitivity varies 

 in the range of +/- 1° C 

Total Power = 115 W 

h = 1200 W/m
2
 °K 

Design Xplorer 

(Module in ANSYS) 

Functional block 

Study 

 

Solid Modeler  

Tj max - 

Optimized 

Rint - Minimized  
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robust design) or an uncertainty variable (Six Sigma Analysis). Generally, a response 

surface will be more accurate when closer to the DOE points. Therefore, the points 

should be close to the areas of the input space that are critical to the effects being 

examined [17]. 

 For example, for goal driven optimization, the DOE points should be located 

close to where the optimum design is determined to be. For a Six Sigma Analysis, the 

DOE points should be close to the area where failure is most likely to occur. In both 

cases, the location of the DOE points depends upon the outcome of the analysis. Not 

having that knowledge at the start of the analysis, you can determine the location of the 

points as follows, 

For a design variable, the upper and lower levels of the DOE range coincide 

with the bounds specified for the input parameter. It often happens in optimization that 

the optimum point is at one end of the range specified for one or more input parameters. 

For an uncertainty variable, the upper and lower levels of the DOE range are the 

quantile values corresponding to a probability of 0.1% and 99.9%, respectively. 

 This is the standard procedure whether the input parameter follows a bounded 

(e.g., uniform) or unbounded (e.g., Gaussian) distribution. Because the probability that 

the input variable value will exactly coincide with the upper or lower bound (for a 

bounded distribution) is exactly zero. That is, failure can never occur when the value of 

the input variable is equal to the upper or lower bound. Failure typically occurs in the 

tails of a distribution, so the DOE points should be located there, but not at the very end 

of the distribution. 
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DOE Using a Central Composite Design [17] 

The location of the automatic design points for the Design Xplorer DOE method 

is based on a central composite design. If N is the number of input parameters, then a 

central composite design consists of one center point, 2  x  N axis point located at the -α 

and +α position on each axis of the selected input parameters and 2
(N-f)

 factorial points 

located at the -1 and +1 positions along the diagonals of the input parameter space. The 

fraction f of the factorial design and the resulting number of automatic design points are 

given in the table 4.1 

Design parameters such as input, derived and response parameters are defined to 

start the optimization. Different powers (individual power levels) are the input 

parameters and maximum junction temperature is the response parameter. Using the 

DOE method the number of design points is directly related to the number of selected 

input Parameters. Number of design variables is usability variables, which depend on 

number of input parameters. Automatic design points are created using central 

composite design theory. Once it runs for the entire design points goal driven 

optimization is carried out to extract the desired results. In this case, goal is to have 

summation of all the individual powers in an assigned functional block should be same 

with keeping the individual power distinct to lower down maximum junction 

temperature. Numbers of design variables are restricted to 18, which allow to perform 

two different types of study on 6 x 6 and 4 x 4 power maps. These test cases are then 

applied to various cases such as 3 x 3, 5 x 5 etc to get trend of results. Once this study is 

carried out, a graph of percentage variation change in optimized temperature is plotted 
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against baseline case. From this, guidelines are set for distribution of power which will 

help to get comparable values of optimized temperature for a realistic power map i.e. 30 

x 30. Following is a study shown for two test cases considered in this study. 

Case II) 4 x 4 power map   

 As shown in figure 4.4, all the 16 different individual powers are 

grouped in a single functional block to optimize the design. This attempt comes up with 

design in a single attempt. 

                                                       
 

                                           Figure 4.4:  A test case with functional block  

                                           with 16 design variables for  4 x 4 power map 

 

Case I) 6 x 6 Power map 

 As shown in figure 4.5, functional blocks of groups of 4, 6 and 12 are created to 

study its effect on the overall junction temperature. A combination of theses 3 methods 

is used to optimize the maximum junction temperature. These different cases are chosen 

randomly to account for variations of individual powers. Once data for individual cases 

of different functional blocks is extracted, a combination for best cases is selected to 

come up with optimized power map for 6 x 6.                                            
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                     Table 4.1:  Number of automatic design points as a function  

                     of the number of input parameters [17] 

 

Number of 

input 

parameters 

Factorial number 

f 

Number of 

automatic design 

points 

1 0 5 

2 0 9 

3 0 15 

4 0 25 

5 1 27 

6 1 45 

7 1 79 

8 2 81 

9 2 147 

10 3 149 

11 4 151 

12 4 281 

13 5 283 

14 6 285 

15 7 287 

16 8 289 

17 9 291 

18 9 549 

19 10 551 

20 11 553 

 

4.2 Development of analytical model for non- uniformly powered microprocessors 

4.2.1 Methodology (Analytical Model) – Uniformly powered die 

Analytical model as shown in figure 4.6 for two layer bodies developed by Haji-

Sheikh et al [18] is used to calculate (Tjmax) maximum junction temperature for a 

attachment as shown. Figure 4.7 shows dimensions for two layer bodies. 

 



 

 

 

20 

                                                              
                                           

                                         (a)                                                           (b) 

                                                       

                                                      
       

                                                                       (c) 

                      Figure 4.5: Different test cases with groups of functional blocks of  

          (a) 4 design variables (b) 6 design variables (c)12 design variables  

          (b) for 6 x 6 power map      

                             

The dimensions in the x, y, and z directions are a, b, and c, respectively. L1, L2, 

W1 and W2 are the dimensions of the heating site or power generation on top of layer 2. 

The numerical examples are for two-layer bodies and they include boundary conditions 

of the first, second, and third kind. Power distribution can be located at any constant x 

plane (0 or finite thickness). Contact Resistance can be included at interface. Boundary 

condition of 1
st
, 2

nd
 or 3

rd
 kind on constant x planes. Boundary condition of 1

st
 and 2

nd
 

on constant x and z planes. 

The two layer model is extended to the described package within 3 steps. 

Uniform heat flux is applied to the base of TIM II and a convective coefficient (h) of 
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1200 W/m
2
 °C is used on top of heat sink. This (h) is an effective heat transfer 

coefficient applied per unit area of the heat sink base (equal to the fin average h times 

the fin/base area ratio). 

Using the temperature solutions given by equation 4.1 and 4.2, temperature 

distribution over a TIM II base is calculated. Thus using that as a boundary condition 

which is uniform temperature on top of IHS which is of same dimension to TIM II and 

uniform heat flux on TIM I, maximum temperature is calculated for those two layers. 

Finally following the same procedure, maximum temperature over die surface is 

calculated for uniform heat flux. Validation of the analytical model with numerical 

model is carried using previously developed numerical model.  

 

 

 

 

                               

 

 

 

 

Figure 4.6:  Schematic of a two-layer body [18] 

 

The temperature solution [18] having boundary conditions of the first kind at y=0 and 

y=c are,  
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Where T1 is in layer 1 and T2 is in layer 2 

 

4.2.2 Methodology (Analytical Model) – Non-Uniformly powered die 

An exact analytical solution to this problem is a difficult task if not impossible. 

To date, there is no analytical solution available to such a package with non-uniformly 

powered microprocessor. However, it is important to seek an alternative analytical 

solution that can also serve as a tool for verification of any numerical undertaking. The 

system under consideration, as shown in Figure 4.7, can be decomposed into three 

different solution sets to be designated as IT , IIT , and IIIT . The temperature IT  is a 

solution for the combined regions 1 and 2 with the boundary conditions of the second 

kind on all surfaces while there is a variable heat over the 1xx =  surface of the region 1. 

The symbol IT  stands for two solutions: 1T  in region 1 and 2T  in region 2. Similarly, 

the temperature IIT  is the analytical solution for the combined regions 3 and 4 with the 

boundary conditions of the second kind on all sides and it stands for 3T  in region 3 and 

4T  in region 4. 

Finally, the plate number 5 has a boundary condition of the third kind of surface 

6 while all other surfaces are having the boundary conditions of the second kind. 

Assuming the heat transfer coefficient over the surface 6 is specified, the temperature 

5TTIII =  has a standard analytical solution except the heat flux over the surface 5 is an 

unknown, to be determined. Also, the solutions for each of the two-layer regions are 
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readily available [18]. As discussed for IIIT , the heat flux over the surface 3 is also an 

unknown. Therefore, the heat flux values over the surfaces 3 and 5 must be computed a 

priori by employing an inverse methodology.  

 

 region 1 

 region 2 

 region 3 

 region 4 

 region 5 

 x1, surface 1 

 x2, surface 2 

 x3, surface 3 

 x4, surface 4 

 x5, surface 5 

 x6, surface 6 

 x 

 q1 

  h 

 
 

Figure 4.7:  Schematic of the regions being studied 

 

The solution is to begin by designating each surface heat flux as a volumetric 

heat source  

)( iii xxqg −δ=            ----------------------------------------- (4.3) 

For the surface between regions 2 and 3, 3=i  and for the surface between regions 4 and 

5, 5=i . The symbol )( ixx −δ  designates the Dirac delta function and ix  is the 

coordinate of the surface i while the symbol iq  stands for the corresponding surface 

heat flux component in the x-direction. Once IT , IIT , and IIIT  solutions are in hand, the 

contact conditions over surfaces 3 and 5 are  

3323 /)(
3

RTTq
xx=

−=          ----------------------------------------- (4.4) 

along the contact area on surface 3 and 

5545 /)(
5

RTTq
xx=

−=       -------------------------------------------  (4.5) 
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along the contact area on surface 5. The parameter 2R  is the contact resistance between 

regions 2 and 3 at 3xx =  and 5R  is the contact resistance between regions 4 and 5 at 

5xx = . In the case of perfect contact between the plates,  

33
32 xxxx

TT
==

=           ----------------------------------------- (5.6) 

on surface 3 when the contact resistance 03 =R  and  

55
54 xxxx

TT
==

=           ----------------------------------------- (5.7) 

on surface 5 when the contact resistance 05 =R . 

  Since the exact solutions for 2T  and 3T  contain the unknown heat flux 3q , while 

the exact solution for 4T  and 5T  contain the unknown heat flux 5q  this system 

represents two equations to be solved in order to determine 3q  and 5q . However, the 

temperature solutions would indicate that these two equations are two integral equations 

to be solved simultaneously using an inverse methodology. Although, the formulation 

of temperature solutions is exact, an approximate procedure is needed to determine the 

numerical values for 3q  and 5q .  

As shown in the flow chart given in figure 4.11, analytical model is developed 

using different steps which are explained as follows. The two layer model developed by 

Haji-Sheikh et al [18] is used to develop the model using developed procedure as 

explained in flow chart. As shown in figure 4.8, step 1 includes TIM II and spreader 

while figure 4.9, step 2 includes TIM I and die. Initial boundary conditions are applied 

to these 2 different two layer bodies as shown in figure 4.9 and 4.10. In step 1, effective 

h of 5117 W/m
2
 º C is calculated using area average of heat sink base and TIM II. Non 
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uniform heat flux is applied on bottom of die as well as bottom of spreader. Once initial 

boundary conditions are applied, temperature at the interface of heat spreader (IHS) and 

TIM I is compared with modifying reference temperature. Figure 4.10 shows 

temperature locations TI and TII at spreader and die surface respectively. Use new Tref to 

calculate TII at same locations. There is a perfect contact i.e. zero contact resistance 

between two layer bodies considered for this study. 

Calculate q at different locations on interfaces of IHS and TIM I using following 

equations 

qi,k+1=[qi],k + Є(TI,i-TII,j)k                                                                 ------------------     (4.8) 

Use steps 1-7 as mentioned below to find Є and S. Once comparison of S and Є is 

carried out, recalculate (q)new  at that minimum value to get final TI and TII  which will 

give junction temperature (Tj) 

 
N

TT
S

iIIiI

2

,,2 )( −Σ
=                                                                         --------------------   (4.9) 

Step 1 : Use Initial guess for Є  

Step 2: Calculate (q)new i.e. qk+1 using equation (4.8) 

Step3 : Calculate S using equation (4.9) for Є 

Step 3 :Calculate ∑(q)new  and ∑(q)old  

Step 4 : Calculate δ = ∑(q)new / ∑(q)old  

Step 5: Update Єnew = Є/ δ 

Step 6: Calculate S equation (4.9) for Єnew 

Step 7: Compare S for Є and Є new ( If S =  very small value, Stop) 
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If value of Snew is lower than S , the solution is converging 

If value of Snew is greater than S , the solution is not converging, use different value of Є 

as a Initial guess  

 

 

 

 

  

 

 

 

 

      
 

           Figure 4.8:  Step 1 (TIM II and Heat spreader) 
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 Figure 4.9:  Step 2 (TIM I and Die) 

 

 

 
                                               

                         Figure 4.10:  Values of TI and TII at interfaces  

                         from step 1 and step 2 

(TII)1 (TII)2 

(TII)3 (TII)4 

h = 0.1 , Tref = 0 °C 
 Source= qin / area of die 

 

Non uniform power = qout / area of die 
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                             Figure 4.11: Flow chart for developing an analytical  

                            model for non-uniformly powered microprocessor 

 

4.3 Development of numerical model using multi-objective optimization based on 

both thermal and device clock performance for non-uniformly powered 

microprocessors 

 

4.3.1 Modeling Methodology 

In this study, numerical model is developed that utilizes multi-objective 

optimization consists of redistribution of functional blocks to improve device 

performance and minimize on-die temperature. The same attachment consists of base of 

heat sink, TIM I and TIM II and heat spreader with the different die architecture are 

used to develop the numerical model. Developed design guideline using numerical 

model for thermal optimization is used as a base line case. This baseline case is 

Get the average values of TI and TII 

at different locations 

Change Tref = (Tavg)I –(Tavg)II and 

calculate Tj at same locations 

Calculate S for initial values 

of TI and TII 

Calculate q at different locations for TI and TII 

Use Є as an initial guess 

Calculate q at that minima value to get the Final TI 

and TII which will give junction temperature 

 

Comparison of S & Є to get (q) new 

Apply initial boundary conditions 
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embedded into silicon floor plan to developed compact model satisfying both electrical 

and thermal performance. Non-uniformity is a common trend as Compaq and Pentium 

processors are two case studies considered in this study for a more universal problem.   

As shown in figure 4.12 and 4.16 floor plan of Compaq alpha 21364 and Pentium IV 

architecture are two cases considered to develop numerical model to satisfy thermal and 

electrical performance. 

Constraints for the electrical optimization have been regarding the maximum 

separation of any 2 (or more) functional blocks. Once positioning of the functional 

blocks is carried out, thermal optimization of these non-uniformly powered functional 

blocks is carried out to minimize on-die temperature.  Finally recommendations are  

provided for an architecture that optimizes based on both minimization of the length 

between critical functional blocks and minimization of on-die temperature. 

Case I: Compaq alpha 21364                       

Geometry is created using given dimensions for Die which is a Compaq alpha 

processor of size 10 x 10 mm and core size of 4 x 4 mm, spreader, heat sink and TIMs. 

Die core is divided into various functional blocks as shown in figure 4.13.  A steady 

state thermal analysis is carried out to calculate the maximum junction temperature (Tj) 

for given power distribution for various functional blocks as shown in table.  Mesh 

sensitivity analysis is carried out with temperature varies in  the range of +/- 1 ° C; 

coarse meshing is used for the analysis. 

         Parameters such as thicknesses of TIM I and TIM II, thermal 

conductivities of TIMs and convective transfer coefficient are calculated to satisfy the 
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given package conditions. All the material properties are applied as per the material 

property data. A h of 1200 W/m2 °C is used on the top of package for the analysis. This 

(h) is an effective heat transfer coefficient applied per unit area of the heat sink base 

(equal to the fin average h times the fin/base area ratio). 

Figure 4.14 shows the critical functional blocks in a die core. These critical 

functional blocks are identified from the design guideline developed from the numerical 

model. These are the functional blocks which are dissipating the highest power. Once 

the baseline case is modeled, an electrical optimization is carried out for the same 

critical functional blocks. Different planes are selected as shown in figure 4.15 to 

optimize the floor plan. As shown in table, range of the planes is specified to come up 

with the floor plan ( Best case and Worst case) that gives maximum junction 

temperature. Once the optimization is carried out, recommendations are provided for 

the optimum floor plan and critical functional blocks are identified within the Compaq 

alpha processor.  

 

                   Figure 4.12:  Die photo of Compaq Alpha 21364 [7,19] 

Die size 10 x 10  

Core size 4 x 4 mm 

L2 cache  
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                                   Figure 4.13: Floor plan – Expanded view 

                                  of Compaq Alpha 21364 with CPU core [7,19] 

 

 

                                      
 

                                   Figure 4.14:  Functional blocks in a Compaq  

                                   processor core with highest power 
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                            Figure 4.15: Planes selected in the floor plan of the 

                            Compaq core processor for optimization 

Table 4.2: Range of values of different planes related to different functional blocks used 

in the optimization study 

 

Number Type of functional 

block 

Range (Lower) mm Range (Upper) mm 

Plane 1 Intqmap 0.4 0.85 

Plane 2 Fpmap 0.2 0.5 

Plane 3 Intmap 1.2 1.6 

Plane 4 Intexereg 1.2 1.8 

Plane 5 Intqdtb 1.5 2.1 

Plane 6 Dtbpred 1 2 

 

 

Case II : Pentium IV Architecture 

 

Figure 4.16 (a) shows a  Pentium IV architecture [20]. It consists of the core and 

Cache of the microprocessor. The architecture shows the different functional blocks of 

the typical non-uniformly powered microprocessor. Figure 4.16 (b) shows a floor plan 
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layout of the same architecture. These functional blocks have specific arrangements on 

the die according to the transformation of the information between the blocks. The 

proximity of certain block to another depends on the function it does and the criticality 

of the information. 

There are 24 functional blocks in this corresponding floor plan for Pentium IV 

architecture. In this study functional blocks with similar functionality are clubbed 

together to come up with total of 16 functional blocks as shown in figure 4.17.   

 

 

       
 

                           (a)                                                                (b) 

Figure 4.16:  Pentium IV floor plan (a) Pictorial view (b) functional block distribution 

[20] 

Geometry is created using given dimensions for Die architecture as shown in 

figure 4.17 which is a Pentium IV processor of size 10 x 10 including 16 functional 

blocks , Spreader, Heat sink and TIMs. Die is divided into various functional blocks as 

shown in Table 4.3.  Pro-E is used to model the given die architecture. In the Pro-E 
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model, the each functional block may contain one or few blocks of the power map 

depending on the size of the functional block. Assembly is created at the end for various 

parts of the die ( i. e. individual functional block is a part) . Each functional blocks in 

the model is parameterized which have two three parameter depending upon the shape 

of the block. This model then exported to Ansys Workbench taking all the parameters 

which is a key to carry out the multi-objective optimization. Table shows 

parameterization details for the various functional blocks in the Pentium IV architecture 

A steady state thermal analysis is carried out to calculate the maximum junction 

temperature (Tj) for given power distribution for various functional blocks as shown in 

table 4.3.  Mesh sensitivity analysis is carried out with temperature varies in the range 

of +/- 1 ° C; coarse meshing is used for the analysis. 

Parameters such as thicknesses of TIM I and TIM II, thermal conductivities of 

TIMs and convective transfer coefficient are calculated to satisfy the given package 

conditions. All the material properties are applied as per the material property data. A 

(h) of 1200 W/m2 °C is used on the top of package for the analysis. This (h) is an 

effective heat transfer coefficient applied per unit area of the heat sink base (equal to the 

fin average h times the fin/base area ratio). 

Once the baseline case is analyzed, different scenarios are considered by 

changing the location of the critical functional blocks to come up with the 

recommendation for the functional block distribution in the given Pentium IV 

architecture. This change in the location is determined using previously developed 

design guideline. Electrical constraints are defined as a minimum wire distance which 
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can be interpreted through the various parameters generated for an individual functional 

block.  

15 16 13 12 3 3 

14 14 10 11 3 3 

6 7 9 9 2 2 

6 7 5 8 2 2 

1 4 5 5 2 2 

1 1 1 1 2 2 

 

                                   Figure 4.17: Baseline case of the Pentium IV 

                                   architecture floor plan with clubbing different 

                                   functional blocks from the original floor plan 

 

Changing the location of functional blocks 

 

In this case, the functional block locations are interchanged. Once the location is 

changed steady state thermal simulations is carry out to calculate maximum junction 

temperature (Tj) for this arrangement. As shown in figure 4.18, the functional block  

3(Bus control) is interchanged with 6 & 7 (Floating point), the block 4(Retire) with 11 

(MOB) and 9 (L1cache) with 15 & 16 (L1 Bpu & Decoder). This is done using the 

previously developed design guideline.   
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     Table 4.3:  Functional block distribution with their dimensions and power consumed 

 

 

 

 

 

 

 

 

                           (a)                                                                               (b) 

      Figure 4.18:  Interchanging locations of functional blocks (a) Original floor plan  

      (b) Modified floor plan 

Block 

No. 
Functional Unit 

Dimensions 

(mm) 

Power 

( Wu et al )               

W 

1 Allocation+Rename+Instruction 6.66 x 3.33 x 1.667 7 

2 L2 Cache 3.33 x 6.66 12.9 

3 Bus Control 3.33 x 3.33 11 

4 Retire 1.667 x 1.667 2.5 

5 
Integer Register + Integer 

Execution 
3.33 x 3.33 x 1.667 0.5 

6 Urom 1.667 x 3.33 3 

7 Fp register + Fp execution 1.667 x 3.33 3.6 

8 Memory Control 1.667 x 1.667 0.5 

9 L1 cache 3.33 x 1.667 2.6 

10 Dtlb 1.667 x 1.667 6.1 

11 MOB 1.667 x 1.667 13.5 

12 IlTB 1.667 x 1.667 3.5 

13 L2 Bpu 1.667 x 1.667 7.7 

14 Tr Cache 3.33 x 1.667 2.5 

15 L1 Bpu 1.667 x 1.667 6.8 

16 Instruction decoder 1.667 x 1.667 10 

15 16 13 12 3 3 

14 14 10 11 3 3 

6 7 9 9 2 2 

6 7 5 8 2 2 

1 4 5 5 2 2 

1 1 1 1 2 2 

9 9 13 12 6 7 

14 14 10 4 6 7 

3 3 15 16 2 2 

3 3 5 8 2 2 

1 11 5 5 2 2 

1 1 1 1 2 2 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

5.1 Development of numerical model for thermal optimization of non-uniformly 

powered microprocessors 

 

Table 5.1 gives the various values of maximum junction temperature for overall 

study. Different cases are defined as per the functional block used such as 4-1, 6-1 etc. 

Various results within the different functional blocks are product of different cases of 

the positions on the given power maps. These cases are more effective for functional 

blocks of 4 and 6 as compare to 12 in achieving an optimized temperature. Combination 

study of functional blocks for 6 x 6 case is more effective than 4 x 4 case for the initial 

cases.  Figure 5.1 shows the graph of minimum and maximum junction temperatures on 

different power maps. This also includes effect on temperature gradient for different 

power maps. Minimum junction temperature is comparatively stable as compared to 

maximum temperature as power matrix increases. In other cases, maximum temperature 

goes on increasing as the power matrix increases. This is possible due to the required 

uniform distribution of temperature for the higher power map matrices. This clearly 

shows that, non-uniform power distribution has significant effect on maximum junction 

temperature and therefore the gradient as power map matrix number increases. It is 

noted here that the average junction temperature from Tmax and Tmin is almost 

constant for all the various power matrices.  
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Figure 5.2 (a) and (b) shows the temperature distribution for original power map and 

optimized one for 6 x 6 case. Original power map clearly shows the hot spots in the 

center with non-uniform temperature all over the area of the die. With optimized case, 

temperature is distributed more evenly over the area of the die. Figure 5.3 (a) and (b) 

shows the graph of power distribution before and after optimization study for 6 x 6 case. 

Figure 5.4 shows the baseline cases (data before optimization) for 5 x 5 , 8 x 8 and 15 x 

15. It can be seen that the hot spots are right in the center for all these cases. Figure 5.5 

shows the temperature gradient (∆T) for two different cases with values of ∆T = 47 º C 

for 5 x 5 case while values of ∆T = 53 º C for 12 x 12. Table 5.2 gives the various 

values of ∆T and  maximum junction temperature (baseline and optimized) with a 

percentage variation for all different power maps. Figure 5.6 (a), (b), (c) and (d) shows 

temperature distribution for optimized one for different cases such as 5 x 5, 8 x 8, 10 x 

10 and 15 x 15. Figure 5.7 and 5.8 is the graphical representation of the data given in 

Table 5.2.  It can be seen that temperature distribution shows huge temperature drop 

within the die after optimization. Base line (original) temperature goes on increasing as 

the power map matrix number increases. This is possible due to the required uniform 

distribution of temperature for the higher power map matrices. It shows effect on 

percentage variation change in optimized temperature on optimized temperature 

compared to baseline case. With the optimized temperature, range of 5 % to 13 % drop 

in temperature is achieved compared to original temperature for different cases of 

power maps. As the number of design variables increases, a significant drop in 

temperature can be possible for higher functional blocks. Increase in the percentage 
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variation change in optimized temperature for ascending power maps is a key example 

of this fact.  

     Table 5.1:  Results of various cases for two different power maps of 4 x 4 and 6 x 6 

 Type of Case Max. Junction 

temperature. (° C) 

Case I: 6 x 6   

Base line case 

(Actual power map) 

124.8 

Functional block of 4 

design variables 

 

4-1 124.7 

4-2 124.7 

4-3 124.5 

4-4 124.2 

4-5 120.8 

4-6 122.0 

4-7 121.5 

4-8 122.4 

4-9 124.7 

Functional block of 6 

design variables 

 

6-1 125.3 

6-2 120.6 

6-3 124.2 

6-4 121.7 

6-5 124.8 

6-6 120.4 

Functional block of 12 design variables  

12-1 124.4 

12-2 128.0 

12-3 124.0 

  

 

Modified Case 

(Optimized power map) 

114.3 

Case II: 4 x 4   

 Base line case 

(With actual power 

map) 

121.8 

 Functional block of 16 

design variables 

115.0 

 Modified Case 

(Optimized power map) 

 

115.0 
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                             Table 5.2: Junction temperature (maximum and minimum)  

                             and gradient over a given die surface for different power 

                              maps  

 

 

                                      

 

 

 

 

 

 

 

 

 

 

 

 

 
                              

 

                            Figure 5.1: Graph of minimum and maximum junction temperatures  

                            on different power maps  

 Tj (max) Tj (min) Gradient 

 ( ºC ) ( ºC ) ( ºC ) 

4 x 4 case 121 79 42 

5 x 5 case 124 77 47 

6 x 6 case 124 77 47 

8 x 8 case 126 76 50 

10 x10 case 128 76 52 

12 x 12 case 129 76 53 

15 x 15 case 132 76 56 
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(a)                                                                    (b) 

Figure 5.2: Temperature distribution for 6 x 6 power map (a) Original power map (b) 

Optimized power map 

   

 

 

 

      

 

                                                                        

(a)                                                                                   (b) 

Figure 5.3: Graph showing power distribution for 6 x 6 power map (a) Original power 

map (b) Optimized power map 
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 (a)           (b) 

  

                                             
 

                                                              (c) 

                Figure 5.4: Temperature distributions for different power maps  

               (Baseline  before optimization (a) 5 x 5 case (b) 8x 8 case (c) 15 x 15 case 

 

 
                          Figure 5.5: Temperature difference (Gradient) on overall die  

                          before optimization (a) 5 x 5 case (b) 12 x 12 case 

 

(Tj)max – (Tj)min =  47 °C (Tj)min (Tj)max – =  53 °C 
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(a) (b) 

 

             
 

                                (c)                 (d) 

 

                        Figure 5.6:  Temperature distributions for different power maps  

                        after optimization (a) 5 x 5 case (b) 8 x 8 case (c) 10 x 10 case  

                       And (d) 15 x 15 case 
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                       Figure 5.7: Maximum Junction temperatures (Baseline and Optimized)          

                       for different power maps 

 

               

        

                                   Figure 5.8: Percentage variation changes in optimized  

                                   temperature for different cases of power maps  
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5.1.1 Design Guideline 

Based on the results from the thermal optimization for many power maps, trend 

for the data is evaluated which helps to draw design guideline for a typical die 

configuration i.e. 30 x 30. This guideline is focuses on nature and distribution of power 

over a given die area with functional blocks to achieve minimum junction temperature. 

 Optimal power map is realized when the low individual power levels are placed 

in the periphery as compared to high power. Functional blocks of wide range of powers 

(combination of lower and higher power levels) are more effective as compared to 

blocks of same range. It is very important to consider the location of very high and very 

low power levels distributed over a given power map. Interchanging theses locations is 

very sensitive for optimization. Groups of high powers, which are located near the 

center, are more responsible for optimization within the die. As power map matrix 

increases control over optimization enhances because of different levels of individual 

powers within that power map. By following these design guidelines, further 

optimization studies can provide even better enhancement for a realistic power map 

case such as 30 x 30 with 900 functional blocks or more. 

5.2 Development of analytical model for uniformly and non- uniformly powered 

microprocessors 

 

Temperature distribution of a typical package consisting of a non-uniformly and 

uniformly powered die, heat spreader, TIM I & II and the base of the heat sink is 

calculated using an analytical model. The results are then compared numerically for 

validation. This uniform heat flux approach gives temperature of around 100 ºC for 

analytical model and 103.3 °C for numerical model. Figure 5.9 shows the temperature 
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distribution for uniform heat flux. This uniform temperature value can be ideal case for 

optimization of different functional blocks distribution within die for a given power 

matrix. The non uniformly powered model gives temperature around 118 °C and 121 °C 

for developed analytical model while 121°C and 125 °C for numerical model for power 

map cases of 4 x 4  and 5 x 5 respectively. The results of analytical model are within 

5% of numerical model as shown in figure 5.10 

This model is very robust, which will be ideally suited for upstream design which 

can be easily incorporated in Best Known Method for simplicity and optimization 

procedures. Furthermore, it can handle an arbitrary number of functional blocks i.e. 

non-uniformly powered test cases (Realistic case is 30 x 30) and not limited as 

computational tools are. Subsequently, the analytical model can be coupled with an 

optimization tool such as Ansys Workbench, providing a robust solution.  

                     
 

                             Figure 5.9:  Temperature distribution for distribution  

                             of uniform heat flux over a die surface 
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Validation of Max die temperature(Tj) for Analytical 

and Numerical Model
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           Figure 5.10: Validation of junction temperature (Tj) for die for numerical  

           and analytical model for different cases   

 

5.3 Development of numerical model using multi-objective optimization based on 

both thermal and device clock performance for non-uniformly powered 

microprocessors. 

 

Case I : Compaq alpha Processor 

Figure 5.11 shows temperature distribution in a original floor plan of Compaq 

Alpha 21364 CPU core before optimization which is considered as baseline case.  

Figure 5.12 shows a floor map of CPU core with 2 different architecture arrangements 

(Best case and Worst case) after optimization study. Temperature plots show junction 

temperature of 76°C for best case while 96°C for worst case architecture arrangements 

as shown in figure 5.10. Figure 5.13 shows the identification of critical functional 

blocks in a given floor plan after thermal optimization study. Functional blocks such as 

Integer units (Intmap, IntQ, IntTreg, Intexe), Bpred, Dtb are the critical functional 

blocks and most responsible for optimization of junction temperature (Tjmax). Table 
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5.3 shows the values of the planes selected for critical functional blocks after 

optimization study. 

                           

                           Figure 5.11: Temperature distribution (Original  

                           Floor plan for Compaq alpha Processor) 

 

         

                                        (a)                                                             (b) 

 Figure 5.12: A floor map of Compaq Alpha core with 2 different architecture 

arrangements (a) Best case (b) Worst case after optimization study     
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                              Figure 5.13:  Identification of critical  

                              functional blocks in a given floor plan 

Table 5.3:  Temperature values for the best case and worst case floor plans with specific 

values of the planes selected for optimization 

Number Baseline Case Best Case Worst Case 

Plane 1 0.6 0.82 0.84 

Plane 2 0.35 0,22 0.3 

Plane 3 1.4 1.4 1.52 

Plane 4 1.5 1.76 1.58 

Plane 5 1.85 1.58 2.06 

Plane 6 1.5 1.95 1.08 

Tj (ºC) 81 76 96 

 

Case I : Pentium IV processor 

Figure 5.14 shows the baseline case for a given Pentium IV architecture. It gives 

a maximum junction temperature (Tj) of 138 º C. After changing the locations of the 

functional blocks the junction temperature (Tj) decreases to 129 º C as shown in 

figure 5.15. Keeping the same wiring length, it is very important to keep the critical 

functional blocks relative to each other to give minimum junction temperature. 

Functional blocks such as Bus Control, MOB, Retire, L1 cache, L1 Bpu and 

Instruction decoder are the critical functional blocks. Junction temperature (Tj) is 
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reduce by 10 °C with redistribution of the critical functional blocks; although wiring 

distance remains almost the same as compare to original floor plan. 

                  

                      Figure 5.14:  Maximum junction temperatures for the  

                      baseline case for a given Pentium IV architecture  

 

                

                   

                  Figure 5.15:  Maximum junction temperature for the modified  

                  floor plan ( Changing the locations of functional blocks) for a 

                  given Pentium IV architecture  
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

� Development of numerical model for thermal optimization of non-uniformly 

powered microprocessors  

� By following design guidelines developed by numerical model, further 

optimization studies can provide even better enhancement for a realistic 

power map case such as 30 x 30 with 900 functional blocks or more. 

� Development of an analytical model for uniformly powered and non-uniformly 

powered microprocessors. 

� This model is very robust, which will be ideally suited for upstream 

design which can be easily incorporated in Best Known Method for 

simplicity and optimization procedures. Furthermore, it can handle an 

arbitrary number of functional blocks and not limited as computational 

tools are.  

� Development of numerical model using multi-objective optimization non- uniformly 

powered microprocessors. 

� Summarizing, given an initial floor plan in terms of functional blocks 

and corresponding power maps, the numerical model results in a new 

“floor plan” that optimizes the performance based on both thermal and 

device clock performance. 
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� This study can be extended to multi-core system which can also include 

various issues such as core hopping, leakage current to further improve 

the optimization. 
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APPENDIX A 

 

 

NOMENCLATURE 
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h   Convective heat transfer coefficient, W/m
2
 º K 

k   Thermal Conductivity, W/m º K 

N  Number of power map matrix 

P  Total dissipated power, W 

q  heat flux ( W/m
2 

) 

R   Resistance 

T   Temperature, °C 

TI   Temperature at bottom of heat spreader 

TII  Temperature at top of TIM I 

a  Ambient 

j  Junction 

max  maximum 

a,b,c,d             dimensions in Figure 4.6, cm 

A,B  constants, in Region 1 

mnA              Fourier coefficients 

1Bi   ykbh 11 /  in Region 1 

2Bi             ykbch 22 /)( −  in Region 2 

bBi             bR/1  

C,D            constants, in Region 2 

F  a specified function 

ig   volumetric heat source in region i, 3
cmW  

i, j  indices 

ixk   thermal conductivity in Region i along x, KcmW  

iyk   thermal conductivity in Region i along y, KcmW  

izk   thermal conductivity in Region i, along z, KcmW  

m, n, p  indices  
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mxN ,               norms for x-direction 

mnpyN ,  norms for y-direction 

nzN ,              norms for z-direction 

q  heat flux, 2
cmW  

xq   x-component of heat flux vector, 2
cmW  

yq   y-component of heat flux vector, 2
cmW  

zq   z-component of heat flux vector, 2
cmW  

ir   21)/( iyix kk  

R  contact resistance, WKcm /2  

bR   bRk y /1   

cR   )/(2 bcRk y −  

is   iyiz kk /.  

iT   temperature in Regions i, K 

x, y, z coordinates, cm 

X  eigenfunction in x-direction 

Y  eigenfunction in y-direction 

Z  eigenfunction in z-direction 

Greek 

mβ   eigenvalue for x-direction, 1−
cm  

mnpγ              eigenvalue for y-direction in Region 1, 1−
cm  

mnpη               eigenvalue for y-direction in Region 2, 1−
cm  

nν   eigenvalue for z-direction, 1−
cm  

θ  temperature function 

Ψ  eigenfunction, 
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